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This study significantly reduced the seismic analysis time of PCSG assembly by introducing a reduced model
using homogenization and sub-structuring methods. The homogenization method was applied to the primary and
secondary micro-channel sheets, and the sub-structuring method was applied to the PCSG module sets. Modal
analysis and frequency response analysis were then performed to validate the accuracy of the reduced model. The
analysis results were compared with the full model and it was confirmed that the reduced model provided almost

the same analysis results as the full model. To verify the computational efficiency of the reduced model, the
computational time was then compared with the full model, and it was confirmed that the modal analysis time
was reduced by 3.42 times and the frequency response analysis time was reduced by 4.59 times.

1. Introduction

SMRs (Small Modular Reactors) are becoming a recent trend due to
their advantages in safety, cost-effectiveness, sustainability, flexibility,
and adaptability [1]. However, to harness these benefits, it is crucial to
design SMRs with compact sizes. For this purpose, it is important to
maximize the heat transfer area per unit volume in the steam generator.

Recently developed SMRs such as NuScale [2] or Westinghouse [2]
commonly employ a helical coil design in the steam generator to
enhance heat transfer efficiency. On the other hand, due to its higher
heat transfer efficiency compared to a helical steam generator [3], the
PCSG (Printed Circuit Steam Generator) has garnered significant
attention in research efforts to apply it to SMRs or Gen IV reactors. PCSG
is a steam generator made by alternately stacking primary coolant
micro-channel sheets and secondary coolant micro-channel sheets. The
PCSG’s superior heat transfer efficiency allows for the design of more
compact SMRs. As a result, there have been diverse research studies
exploring the application of PCSG in SMRs or Gen IV reactors [4-11].

However, existing studies have been focused on verifying the
thermal-hydraulic performance of PCSG or evaluating the structural
integrity of unit micro-channel. Due to the numerous micro-channels
formed by alternating layers of primary and secondary coolant micro-
channel sheets, conducting a structural integrity evaluation by
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accurately reflecting the micro-channel geometry in the PCSG unit block
is time-consuming and not cost effective. Therefore, in our previous
study [12], we proposed a method to effectively evaluate the structural
integrity of PCSG unit block by applying the homogenization method.

The homogenization method [12-19] converts an inhomogeneous
elastic body into a homogeneous elastic body with same mechanical
behaviour. Applying this method has the advantage of being able to
efficiently express the mechanical behaviour of PCSG unit block that
contain unit micro-channels that are repeated in large numbers in the
same pattern.

This paper proposes a method to efficiently perform the seismic
analysis of PCSG assembly by extending our previous study [12]. The
PCSG assembly has a structure in which PCSG module sets, formed by
stacking several PCSG unit blocks, are repeated in a circular pattern.
Therefore, for the PCSG assembly composed of dozens of PCSG unit
blocks, it is difficult to perform the analysis by reflecting all the shapes of
numerous micro-channels. Thus, we propose a method to perform the
seismic analysis of PCSG assembly by applying the sub-structuring
method along with the homogenization method proposed in our previ-
ous study [12]. Note that seismic analysis is much more time consuming
than static analysis because it considers cyclic loading.

Sub-structuring method [20-27] is one of the methods that can
effectively analyze large structures with repetitive patterns. The
sub-structuring method is a method of analyzing a part of a structure
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Nomenclature
On matrix of retained normal modes of sub-structure
@ matrix of constraint modes of sub-structure
Pep CB transformation matrix
Cc damping matrix
Dy equivalent elastic constants
F(t) external force depending on time
I identity matrix
K stiffness matrix
Kpp boundary stiffness matrix
M mass matrix
My boundary mass matrix
q system generalized coordinates

t time

u degrees of freedom

13 damping ratio

® natural frequency
Abbreviation

CB Craig and Bampton

CMS Component Mode Synthesis
DOF Degree of Freedom

FE Finite Element

GenIV  Generation IV

PCSG Printed Circuit Steam Generator
SMR Small Modular Reactor

after dividing it into each sub-structure, and using the analysis result to
determine the characteristics of the entire structure. Among the
sub-structuring methods, CMS (Component Mode Synthesis) methods
are commonly utilized to describe numerical models by reducing
physical systems focusing on their most dominant dynamic behaviors.
The advantage of CMS methods is that they allow the description of
internal DOFs (Degrees of Freedom) within the physical domain using
modes, while keeping the interface in their physical form.

