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The predicted leakage rate of piping circumferential through-wall cracks

(CTWC) under various loading levels is a critical factor for the application of

leak-before-break (LBB) technology. In current engineering approaches, the

effect of welding residual stress has not been carefully taken into account. In

this paper, both numerical analyses and comparative verification are adopted to

examine the influence of typical welding residual stress field on the crack

opening displacement for austenitic stainless steel piping with representative

geometric dimensions and in situ measured material performance curves. An

in-depth investigation is carried out to reveal the effect of the residual stress on

morphological parameters of the CTWC flow channel. In the case where the

residual internal stress of welding has the greatest effect, the Henry-Fauske

model is employed to analyze the flowmedium passing through the CTWC and

the corresponding leak rate for a typical nuclear power plant. The results

indicate that the welding residual stress leads to a substantial change in the

crack opening displacement and crack morphology parameters. Both the

current GE/EPRI method and the NUREG/CR-6837 modification

recommended by the American Electric Power Research Institute

underestimate the effect of this phenomenon, resulting in a higher

prediction of the medium leakage rate. A similar situation is most likely to

occur for the cases of short cracks in thin-walled piping and long cracks in

thick-walled piping. Additionally, the obtained results reveal that the welding

residual stress causes the whole crack surface to open negatively, and the axial

line of the long crack on the thick-walled piping is close to a conic curve under

specific conditions.
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1 Introduction

A double-ended guillotine break (DEGB) of high-energy

piping in a nuclear power plant represents an accident on the

basis of hypothetical design. Under the premise of applying

the leak-before-break (LBB) technology, the dynamic loads

caused by the double-end fracture of the pipeline could be

canceled off, and the design scheme could also be optimized,

both of which helps to enhance the economy and safety of the

power plant (Wichman and Lee, 1990; U.S.N.R.C. NUREG

-1061, 1984).

The basic principle of the LBB technology for nuclear

piping refers to three aspects: 1) Leakage occurs after the

emergence of a circumferential through-wall crack (CTWC).

2)Medium leakage could be monitored online in time. 3) The

crack remains stable during the period from crack emergence

to locating leakage, which does not lead to DEGB of the piping

(Wichman and Lee, 1990; U.S.N.R.C. NUREG -1061, 1984).

Commonly, a stable flow channel is formed under the loading

action, after which the medium is leaked to the outer wall of

the pipe through the flow channel. The leakage rate is a

key factor that has a crucial influence on the application

of the LBB technology. In a general LBB analysis approach,

the geometric dimensions of the pipe and crack, the

morphology of the flow channel, the state of the medium,

and the fracture mechanics parameters under the joint action

of internal and external loads have vital influences on the

predicted leakage rate of the medium.

In the current LBB technology system, GE/EPRI or LBB/

ENG model is generally employed to predict the stability and

crack opening displacement (COD) of CTWC, and then Henry-

Fauske uniform unbalanced two-phase flow model or Moody

model is applied to analyze the leakage rate (Moody, 1965;

Rahman et al., 1998a). However, the influence of the welding

residual stress (WRS) is neglected in these models.

In previous research works, the vital influence of WRS on the

through-wall crack was not included, and the studies were only

restricted to piping surface cracking (Rahman et al., 1997; Coules

and Smith, 2015; Namburu et al., 2018; Mirzaee-Sisan and Wu,

2019; Mångård and Hannes, 2020). Generally, it is believed that

the WRS mainly affects surface cracks rather than through-wall

ones (Ghadiali et al., 1996; Rahman et al., 1997; Webster et al.,

2014; Coules and Smith, 2015; Namburu et al., 2018; Mirzaee-

Sisan andWu, 2019; Mångård and Hannes, 2020). Recent studies

have revealed that the effects of WRS on CTWC cannot be

ignored (Rahman et al., 1998b; Shim et al., 2009; Macurova et al.,

2010; Huang et al., 2020; Huang and Zhou, 2020). In the LBB

technology system, no direct results have been derived regarding

the effects of WRS on the medium leakage rate of CTWC in the

piping. On the other hand, the indirect research works focus on

the following four aspects: distribution of WRS in piping, loading

mode of theWRS in numerical analysis, the influence of theWRS

on COD of CTWC in piping, and the relationship between COD

and the crack morphology parameters of CTWC. In the

following, these items are explained one-by-one in details.

