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1. Introduction

The conventional two-step method based on 
simplified equivalence theory is a cornerstone in 
modern reactor analysis [1]. As part of post-processing 
of the fuel assembly-wise (FA-wise) diffusion nodal 
analysis, a pin power reconstruction (PPR) is usually 
estimated by the form function (FF) method [2]. 
Recently, the embedded pin power reconstruction 
(EPPR) method was proposed [3, 4] based on the old 
idea of the ‘embedded’ PPR approach [5]. It was shown 
that the EPPR method can significantly enhance the 
accuracy of pin-wise power profiles compared to that of 
the conventional FF method.  Moreover, the possibility 
of improving the EPPR accuracy was noticed when the 
accuracy of the diffusion nodal analysis in the 
conventional two-step method is improved. 

The efforts to improve the accuracy of FA-wise nodal 
analysis appeared as a form of leakage correction by 
adjusting the homogenized group constants (HGCs) and 
equivalence group constants. The albedo-corrected 
parameterized equivalence constants (APEC) leakage 
correction method was proposed to correct flux-
weighted constants (FWCs) and discontinuity factors 
(DFs) by taking into account actual leakage through the 
FA surfaces in terms of normalized leakage parameter 
such as current to flux ratio (CFR) [6, 7, 8, 9, 10]. 
Results showed that the APEC method can substantially 
improve the nodal accuracy in terms of the 
multiplication factor and RMS error in FA-wise power. 
In this study, the assessment of the EPPR accuracy in 
APEC leakage-corrected nodal expansion method 
(NEM) analysis is discussed by analyzing UOX-loaded 
SMR variant cores.  

2. Embedded Pin Power Reconstruction in Two-step
Nodal Analysis 

The FA-wise, pin-wise lattice, and direct whole core 
reference calculation were conducted by DeCART2D 
code [11]. The diffusion NEM analysis was performed 
by in-house nodal code, which solves the two-group 
diffusion equation as shown in Eq. (1). 
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2.1 APEC Leakage-corrected two-step nodal analysis 

The APEC leakage correction was implemented by 
predetermined APEC XS and DF functions obtained by 
additional color-set calculation. The APEC XS and DF 
functions were defined as shown in Ref. [8], which 
aimed to correct XSs and DFs in 1x1 NEM analysis. In 
this study, the corrected XSs and DFs were obtained by 
APEC-corrected 1x1 NEM analysis and then were 
applied to 2x2 NEM analysis for determining the 
boundary condition of EPPR.  

2.2 Embedded Pin Power Reconstruction 

The main principle of the EPPR method is to solve a 
fixed boundary source problem in the expanded domain 
of interested FA as shown in Fig.1. The EPPR-H 
denoted that the domain was expanded to half of FA. In 
the EPPR-H, the incoming partial currents were 
obtained by 2x2 nodal analysis as shown in Eq. (2).  
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Using HGCs and pin-wise DFs (PDFs) generated by 
pin-wise lattice calculation, the standard 2-node CMFD 
equation based on the fine-mesh NEM was constructed 
as shown in Eq. (3). 
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where, A, Φ , F, BCS denoted CMFD matrix, pin-wise 
flux vector, fission matrix and vector for the boundary 
source, respectively. The coupled two-group equation 
was directly solved by BiCGstab method [12]. 

Fig. 1. Configuration of EPPR-H 

3. Numerical Results



3.1 UOX-loaded SMR Benchmark Problem 

The UOX-loaded SMR and variant cores were set up 
as the benchmark problem, which consist of 16x16 FA 
as shown in Fig. 2 and 3.  

Fig. 2. Core configuration of UOX-loaded SMR. 

Fig. 3. Configuration of fuel assembly and variant cores. 

3.2 Results of APEC leakage-corrected nodal analysis 

The additional color-set configuration and list for 
APEC functions were depicted in Fig.4 and Table I.  
Results show that the APEC leakage correction can 
improve the nodal solution as shown in Table Ⅱ and 
Fig.5. It should be noted that the nodal analysis based 
on GET cannot be achieved reference solution because 
2x2 nodal analysis was conducted based on 1x1 HGCs 
and DFs.  

Fig. 4. Color-set models for constructing APEC functions. 