CMS methods are divided into fixed interface CMS method and free
interface CMS method. The free interface CMS method is more appli-
cable than the fixed interface method, but is less accurate due to its
weaker interface. Thus fixed interface CMS method is considered in this
research. Hurty [28] and Guyan [29] first proposed the fixed interface
CMS method, where global eigen-solutions are projected onto the sub-
space formed by sub-structural constraint modes and fixed normal
modes. Craig and Bampton [30] later simplified this method by cate-
gorizing interface forces into statically determinate and indeterminate
components. This streamline approach is widely employed for efficient
and comprehensible eigenvalue solutions. Capitalizing on these advan-
tages, we incorporated the CB (Craig and Bampton) method, already
well-established in aerospace and mechanical fields [31-33], although it
is presently not extensively utilized in the nuclear domain [34].

Section 2 explains the theoretical background of the CB method.
Section 3 describes the procedure for applying the sub-structuring
method to the PCSG assembly. Then, modal analysis and frequency
response analysis were performed to verify the validity of the reduced
model to which the homogenization method and sub-structuring
method were applied. Section 4 discusses the computational efficiency
of the reduced model. Section 5 concludes the presented work.

2. Review OF CB (CRAIG and BAMPTON) SUB-STRUCTURING
method

The CB (Craig and Bampton) method [30] is one of the
sub-structuring methods and is widely used in many commercial pro-
grams. This is a hybrid reduction method in which the degree of freedom
corresponding to the contact area with other parts in the sub-structure is
reduced using the degree-of-freedom-based reduction method, and the
remaining area is reduced using the mode-based reduction method.

Using the sub-structuring method, the entire finite element model
can be recreated as a reduced finite element model. To this end, only the
parts to be considered in the analysis are left, and the remaining parts
are replaced with sub-structures. However, unlike dynamic analysis, in
static analysis, sub-structuring method can be used without errors. As a
result, the sub-structure can be treated as if it were one large element, so
it is also referred to as a super element.

In the dynamic equations, the total degrees of freedom of the system
uy can be expressed as follows.
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where [M] denotes mass matrix, [C] denotes damping matrix, [K| denotes
stiffness matrix, and {F(t)} denotes external force vector depending on
time t. Note that the subscript A stands for ‘total’.

For matrix reduction, the total degrees of freedom can be divided
into the degrees of freedom at boundary ug (the region of interest) and
the degrees of freedom at interior u;, (excluding the region of interest) as

g ) 2 m)-{2)

i
(2)

Note that subscripts B and L refer to boundary and interior,
respectively.
The CB transformation matrix ¢,_, is defined as follows.

relf 4]

where ¢ denotes the matrix of constraint modes of sub-structure, and
@y denotes the matrix of retained normal modes of sub-structure. Note
that I denotes identity matrix.

When the CB transformation matrix is applied to all degrees freedom,
the degrees of freedom at boundary up and the degrees of freedom at
interior uy, are shown in Eq. (4) below.

=g} =lo wl{7)

Here, g denotes the system generalized coordinates. Through the CB
transformation matrix, it can be seen that the degrees of freedom are
maintained at the boundary and the degrees of freedom at interior are
reduced based on the mode.

Utilizing Eq. (4) to simplify Eq. (2), the resulting dynamic equation
indicates that the external force acting on internal degrees of freedom
are represented as zero (F, = 0), as shown in the following equation.

sl el sl

Here, @ and ¢ denote natural frequency and damping ratio, respectively.
Furthermore, My,, My; and My, are defined as follows.
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Fig. 1. Components of PCSG assembly.
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3. Seismic analysis of PCSG assembly

3.1. Creation of a reduced model using sub-structuring and
homogenization methods

In this study, PCSG assembly, which has many components with
repeating patterns, was used as a numerical example. In order to verify
the analysis accuracy of the reduced model using the sub-structuring
method, the same analysis was performed on the full model without
applying the sub-structuring method.

As shown in Fig. 1, the PCSG assembly used in this study has a
structure in which the PCSG module set is repeated 12 times in a circular
pattern. Each module set is a 5-layer stack of PCSG unit blocks combined
with support structure, feedwater pipe and steam pipe. The PCSG unit
block consists of a top plate, bottom plate, sheet assembly, feedwater
header and steam header. The top and bottom plates are attached to the
top and bottom of the sheet assembly, respectively. The feedwater
header is attached to the left side of the sheet assembly, and the steam
header is attached to the right side. Note that the sheet assembly in Fig. 1
is a simplified model using the homogenization method.