(i) Numerical simulation and experimental measurement are

employed to examine the distribution of WRS in piping, but

the limitation of measurement and complexity of WRS are

still difficult to resolve. There are three main types of

research on the distribution of WRS: (a) simplified

envelope values of WRS are developed for engineering

analysis with references to many typical welding

processes (EPRI, 1986; Wallin and Nevasmaa, 1997;

Rahman et al., 1998b; Standard, 2015; Mirzaee-Sisan and

Wu, 2019); (b) simplified probability distribution model of

WRS has been established with consideration of uncertain

conditions (Itoh et al., 2008; Katsuyama et al., 2010; Brust

et al., 2011; Benson et al., 2014); (c) detailed analyses and

measurements of WRS for specific scenarios and particular

processes have been proposed (EPRI, 1986; Rahman et al.,

1998b; Macurova et al., 2010; Mccluskey et al., 2011; Miessi

et al., 2011; Wei et al., 2011; Yang et al., 2011; Lukes, 2013;

Song and Dong, 2015; Dehaghi et al., 2017). Especially, the

literature (EPRI, 1986) (from The Task Group on Piping

Flaw Evaluation of ASME section XI, or TGPFE) provides a

simplified WRS recommendation (EPRI, 1986; Rahman

et al., 1998b) for the typical welding process of stainless

steel piping in terms of extensive experiments and

numerical simulations of envelope results. The simplified

WRS recommendation from TGPFE is broadly employed in

nuclear power engineering.

(ii) For theWRS loading during a numerical analysis of CTWC,

the current method is to load WRS from non-cracked pipe

structures onto the inner surface of through-wall cracks

using the crack surface pressure approach (Rahman et al.,

1998b; Kiciak et al., 2003; Scott R, 2005; Anderson and

Glinka, 2006; Zang et al., 2009; Fan et al., 2015), while

neglecting the release of residual strain and the

redistribution of stress during the process of the CTWC

formation. Zang et al. (Zang et al., 2009) have showed that

the prediction and analysis results of COD by crack surface

pressure methodology are relatively reasonable when the

crack size is small.

(iii) In the LBB technology system, no suitable engineering

analysis method has been established to properly

consider the impact of WRS on the COD values of

CTWC. For COD predictions of CTWC in piping, the

linear elastic model, the elastic model with small ranges

of local plasticity modification, and the elastoplastic model

have been successively constructed, and simplified empirical

formulas have been summarized (Irwin, 1960; Lyellsanders,

1982; Paris and Tada, 1983; Klecker et al., 1986; Kumar and

German, 1988; Bhandari et al., 1992; France et al., 1997;

Takahashi, 2002; Kiciak et al., 2003; Bourga et al., 2015).

Nevertheless, stresses that are not uniformly linear along the
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radial direction of the pipe such as WRS could not be

introduced to these empirical formulas. On contrary,

uniformly linear stresses resulting from the axial force

and bending moments of the pipe can be utilized in

these equations. For instance, WRS could not be solved

in the elastoplastic COD analysis formula developed by

General Electric (GE)/EPRI (Kumar and German, 1988)

and Battell (Young et al., 2012), which however has been

extensively exploited in the LBB technology system. Some

recent studies (Kiciak et al., 2003; Anderson and Glinka,

2006; Lewis and Wang, 2008; Fan et al., 2015; Huang et al.,

2020) have evaluated the COD values of CTWC by the

parameterized finite element analysis and by constructing

weight functions which can account for the impact of WRS

loads. Nevertheless, the weight function approach is only

validated online in the field of elastic fracture mechanics.

On the other hand, the main findings of the WRS effects on

COD of CTWCs are summarized herein. In 1998, Rahman et al.

(Rahman et al., 1998b) investigated the influence of WRS on

COD of CTWC in TP304 stainless steel pipes through

simplified linear elastic 3D finite element models. The

achieved results indicated that WRS could cause crack

surface rotation, and the leakage of the internal medium is

lessened to a certain extent. Therefore, CTWC may remain

closed under the action of lower external loads. In traditional

GE/EPRI models, the COD prediction value of CTWC increases

linearly from zero with the growth of an exerted load, but it

overestimated the medium leakage in the LBB technology to the

detriment of safe and reliable leak monitoring. These technical

findings were also confirmed by NRC (Scott et al., 2002; Scott R,

2005) and Kiciak et al. (Kiciak et al., 2003) Through the Battelle

integration of nuclear piping (BINP) program, the NRC

exploited elastoplastic finite element analysis models to

examine conditions on type 316 stainless steel pipes using

the typical welding process. They introduced a specific factor

into the conventional GE/EPRI formula to compensate for the

WRS-induced crack closure effect and COD on the outer points

of the crack surface under zero externally applied loads (Scott R,

2005). However, the applicability of this correction factor to the

simplified WRS, which was recommended by TGPFE, has not

been verified yet. Furthermore, the law of the WRS’s impact on

COD after crack opened has not been concluded.

