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a b s t r a c t

Many damages due to flow-accelerated corrosion and cracking have been observed during recent in-
service inspections of nuclear power plants. To determine the operability or repair for damaged pipes,
an integrity evaluation related to the damaged piping system should be performed by using already
proven code and standards. One of them, the ASME Code Case is most popularly used to integrity
assessment in nuclear power plants. However, the recent version of CC N-513 still recommends the
simplified method which means a damaged elbow is assumed as an equivalent straight pipe. In addition,
to enhance the accuracy integrity assessment in elbow, several previous studies recommend that the SIF
and elastic COD values for an elbow with relatively large crack could be predicted by an interpolation
technique. However, those estimates for elbow with relatively large crack might be derived to inaccurate
results for crack growth analysis, such as for the allowable crack size and life estimation. Therefore, in
this paper, the effect of crack length (0.3�q1/p � 0.5) on SIF and elastic COD for elbow is systematically
investigated. Then, for large crack in elbow, accurate estimates for SIF and elastic COD, which are widely
used to assess the integrity of elbows, are proposed. Those proposed solutions are expected to be the
technical basis for revisions of CC N-513-4 through the validation.
© 2020 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

Since 1980's, the nuclear power plants (NPPs) are continuously
constructed and operating in Korea. As operating time of NPPs are
gradually accumulated, the many damages and leakages in sec-
ondary piping system have gradually been reported during opera-
tion. Note that, this tendency is commonly same as overall NPP
operating countries such as United states, Japan and etc. When the
damage is mainly caused by fluid accelerated corrosion reported
during operation, the operability or immediate repair for damaged
piping system should be decided based on integrity assessment.

ASME which is one of most popular committee in NPP engi-
neering field has continuously researched to suggest the integrity
assessment method for damaged piping system. Since the first
version of ASME Code Case (CC) N-513 was published in 1997, it has
been three revisions to augment and clarify the evaluation
requirement. Then, the latest version of ASME CC was published in
elsh_@naver.com (J.H. Jeon),
(M.K. Kim).

by Elsevier Korea LLC. This is an
2015. Note that, it proposes the evaluation criteria for temporary
acceptance of crack in secondary piping system and estimation of
stress intensity factor (SIF) for straight pipe with circumferential
and axial crack. Thus, it could be widely used to assess the opera-
bility of damaged straight pipe. But it did not give the estimation of
damaged connecting piping such as elbowwhich is mainly posed in
damage cases. Alternatively, it is recommended that a damaged
elbow is assumed as equivalent straight pipe with through wall
crack (TWC). Because it gives a conservative result than elbow.
However, since the SIF value for equivalent straight pipe is only
given as an average value in accordance with thickness, the SIF for
elbows could not be accurately estimated for circumferential crack
at intrados and extrados.

To solve the limitation of recent ASME CC N-513-4, previous
studies related with damaged elbow had been performed based on
finite element (FE) analyses [1]. However, the preceding researches
related with SIF and crack opening displacement (COD) estimates
for damaged elbowhave been focused on relatively short cracks (q1/
p < 0.3) with respect to possibility of crack propagation [2e8].
However, for the accurate crack growth analysis of damaged elbow,
a relatively large cracks (0.3�q1/p� 0.5) that are close to the critical
crack length should be systematically studied. Note that, previous
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ds2552@skku.edu
mailto:elsh_@naver.com
mailto:boong33@skku.edu
mailto:mkkim1212@skku.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2020.01.035&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2020.01.035
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2020.01.035
https://doi.org/10.1016/j.net.2020.01.035


Nomenclature

q1 : Half crack angle in the circumferential cracked
elbow

n : Poisson's ratio
E : Young's modulus
Ri : Inner radius of elbow
Rm : Mean radius of elbow, ¼(Ri þ Ro)/2
Ro : Outer radius of elbow
Rb : Bend radius of the elbow
t : Wall thickness of the elbow
a : Half crack length
p : Internal pressure

L : Straight pipe attached elbow joint
K : Stress intensity factor (SIF)
i : TWC location in the elbow (i.e., intrados and

extrados)
Ki
FE : SIF calculated from the FE analysis

d : Crack opening displacement (COD)
di
FE : COD calculated from the FE analysis
s : Remote nominal stress
F : Shape factor for SIF
Fi : Shape factor for SIF at TWC location
V : Shape factor for COD
Vi : Shape factor for COD at TWC location
Je,i
FE : Elastic J-integral calculated from the FE analysis
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studies recommend that the SIF value for an elbow with relatively
large crack could be predicted by an interpolation technique
because of that SIF values can be conservatively obtained for el-
bows. As a result, those estimates for elbow with relatively large
crack might be derived to inaccurate results for crack growth
analysis, such as for the allowable crack size and life estimation.