The overview of creating a reduced model of PCSG assembly is
shown in Fig. 2, and a detailed procedure is as follows:
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1) Simplifying PCSG unit block modeling with homogenization
method.

@ Determination of material property input data for PCSG unit
block for FE analysis (excluding the sheet assembly)

All components of the PCSG assembly are designed with alloy 690.
Accordingly, during FE analysis, all components of the PCSG assembly
(excluding sheet assembly) should be analyzed by applying alloy 690
material properties as presented in Table 1 [12,35,36]. However, since
the homogenization method is applied to the sheet assembly, the
equivalent elastic constants DH eet assembly Should be applied instead of
alloy 690 properties. Thus, among the 5 components of PCSG unit block
(see Figs. 1 and 2), only the remaining components excluding the sheet
assembly are subjected to FE analysis using the alloy 690 properties.

® Homogenization of sheet assembly

Sheet assembly is a structure where 1st sheet and 2nd sheet are
stacked alternately for hundreds of times, as illustrated in Fig. 3(a). The
1st sheets and 2nd sheets are attached through diffusion bonding,
forming the micro-channel shapes depicted in Fig. 3(b) and (c). As
shown in Fig. 3(c), 1st sheet is made into a straight type micro-channel,
and the 2nd sheet is manufactured as a zigzag type micro-channel [12].
Note that these micro-channel shapes are repeated countless times.
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/[ Creation of a Reduced Model for PCSG Assembly ]\
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Fig. 2. Overview of creating a reduced model of PCSG assembly.

Homogenization method transforms inhomogeneous elastic body
into homogeneous elastic body with same mechanical behavior. This
method is effective when dealing with repeated microstructures of
inhomogeneous elastic body. Thus, it can be effectively applied to a
sheet assembly where micro-channels are repeated countless times, and
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the procedure is illustrated in Fig. 4.

Firstly, the reference model that reflects the actual geometry of the
model in which the 1st and 2nd sheets are stacked is created. Then using
the ANSYS material designer option, the equivalent elastic constants of
the homogenized model D cet assembly €an be obtained (see Table 2),
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Table 1
Material properties of alloy 690 at room temperature
(25 °C) [12,35,36].

Material properties Value
Elastic modulus [GPa] 208.0
Shear modulus [GPa] 81.8

Poisson’s ratio 0.289
Density [kg/ms] 8110

providing the same mechanical behavior as the reference model. Note
that the procedure for obtaining the equivalent elastic constants DY cet
assembly i described in detail in our previous study [12].

® Creating simplified PCSG unit block

1st sheet

20d gheet

(Enlarged view for micro-channel sheets)

| | 15t sheet

N )

2nd sheet

s

(b)
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By assembling the remaining components (top plate, bottom plate,
feedwater header and steam header) into the homogenized sheet as-
sembly model, a simplified PCSG unit block can be created. The geom-
etry of the simplified PCSG unit block is shown in Figs. 1 and 2.

2) Creating the reduced model of PCSG assembly using sub-
structuring method.

@® Creating PCSG module set

As shown in Figs. 1 and 2, the PCSG module set is a structure in
which 5 layers of PCSG unit blocks are stacked on a support structure,
and then the feedwater and steam pipes are combined. The PCSG
module set has a total of 28 components: 5 PCSG unit blocks (A PCSG
unit block consists of 5 components), 1 feedwater pipe, 1 steam pipe,
and 1 support structure. Note that the PCSG unit block applied here is a
simplified PCSG unit block obtained through the homogenization

Sheet assembly

(a)

B Primary side flow channel
B Sccondary side flow channel
Solid excluding flow channel

Fig. 3. Structure of sheet assembly (a) overview of the 1st sheet and 2nd sheet stacking (b) front view and (c) iso view of the micro-channel in the 1st sheet and 2nd

sheets [12].

Homogenization Procedures for Sheet Assembly

~

Reference model of 1% and
2%d sheet stacking models

Homogenized model of 1% and
27d sheet stacking models

Sheet assembly

15t sheet

—

d 5
27 sheet Homogenization

e

Fig. 4. Homogenization procedures for sheet assembly [12].

2124



G. Youn et al.

Table 2
Equivalent elastic constants of homogenized sheet assembly model (Dffcet as.
sembly) [12].