Table I: List of Color-set models 

Color-set 
Model Combination of FAs 

Checkerboard (B2,B3,C0), (B3,C0,B2), (C0,B3,B2) 

L-Shape Type1 (B2,B3,C0), (B2,C0,B3), (B3,B2,C0), 
(B3,C0,B2), (C0,B2,B3), (C0,B3,B2) 

L-Shape Type2 
(B2,B3,C0), (B2,C0,B3), (B3,C0,B2), 
(B3,B2,C0), (C0,B2,B3), (C0,B3,B2), 
(B2,B3,B2), (C0,B2,C0), (B3,C0,B3) 

Table Ⅱ: Results of 2x2 NEM Analysis 

HGCs keff 
ρ∆  

(pcm) 
RMSa 
(%) 

Min.b 
(%) 

Max.c 
(%) 

Ref. 1.074921 UOX-loaded SMR 
GETd 1.074718 -17.58 0.32 -0.66 0.28 
SETe 1.076350 123.47 0.91 -1.21 1.28 

APECf 1.074721 -17.31 0.49 -0.83 0.83 
Ref. 1.127021 Variant 1 
GET 1.126826 -15.35 0.10 -0.17 0.15 
SET 1.128441 111.65 0.55 -0.96 0.87 

APEC 1.126932 -6.98 0.38 -0.35 0.65 
Ref. 1.100274 Variant 2 
GET 1.100196 -6.48 0.09 -0.13 0.22 
SET 1.101763 122.82 0.60 -0.99 0.50 

APEC 1.100554 23.10 0.46 -0.97 0.68 
Ref. 1.07113 Variant 3 
GET 1.070981 -13.00 0.26 -0.50 0.19 
SET 1.072526 121.48 0.75 -1.15 1.02 

APEC 1.071194 5.62 0.48 -0.84 0.63 
a: Root Mean Square Error of Assembly Power  (%),  
b: Minimum Relative Error in Assembly power (%), 
c: Maximum Relative Error in Assembly power (%), 
d: Generalized Equivalence Theory (GET: Ref. XS | Ref. DF), 
e: Simplified Equivalence Theory (SET: FWC | ADF), 
f: APEC Leakage Correction (APEC: APEC XS | APEC DF). 
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Fig. 5. Reference FA power distribution and %error of nodal 
analysis 

3.3 Results of Pin Power Reconstruction

Fig. 6. Reconstructed pin power %error 
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The maximum and RMS %error of the reconstructed 
pin power distribution in FA were shown in Fig. 6. 
Results show that the EPPR method can substantially 
improve the accuracy of the reconstructed pin power in 
the case of EPPR-H with GET compared to that of the 
conventional FF method. It can be comprehended as the 
effect of reflecting the neighboring effect by expanding 
the domain of the fixed boundary source problem can 
improve the accuracy at the interface region of the FA. 
Nevertheless, the higher error of maximum and RMS 
tended to be observed at the peripheral FA region, 
which was bordered to baffle-reflector region. It was 
noteworthy that the improvement of the EPPR accuracy 
could be enhanced as long as the equivalence is 
achieved by introducing the exact 2x2 DFs [13]. In the 
case of EPPR-H with SET, the tendency of the 
reconstructed pin power maximum and RMS %error 
was totally depending on the accuracy of FA-wise 
power distribution of the diffusion nodal analysis by 
2x2 NEM. I.e., the higher the %error occurred in FA-
wise power of nodal analysis, the higher %error was 
observed in pin-wise reconstructed power of EPPR-H.     

Similarly, the accuracy of the reconstructed pin 
power tended to be depending on the accuracy of the 
FA-wise power in the case of APEC leakage-corrected 
nodal analysis. In other words, the EPPR-H accuracy 
can be improved as much as the enhancement of the 
nodal accuracy by APEC leakage correction. The 
performance of the APEC leakage correction was 
significant in terms of RMS error in the FA as shown in 
Table Ⅱ. It was indicated that the overall performance 
of EPPR-H with APEC can be improved compared to 
that of EPPR-H with SET.  

4. Conclusions

The EPPR-H pin-power reconstruction in APEC-
corrected nodal analysis has been performed based on 
2x2 NEM analysis. It is demonstrated that the EPPR-H 
with APEC improves reconstructed pin-wise power 
profile due to improvement of the nodal accuracy by the 
APEC leakage correction. It is expected that it may be 
possible to further improve the performance of the 
EPPR-H with improved nodal equivalence in the 
APEC-based nodal analysis and the proposed 
reconstruction method can be a new framework for the 
2-step nuclear reactor core design and analysis. 
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