In this study, to propose the enhanced SIF and COD estimations
for elbow with relatively large crack, the effect of crack length on
SIF for elbow is investigated based on FE analyses by adopting the
verified FE model. Then, new shape parameters (F, V) for SIF and
elastic COD values were proposed for elbows with relatively large
TWCs. Finally, the SIF values obtained from the proposed estimates
were compared with the values from ASME CC N-513-4 and pre-
vious research [9e11]. The results indicate that the newly proposed
estimates could give more accurate SIF values than existing solu-
tions. Thus, they can be used to enhance the accuracy of various
structural integrity assessments for elbows with relatively large
TWCs.

2. FE analysis

2.1. FE model

Fig. 1 depicts a schematic diagram of an elbow with a circum-
ferential TWC at extrados and intrados. Rm, Ri, Ro, Rb, q1 and t
represent the mean radius, inner radius, outer radius, radius of
curvature, half of crack angle, and the thickness, respectively. Those
shape parameters were previously found to significantly influence
the calculation of SIF and elastic COD values in elbows with
circumferential TWCs [9e11]. In this study, the FEmodel is for a 90�

elbow attached to a straight pipe. To reduce the effects of pressure-
induced bending moments on the elbow, it has sufficient length (L)
and is set at 5 times or more of the outer radius of the bend
(L ¼ 5R0).

To determine the influence of the shape parameters affecting a
circumferential TWC, a range of 5�Rm/t � 20 was considered, as
mentioned in ASME CC N-513-4 [1]. Table 1 summarizes the anal-
ysis objects considered in the study; Rm/t values ranged from 5 to
20, q1/p values ranged from 0.1 to 0.5, and Rb/Rm values ranged from
2 to 6.

FE analyses for each casewere performed using ABAQUSVersion
6.11 [12]. The material properties in the FE analysis were as follows:
elastic modulus, E ¼ 200 GPa; Poisson's ratio, n ¼ 0.3. In addition,
boundary conditions used a symmetric condition as Fig. 2. When
internal pressure is applied, the blow-off effect is considered, which
is distributed to the inner surface of the elbow pipe along with
equivalent axial stress at the end of the elbow pipe. In addition, the
internal pressure acts nonlinearly on the TWC surface; however, in
this study, it is simply approximated as a uniform value corre-
sponding to half of the internal pressure [5]. Fig. 3 shows a typical
FE model of an elbow with a circumferential TWC. The FE model
was modeled with a reduced-integration 20-node element to avoid
incompressibility problems. The numbers of nodes and elements in
the general FE model were 39,367 and 8,608, respectively.

2.2. FE model verification

As already shown in Figs. 4 and 5, the FEmodel and procedure in
the present study were validated by comparing themwith existing
solutions. The maximum difference between the present FE results
and existing solutions was less than 3% for short TWCs (0.1� q1/
p < 0.3). This verified analysis procedure was used in the following
section.

2.3. FE results

Figs. 6 and 7 show the F and V values for SIF and elastic COD in
elbows with TWCs, respectively. As mentioned previously, it was
observed that those values increase non-linearly from q1/p ¼ 0.3.
When crack length become to a critical crack length (0.3�q1/
p � 0.5), accurate F and V values for elbows with TWCs are needed
for fitness-for-service evaluations. Then, non-linearity also in-
creases in accordance with increases in the radius-to-thickness
ratio (Rm/t). This tendency also appears in elastic COD.