Material properties Value
Elastic modulus [GPa] X 165.7
Y 139.3
VA 140.9
Shear modulus [GPa] XY 54.3
YZ 38.9
zX 55.9
Poisson’s ratio XY 0.281
YZ 0.231
zZX 0.282
Density [kg/m®] 6655.1

—{ Reduced model }—

(a)

(®)

Fig. 5. FE model of PCSG assembly (a) full model and (b) reduced model.

[|pisplacement
Components : Free, Free, Om

Fig. 6. Boundary conditions for modal analysis of the PCSG assembly.
method.
®@ Creating the full model of PCSG assembly

The full model of PCSG assembly can be obtained by creating 12
PCSG module sets in a circular pattern. Fig. 5(a) shows the full model of
PCSG assembly for FE analysis. The model used tetra 10 elements, and
an element size of 4 cm was applied. Note that the full model consists of
12 PCSG module sets, so it consists of 336 components.

® Creating the reduced model of PCSG assembly using sub-
structuring method
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Table 3
Comparison of natural frequency between full model and reduced model.

Mode order Natural Frequency [Hz] Error (%)
Full model Reduced model

1 38.8047 38.8049 0.0005
2 38.8248 38.8251 0.0008
3 38.8993 38.8993 0

4 38.9026 38.9025 0.0003
5 38.9234 38.9234 0

6 38.9337 38.9338 0.0003
7 38.9433 38.9433 0

8 38.9476 38.9475 0.0003
9 38.9531 38.9529 0.0005
10 39.0590 39.0591 0.0003
11 39.0641 39.0641 0

12 39.2469 39.2472 0.0008
13 47.4656 47.4690 0.0072
14 47.4946 47.4980 0.0072
15 48.1780 48.1782 0.0004

In the reduced model, all but one of the 12 PCSG module sets were
replaced with sub-structures (see Fig. 5(b)). Sub-structures can be
created using the ‘Sub-structure Generation’ option provided by ANSYS,
a commercial FE analysis program. When creating the reduced model,
the mechanical behavior of the full model can be reflected by consid-
ering not only the contact area with other components, but also the
degree of freedom of the area where load and boundary conditions are to
be applied. The full model consists of 336 components, and the reduced
model consists of 28 components. Note that the reduced model of PCSG
assembly has the same geometry as the PCSG module set, so the number
of components is the same.

3.2. Validation of reduced model through modal analysis

In order to identify the vibration characteristics of a structure, ®
modal analysis, @ frequency response analysis, and ® transient
response analysis are generally performed. Modal analysis evaluates the
natural frequency of the structure under free vibration conditions. Note
that the free vibration conditions are an environment without damping
(C = 0) and external force (F(t) = 0) in Eq. (1).

Even if the magnitude of the external force is small, resonance occurs
when a load is applied at the same frequency as the natural frequency,
which is a critical problem that reduces the integrity of the structure. In
general, since the magnitude or the frequency of the external force
cannot be controlled, the resonance is avoided by adjusting the natural
frequency. Therefore, when applying the sub-structuring method, it is
very important to verify that the natural frequency is accurately calcu-
lated in the reduced model, and this was done through comparison with
the analysis results of the full model.

For both the full model and the reduced model, boundary conditions
were imposed on the bottom surface of the structure for modal analysis
(see Fig. 6). If the displacement in the X, Y, and Z axes is fixed using the
fixed support condition, the structure cannot take into account the
displacement caused by ground shaking. To solve this problem, the
displacement due to the inertia of the structure and the displacement
due to shaking of the ground were considered together by imposing a
roller boundary condition on the bottom surface of the structure as
shown in Fig. 6.

Table 3 shows the results of comparing the natural frequencies of the
full model and reduced model according to mode order. The mode or-
ders were compared by deriving results up to the 15th order mode,
excluding the rigid body mode. Even in the 13th and 14th modes, where
the natural frequency difference is the largest, the error of the reduced
model compared to the full model is 0.0072 %, showing that modal
analysis can be performed with very high accuracy with the reduced
model.
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3.3. Validation of reduced model through frequency response analysis

AANAN

External Force

Fig. 7. Schematic drawing of transient region and harmonic region.

Fig. 9. Comparison of frequency response analysis results (acceleration amplitude) between full model and reduced model in Case 1 (a) X-direction (b) Y-direction

(¢) Z-direction.

I
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VVV VY

Time Table 4

In this section, frequency response analysis was performed among @
modal analysis, @ frequency response analysis, and ® transient
response analysis. Frequency response analysis is an analysis that de-
termines the frequency response when a harmonic excitation load (F(t)

Comparison of frequency response (acceleration at peak point) between full
model and reduced model in Case 1.

Acceleration Amplitude (m/s?)

Axis Frequency Response Comparison: Error (%)
Acceleration at Peak Point [m/s?]
Full Model Reduced Model

X 1.3731 x 1073 1.3738 x 103 0.05

Y 3.5249 x 1072 3.5270 x 1072 0.06

z 1.9335 x 10°* 1.9355 x 10°* 0.10

10°
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Y-direction component

E 10
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4 101

| —— Y-direction component

Applied Load depending on Frequency
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Fig. 8. Frequency domain of applied load (a) Case 1 (b) Case 2.
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Total deformation X-axis deformation
z z
: Full model : Reduced model Full model Reduced model
1.5612e-7Tm 1.5585e-7m . 3.1162e-9m - 3.1025e-9m
Y Y
1.5612e-7 Max 1.5585e-7 Max 3.1162e-9 Max 3.1025e-9 Max
X 1.3878e-7 X 1.3853e-7 X -5.9393e-9 X -5.8927e-9
1.2143e-7 1.2122¢-7 -1.4995e-8 -1.4888e-8
1.0409e-7 1.0391e-7 -2.405¢-8 -2.3883¢-8
8.6742e-8 8.6592e-8 -3.3106e-8 -3.2878¢-8
6.93966-8 6.9278e-8 -42161e-8 -4.1874e-8
5.2057e-8 5.1964e-8 1 -5.1217-8 -5.0869e-8
3.4705¢-8 3.4649e-8 -6.0272e-8 -5.9864e-8
1.736e-8 1.7335€-8 -6.9328¢-8 -6.8859¢-8
1.4423e-11 Min 2.1188e-11 Min -7.8383e-8 Min -7.7854e-8 Min
(a) (b)
Y-axis deformation | | Z-axis deformation I
: Full model : Reduced model 2 Full model z Reduced model
| 9.2748e-10m 9.3201e-10m 6.9716e-9m 6.9444e-9m
Y Y Y Y
9.2748e-10 Max 9.3201e-10 Max 6.9716e-9 Max 6.9444e-9 Max
X -1.4631e-8 X -1.4624e-8 X 5.2972e-9 X 5.2284e-9
3.019e-8 -30179¢-8 3.6229e-9 3.5124e-9
-45748e-8 -45735¢-8 1.9486e-9 1.7963e-9
-6.1307e-8 -6.1291e-8 2.7424e-10 8.029e-11
7.6866e-8 -7.6846e-8 -1.4001e-9 -1.6357e-9
-9.2425¢-8 -9.2402¢-8 -3.0744e-9 -3.3518e-9
-1.0798e-7 -1.0796e-7 -4.7488e-9 -5.0678e-9
1.2354e-7 -12351e-7 6423169 -6.7838e-9
-1.391e-7 Min -1.3907e-7 Min -8.0974e-9 Min -8.4999¢-9 Min
() (d)

Fig. 10. Analysis results of deformation between full model and reduced model in Case 1 (a) total deformation (b) X-axis deformation (c) Y-axis deformation (d) Z-
axis deformation (unit: m).
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Table 5
Comparison of frequency response (acceleration at peak point) between full
model and reduced model in Case 2.

Axis Frequency Response Comparison: Error (%)
Acceleration at Peak Point [m/s?]
Full model Reduced model

X 9.4308 x 10°* 9.4261 x 10°* 0.05

Y 3.8194 x 1073 3.8215 x 1072 0.06

Z 1.8424 x 10°* 1.8441 x 10°* 0.09

= Fosinwt) is applied to the external force of Eq. (1). Thus, frequency
response analysis is also called harmonic response analysis (see Fig. 7).
Note that the analysis is conducted in the frequency domain using FFT
(Fast Fourier Transform).

Transient response analysis is an analysis that obtains the response
when the external force in Eq. (1) is given arbitrarily over time (see
Fig. 7). Therefore, transient response analysis should be performed by
reflecting the time history. Note that transient response analysis was not
performed in this research because this level of detailed analysis is not
required at the design stage.