3. Limitations of current SIF and elastic COD solutions

Table 2 summarizes the existing SIF and COD estimates for el-
bows with TWCs [9e11]. In the existing solutions, the applicability
of crack length is focused on relatively short TWCs (q1/p < 0.3),
which represent the initial crack size in elbows. Thus, it is useful to
assess the crack instability of initial cracks. However, for a large
TWC (q1/p � 0.3), a solution is only given for q1/p ¼ 0.5. Thus, to
assess a large TWC between 0.3 and 0.5, the value may be deter-
mined using linear interpolation. Although Chattopadhyay [11]
proposed SIF estimates for elbows with relatively large TWCs based
on systematic FE analyses, SIF values for elbows with TWCs at
intrados could not be predicted because the developed solutions
focused on TWCs at extrados, which are frequently due to flow-
accelerated corrosion. However, during in-service inspections,
TWCs in elbows at intrados were found to be caused by general
corrosion and fatigue degradations in the elbow pipe [13].

Furthermore, the ASME CC N-513 series, which is a widely used
standard, is continuously developed to improve the accuracy of
service assessments. However, the most recent ASME CC N-513-4
still does not provide an accurate SIF value for elbows with TWCs.



Fig. 1. Schematic diagrams for elbows with circumferential TWCs at intrados and extrados.
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The recommendation is to assume that elbows with TWCs are
equivalent to straight pipes, with the SIF value predicted using the
estimations for straight pipes. For this reason, the SIF values for
elbows with TWCs cannot be accurately predicted at extrados and
intrados.
Table 1
Cases in the present FE limit analysis.

Geometry

Rm/t Rb/Rm q1/p
5, 10, 20 2, 3, 4, 5, 6 0.10, 0.20, 0.30, 0.35, 0.40, 0.45, 0
4. Proposed equation of SIF and COD with circumferential
TWC

4.1. Modified SIF estimates for elbow

Based on the FE results, the SIF values for elbows with
Material Loading condition

E v Internal pressure
15 MPa.50 200 GPa 0.3



Fig. 2. Schematic diagram of boundary conditions.

Fig. 3. Typical FE mesh of an elbow with a circumferential TWC.

Fig. 4. FE model verification via exisitng shape factor (F) solution [9].

Fig. 5. FE model verification via exisitng shape factor (V) solution [9].

Fig. 6. The F values for an elbow with a circumferential TWC at intrados according to
q1/p (0.3�q1/p � 0.5).

Fig. 7. The V values for an elbow with a circumferential TWC at intrados according to
q1/p (0.3�q1/p � 0.5).

Table 2
Previous studies on the crack length of elbows with circumferential TWCs.

Crack location Applicable q1/p Solution

Extrados & Intrados 0.1, 0.2, 0.3, 0.5 An et al. (2010) [9]
0.125, 0.25, 0.5 Hong et al. (2010) [10]

Extrados 0.087, 0.436, 0.785 J. Chattopadhyay et al. (1994) [11]
Straight pipe solution ASME CC N-513-4 [1]
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Table 3
Proposed F values for SIF in an elbow with a circumferential TWC at intrados.

Fin Intrados

Rb/Rm

Rm/t q1/p 2 3 4 5 6

5 0.3 1.826 1.863 1.874 1.882 1.888
0.35 2.187 2.221 2.228 2.232 2.235
0.4 2.691 2.696 2.689 2.683 2.680
0.45 3.365 3.318 3.286 3.266 3.253
0.5 4.235 4.122 4.061 4.023 3.999

10 0.3 2.144 2.139 2.118 2.108 2.106
0.35 2.474 2.531 2.526 2.517 2.512
0.4 3.042 3.088 3.078 3.058 3.043
0.45 3.909 3.870 3.820 3.774 3.739
0.5 5.116 4.927 4.805 4.716 4.650

20 0.3 2.946 2.735 2.594 2.516 2.474
0.35 3.063 3.108 3.046 2.989 2.952
0.4 3.529 3.693 3.692 3.651 3.610
0.45 4.590 4.663 4.648 4.590 4.526
0.5 6.357 6.159 6.027 5.901 5.782
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circumferential TWCs were calculated as follows:

KFE
i ¼

ffiffiffiffiffiffiffiffiffi
EJFEe;i

q
(1)