To perform frequency response analysis for the two cases, the
external force depending on frequency was applied as shown in Fig. 8.
The load is applied to the bottom surface of the model the same as the
boundary conditions in Fig. 6. To compare the seismic analysis results
under various loading conditions, analysis was performed for Case 1, in
which the load applied only in the Y-direction, and Case 2, in which the
load applied in both X and Y directions. Note that damping is not
considered (C = 0) in these analyses.

The frequency response results of the full model and reduced model
for Case 1 are shown in Fig. 9. The horizontal axis of the graph repre-
sents the frequency and the vertical axis represents the acceleration
amplitude, and it can be seen that the results of the reduced model
matches well with the results of the full model. Table 4 compares the
maximum acceleration amplitude of the full model and the reduced
model for Case 1. As can be seen in Fig. 9, the maximum acceleration

Total deformation
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amplitude in all X, Y, and Z directions is at a frequency of 39 Hz. Thus,
the acceleration amplitudes at 39 Hz were compared. It can be seen that
even in the case of the Z direction, which showed the largest difference,
the error is only 0.1 %, showing that the accuracy of the reduced model
is very high.

Fig. 10 compares the displacement of the full model and the reduced
model when the frequency is 39 Hz under Case 1 loading conditions. The
total deformation (Fig. 10(a)) is 1.5612 x 1077 m for the full model and
1.5585 x 107 m for the reduced model, with an error of only about
0.17 %. When comparing the displacements of the full model and the
reduced model in each direction, errors of 0.44 % in X direction, 0.49 %
in Y direction, and 0.39 % in Z direction occur, indicating that the dis-
placements of the two models are almost the same.

The frequency response results of the full model and reduced model
for Case 2 are shown in Fig. 11, and it can be seen that the results of the
reduced model match well with the results of the full model. Table 5
compares the maximum acceleration amplitude of the full model and the
reduced model for Case 2. As can be seen in Fig. 11, the maximum ac-
celeration amplitude is at the frequency of 39 Hz in all directions, which
is the same as Case 1. Thus, the acceleration amplitudes at 39 Hz were
compared. The maximum acceleration amplitude error of the reduced
model is 0.05 % in the X direction, 0.06 % in the Y direction, and 0.09 %
in the Z direction, showing that the reduced model provides almost the
same results as the full model.

Fig. 12 compares the displacement of the full model and the reduced
model when the frequency is 39 Hz under Case 2 loading conditions. The
total deformation (Fig. 12(a)) is 1.7 x 107 m for the full model and 1.69
x 1077 m for the reduced model, with an error of only about 0.58 %.
When comparing the displacements of the full model and the reduced
model in each direction, errors of 0.82 % in X direction, 0.11 % in Y
direction, and 4.08 % in Z direction occur, indicating that the dis-
placements of the two models are almost the same.

X-axis deformation

: Full model ¢ Reduced model : Full model < Reduced model
I_,_» 1.7e-7Tm y 1.69e-7m I_._w 4.2148e-9m . 4.1803e-9m
1.7e-7 Max 1.69e-7 Max 4.2148e-9 Max 4.1803e-9 Max

X 15112e-7 X 1.5023e-7 X -7.448e-9 X -7.3326e-9
1.3224e-7 1.3147e-7 -1.9111e-8 -1.8845¢-8
1.1337e-7 1.127e-7 -3.0774e-8 -3.0358e-8
9.4491e-8 9.3935e-8 -4.2436e-8 -4.1871e-8
7.5615¢-8 7.5169-8 -5.4099¢-8 -5.3384e-8
56739-8 5.6404e-8 -6.5762¢-8 -6.4897¢-8
3.7862e-8 3.7638e-8 -7.7425e-8 -7.641e-8
1.8986e-8 1.8872e-8 -8.9088e-8 -8.7923¢-8
1.0985e-10 Min 1.068e-10 Min -1.0075e-7 Min -9.9436e-8 Min

Y-axis deformation Z-axis deformation

Z Full model Z Reduced model Z Full model Z Reduced model

| o 6.9496e-10m 6.9418e-10m . 2.4603e-8m 2.36e-8m
6.9496e-10 Max 6.9418e-10 Max 2.4603e-8 Max 2.36e-8 Max

X -1.502¢-8 X -1.4997¢-8 X 21111e-8 X 2.0224e-8
-3.0735¢-8 -3.0689¢-8 1.7619-8 1.6847¢-8
-4.6449e-8 -4.638e-8 1.4126e-8 1.3471e-8
-6.2164e-8 -6.2072e-8 1.0634e-8 1.0094e-8
-7.7879¢-8 -7.7763e-8 7.1415¢-9 6.7178e-9
-9.3594e-8 -9.3455e-8 3.6491e-9 3.3413e-9
-1.0931e-7 -1.0915e-7 1.5668e-10 -3.5178e-11
-1.2502e-7 -1.2484e-7 -3.3357e-9 -34116e-9
-1.4074e-7 Min -1.4053e-7 Min -6.8281e-9 Min -6.7881e-9 Min

Fig. 12. Analysis results of deformation between full model and reduced model in Case 2 (a) total deformation (b) X-axis deformation (c) Y-axis deformation (d) Z-

axis deformation (unit: m).
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Fig. 13. FE model comparison of full model and reduced model.

4. Discussions: comparison of computational time between full
model and reduced model

The computational accuracy of the reduced model was verified in
Section 3. In this section, the computational time reduction effect of the
reduced model was analyzed by comparing the calculation time when
applying the reduced model and the full model.

Fig. 13 compares the number of nodes and elements of the reduced
model and full model. Using a reduced model, the number of nodes can
be reduced by about 9.32 times and the number of elements by about
10.07 times compared to the full model. Here, the full model is a model
in which the 1st and 2nd sheets are simplified by applying the homog-
enization method [12]. Note that the entire model, which reflects the
micro-channel shape, requires much more nodes and elements than the
full model.

Fig. 14 compares the computational time of the reduced model and
the full model. It can be seen that the reduced model has approximately
3.42 times faster calculation time in modal analysis and 4.59 times faster
in frequency response analysis than the full model.

Modal analysis and frequency response analysis are essential ana-
lyses at the design stage, and even for a full model using only the

Nuclear Engineering and Technology 56 (2024) 2120-2130

homogenization method, the computational time takes about 2 h. If the
analysis is performed with the entire model, much more time will be
required. However, by applying the reduced model using both the ho-
mogenization method and the sub-structuring method, the computa-
tional time could be dramatically reduced to about 30 min.

In the preliminary design stage, design changes are frequently
required for the steam generators. Therefore, it is considered to be very
effective in design work if the structural integrity assessment of the
PCSG assembly is performed by applying the reduced model presented
in this research.

5. Conclusions

In this paper, a procedure for creating a reduced model of PCSG
assembly was presented by applying the homogenization and sub-
structuring methods. Then, it was shown that the seismic analysis time
can be significantly decreased by applying the reduced model.

Creation of the reduced model proceeded in the following order.

(1) The homogenization method was applied to a sheet assembly in
which the same micro-channel shape was repeated numerous
times.

(2) The homogenized sheet assembly was assembled with a top plate,
a bottom plate, a feedwater header and a steam header to form a
simplified PCSG unit block.

(3) 5simplified PCSG unit blocks, a feedwater pipe, a steam pipe, and
a support structure were assembled to form a PCSG module set.

(4) 12 PCSG module sets were arranged in a circular pattern to create
the full model of PCSG assembly.

(5) A reduced model of PCSG assembly is obtained by applying the
sub-structuring method to one PCSG module set among the full
model of PCSG assembly.

After obtaining the reduced model of PCSG assembly, modal analysis
and frequency response analysis were then performed to validate the
accuracy of the reduced model to which the homogenization and sub-
structuring methods were applied. The analysis results were compared
with the full model and it was confirmed that the reduced model pro-
vided almost the same analysis results as the full model.

To verify the computational efficiency of the reduced model, the
computational time was then compared with the full model, and it was
confirmed that the modal analysis time was reduced by 3.42 times and
the frequency response analysis time was reduced by 4.59 times. Here,
the full model is a model to which only the homogenization method is
applied and the sub-structuring method is not applied. When the
computational time of the reduced model is compared with the entire
model that reflects the actual shape, the computational efficiency of this
model can be even more highlighted. It is believed that this reduced
model will have high utility in the design stage where shape changes

Full

model 2706

4547

Reduced
model

523| 792 991

0

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Time [sec]

O Substructure generation 0 Modal analysis O Frequency response analysis

Fig. 14. Comparison of computational time between full model and reduced model.
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occur frequently.
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