Here, subscript i notes the TWC location in an elbowdthat is,
intrados or extrados. Je is the elastic J-integral obtained from FE
results. The Je values were determined to be the average values
along the thickness by excluding the outermost and innermost
positions. Then, as a function of shape parameters, the F value for an
elbow with a TWC was derived as follows:

Fi

�
Rm
t
;
Rb
Rm

;
q1
p

�
¼ KFE

i

s
ffiffiffiffiffiffi
pa

p ð; where s¼pRm
2t

!
(2)

Here, a(¼Rmq1) refers to the crack length in the elbowand Rm, Rb,
p, and t, represent the mean radius, radius of curvature, pressure
and the thickness, respectively. The resulting F values for a
circumferential TWC in an elbow are shown in Table 3 for intrados
and in Table 4 for extrados.

For brevity, these newly proposed F values are focused on
relatively large TWCs (0.3� q1/p � 0.5). Although diverse crack
length ranges from 0.1 to 0.5 were already considered in this study,
existing solutions for relatively short TWCs (q1/p < 0.3) could also
give accurate results for SIF. As shown in Tables 3 and 4, the F values
gradually increase in accordance with increasing Rm/t and q1/p
values. However, the F value tends to decrease as the radius of the
curvature increases. These results are similar to those in previous
studies [9e11].

The proposed SIF estimates can be applied for 5�Rm/t � 20,
0.30�q1/p � 0.50, and 2�Rb/Rm � 6. The F values can be interpo-
lated to predict the values of SIF for an elbowwith a circumferential
TWC at intrados and extrados.

4.2. Modified elastic COD estimates for elbow

Based on the FE results, the SIF values for elbows with circum-
ferential TWCs were calculated as follows:

Vi

�
Rm
t
;
Rb
Rm

;
q1
p

�
¼ E � dFEi
4� s� a

(3)

Here, the definitions of the relevant parameters and subscripts
are the same as previously defined for Eqs. (1) and (2). The resulting
V values are shown in Table 5 for intrados and in Table 6 for
extrados. The overall tendency of V values is similar to the
distribution of F values because the elastic fracture parameters (i.e.,
SIF and elastic COD) are calculated using the same governing
equation. Thus, the applicability of the proposed elastic COD esti-
mate is identical to the new SIF estimate. The V values can be
interpolated to predict the values of elastic COD for an elbowwith a
circumferential TWC.
4.3. Comparison of FE results and existing solutions

Figs. 8 and 9 compare the shape factor (F) values obtained from
FE results and existing solutions, respectively [9,11]. Although
several cases have been considered for, Rm/t¼ 5,10, 20, Rb/Rm¼ 2, 3,
4, and 5, and q1/p ¼ 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, and 0.5, represen-
tative cases are depicted in this study. The overall trends for several
cases are very similar to those in Figs. 8 and 9. Note that the FE
results for short TWCs (q1/p < 0.3) are in good agreement with
existing solutions. In Fig. 8, the shape factor (F) of Ref. [11] for 10, 50
and 90-degree crack length was calculated. For except that crack
length, the shape factor could be obtained using linear interpola-
tion. However, in Fig. 8, the dotted line means that when F value
other than 10, 50, and 90� which are obtained by linear interpo-
lation are different from the actual calculated values which are
obtained by FE analysis results. In Fig. 9, Ref. [9] calculated more
accurate shape factor (F) comparing with existing solution [11].
However, from Fig. 9, it can be seen that when linear interpolation
is to be performed following the result of Ref. [9] by a dotted line,
there are different from the actual calculated values which are
obtained by FE analysis results in a section where a crack is large.

As shown in the figures, for a relatively large crack length, the F
values obtained from existing solutions are overestimated
compared with the FE results. In addition, the F value increases
non-linearly in accordance with crack growth from 0.3 to 0.5.

Based on the results, the SIF and COD estimates for crack lengths
from 0.3 to 0.5 (which represent relatively large TWCs) should be
revised to enhance the accuracy of integrity assessments. Many
fitness-for-service assessments for elbows in class 2 and 3 piping
systems at nuclear power plants have been conducted for relatively
large TWCs [1]. As a result, for relatively large crack sizes, the SIF
value is conservatively estimated using existing solutions rather
than FE results. In addition, subdivision of the crack length around a
large crack size shows non-linear characteristics. Therefore, in this
study, a detailed analysis of SIF and elastic COD values with respect
to crack length near a large crack size was carried out using FE
analysis.



Table 4
Proposed F values for SIF in an elbow with a circumferential TWC at extrados.

Fex Extrados

Rb/Rm

Rm/t q1/p 2 3 4 5 6

5 0.3 2.031 2.002 1.984 1.974 1.967
0.35 2.286 2.277 2.268 2.264 2.262
0.4 2.615 2.625 2.626 2.628 2.632
0.45 3.082 3.097 3.102 3.109 3.118
0.5 3.764 3.757 3.755 3.764 3.776

10 0.3 2.606 2.475 2.398 2.347 2.312
0.35 2.778 2.716 2.670 2.634 2.610
0.4 3.012 3.025 3.005 2.986 2.974
0.45 3.467 3.501 3.481 3.466 3.463
0.5 4.293 4.245 4.182 4.153 4.148

20 0.3 3.881 3.496 3.275 3.129 3.018
0.35 3.890 3.578 3.463 3.367 3.283
0.4 3.997 3.685 3.689 3.642 3.588
0.45 4.239 4.115 4.146 4.102 4.057
0.5 5.122 5.074 4.983 4.876 4.806

Table 5
Proposed V values for elastic COD in an elbow with a circumferential TWC at intrados.

Vin Intrados

Rb/Rm

Rm/t q1/p 2 3 4 5 6

5 0.3 2.307 2.150 2.119 2.120 2.128
0.35 2.834 2.717 2.690 2.690 2.698
0.4 3.639 3.550 3.520 3.515 3.518
0.45 4.911 4.807 4.754 4.729 4.718
0.5 6.936 6.734 6.619 6.551 6.510

10 0.3 3.737 3.006 2.767 2.678 2.646
0.35 4.405 3.798 3.566 3.469 3.432
0.4 5.402 4.949 4.728 4.617 4.566
0.45 7.105 6.736 6.493 6.341 6.251
0.5 10.112 9.621 9.257 8.994 8.821

20 0.3 7.353 5.128 4.329 3.953 3.753
0.35 8.577 6.485 5.601 5.154 4.910
0.4 9.844 8.213 7.357 6.861 6.567
0.45 11.946 10.818 10.033 9.480 9.104
0.5 16.280 15.301 14.452 13.736 13.179

Table 6
Proposed V values for elastic COD in an elbow with a circumferential TWC at extrados.

Vex Extrados

Rb/Rm

Rm/t q1/p 2 3 4 5 6

5 0.3 2.823 2.636 2.535 2.473 2.432
0.35 3.456 3.246 3.132 3.062 3.016
0.4 4.230 4.020 3.905 3.835 3.790
0.45 5.255 5.065 4.957 4.894 4.857
0.5 6.745 6.574 6.473 6.421 6.396

10 0.3 5.030 4.305 3.915 3.672 3.508
0.35 6.149 5.322 4.872 4.586 4.393
0.4 7.256 6.443 5.979 5.673 5.465
0.45 8.530 7.817 7.363 7.052 6.842
0.5 10.388 9.754 9.282 8.959 8.756

20 0.3 11.732 9.244 7.837 6.965 6.363
0.35 14.448 11.427 9.766 8.720 7.982
0.4 16.160 13.191 11.549 10.454 9.648
0.45 17.339 14.878 13.431 12.356 11.525
0.5 19.104 17.269 15.964 14.861 13.994
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Fig. 8. Comparison of F values obtained from FE results with existing solutions [9,11]
for elbows with TWCs at extrados.

Fig. 10. Comparison of the SIF values obtained from the proposed estimate and
existing solutions [1,9] for an elbow with a TWC at extrados.
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5. Discussion

This paper provided an engineered integrity assessment solu-
tion compared to the existing solutions. Researchers have long
developed a method for evaluating pipe integrity assessment using
SIF and elastic COD. The results of this study can help to perform an
accurate integrity assessment, as compared to Reference 11 and
Reference 9 results. In other words, it is meant to solve the limi-
tations of existing research results. Particularly over time, incidents
in the elbow with large crack are frequent, and there is a need for a
fracture mechanics solution for accurate integrity assessment.
Therefore, it is necessary to confirm how much the findings of this
study have developed between the current editing ASME CC N-513
in progress and the existing solution studied until recently.

In this study, a modified SIF estimate for an elbow with a rela-
tively large TWC is proposed. To confirm its validity and usefulness,
a practical problem was investigated. Actually, since the Leak-
Before-Break concept was applied to so many domestic nuclear
power plants (Shin-Gori, Shin-Wolsong, Hanul, etc.), crack evalua-
tion is essential. If damage is found in an elbow, such as a TWC,
pinhole, or surface crack, then a fitness-for-service evaluation
should be performed to decide whether it can be used or should be
repaired. Some elbows with TWCs, which were designed for class 2
or 3 piping systems, have been reported in domestic nuclear power
plants. In these cases, to determine their fitness for service, an
evaluation for allowable crack length and growth is performed
Fig. 9. Comparison of F values obtained from FE results with existing solutions [9,11]
for elbows with TWCs at intrados.
using the estimations given in ASME CC N-513-4. However, as
mentioned previously, ASME CC N-513-4 has limitations that pre-
vent an accurate result for elbow. The current procedure does not
give SIF estimates for elbows; it contains only a SIF estimate for
straight pipes. Thus, if this method is used, the effect of the location
of the TWC (i.e., extrados or intrados) on SIF cannot be considered.

As shown in Figs. 10 and 11, the SIFs obtained from the ASME CC
N-513-4 method are identical at each location of the TWC in an
elbow and gives an under-estimated SIF value. Therefore, when this
method is applied, the assessment of allowable crack length and
crack growth is non-conservatively estimated over-estimated
rather than providing an accurate result. As a background, a pos-
sibility of unexpected failure could be increased than the accurate
estimated results. However, when the proposed estimate is used,
the SIF value for an elbow at extrados and intrados is easily calcu-
lated using Tables 3 and 4 This could result in an accurate predic-
tion for assessment of the allowable size and crack growth.

In addition, the existing solution [9] for an elbow with a
circumferential TWC was compared with the proposed estimation.
As shown in Figs. 10 and 11, the maximum difference of the SIF
obtained from the existing solution and the proposed estimate was
well within 2.58% for a relatively short TWC (0.1�q1/p < 0.3). In
addition, for the cases of q1/p ¼ 0.5 (i.e., large TWC), the difference
was less than approximately 5%.

However, for the transition of crack length from a short TWC to a
large TWC, it was confirmed that the SIF value obtained linear
interpolation from the existing solution was over-estimated
compared with the proposed estimate, which could lead to inac-
curate results in fitness-for-service evaluations. Therefore, the
Fig. 11. Comparison of the SIF values obtained from the proposed estimate and
existing solutions [1,9] for an elbow with a TWC at intrados.



M.K. Kim et al. / Nuclear Engineering and Technology 52 (2020) 2092e2099 2099
results for allowable crack length evaluation and crack growth
evaluation might be conservatively determined. Based on the re-
sults, the proposed SIF estimate for an elbowwith a circumferential
TWC can more accurately predict an allowable crack size and life of
crack growth than can ASME CC N-513-4 and the existing solution.

Although themodified SIF and elastic COD estimates can be used
in practice, they are still restricted to elbow sizes related to Rm/t.
Several elbow sizes that have Rm/t ranges from 20 to 80 are
generally used in nuclear power plants. As summarized in
Tables 3e6, it was confirmed that the SIF and elastic COD values
increased depending on the increase of Rm/t. To obtain accurate
estimates for more diverse sizes, further research should be
considered.

6. Conclusion

This study proposed SIF and elastic COD estimates for an elbow
with a circumferential large TWC (0.30�q1/p� 0.50). When used in
a fitness-for-service evaluation for a damaged elbow with a TWC, a
more accurate SIF value can be achieved than current ASME CC N-
513-4 and the existing engineering solution. In addition, it will be
possible to more accurately predict the allowable crack length, life
of corrosion crack growth, and fatigue crack growth for an elbow
with a circumferential TWC. Furthermore, the elastic COD estimate
can be applied to evaluate leak rates by considering more realistic
behavior of an elbow with a TWC than with the existing solution.
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