(iv) In the study on the relationship between COD of CTWC and

the crack channel morphology parameters, Rahman et al.

(Rahman et al., 1995) gave the functions of calculating crack

channel parameters on the basis of COD. These functions

allowed the flow path morphological parameters of some

specific engineering objects to be analyzed.

To be concise, the effects of WRS on the leakage rate through

CTWC in stainless steel piping in the LBB technology cannot be

ignored, but no direct results have been unveiled. Therefore, in

the present study, the simplified WRS recommendation from

TGPFE, the crack surface pressure method to load WRS onto a

numerical analysis model, and the elastoplastic numerical

analysis model are all adopted to examine the influence of

WRS on COD of CTWC in various conditions, and their

results are compared. Subsequently, the effect of WRS on the

CTWC channel morphology parameters is explored by the

relationship between COD and the crack channel parameters

according to Rahman et al. (Rahman et al., 1995; Bourna, 2017).

Further, the effect of WRS on the leakage rate is investigated by

the Henry-Fauske model (Abdollahian and Chexal, 1983).

2 Finite element analysis (FEA) of COD

2.1 WRS in stainless steel pipe welds

The WRS is closely related to the pipe size, welding

condition, and welding process. For thin-walled pipes, the

stress field of the inner wall towards the outer wall changes

from tensile to compression. For thick-walled pipes, the stress

fields from the inner to the outer walls are sequentially tensile,

compression, and tensile (EPRI, 1986; Rahman et al., 1998b).

With the experimentally observed data and the FEA results,

TGPFE recommends the axial WRS distribution values for thin-

walled pipes (t < 25.4 mm) and thick-walled pipes (t ≥ 25.4 mm),

as shown in Table 1 (EPRI, 1986). For thick-walled pipes without

measurement data, the inner WRS is conservatively assumed to

have reached the yield stress (Sy).

2.2 FEA input parameters

In the present study, the typical WRS recommended in

Table 1 is suitable for TP304 stainless steel and its welding

material 316L that are used to examine the influence of WRS

on COD and flow channel parameters of CTWC. These results

are of interest under the conditions of the circumferential half-

crack angle of 0.0625π, 0.125π, 0.25π, and 0.45π, the wall

thickness of 7.5, 15, 22.5, 30, and 40 mm, radius/wall

thickness ratio (Ro/t) of 5, 10, and 20, and stress-strain curves

of various materials. The most critical parameters are selected to

analyze the variation of the medium leakage rate of saturated

steam in the piping. The material properties have been

demonstrated in Table 2, and the input parameters of the

analysis model are provided in Table 3.

2.3 FEA modelling

The parametric analysis is performed in ABAQUS (Systemes,

2014) according to the input parameters given in Table 3. The
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numerical analysis model represents a three-dimensional solid

symmetry model with a CTWC, and its element type is C3D20R.

A total of 17,490 cells are divided into 10 grids from the

innermost surface to the outermost surface of the pipe,

regardless of the wall thickness. In order to avoid the effect of

the end constraint, the length of the pipe model is set equal to

5 times of the radius of the pipe.

The constitutive relation of the stainless steel adopts theRamberg-

Osgood equation with the Poisson’s ratio of 0.3. During the structural

analysis of the pipe elements, some of the meshes around the crack

tips enter the plastic phase while the remaining meshes stay in the

elastic phase. At the cross-section associated with the crack location,

the crack surface is traction free, while at other cross-sections the axial

displacements are constrained, as illustrated in Figure 1.

TABLE 1 The WRS recommended by the TGPFE (EPRI, 1986).

Wall thickness (mm) Axial residual stress (MPa) Expression

<25.4 σ � S − 2S
t x

≥25.4 σ � Sy[1.0 − 6.91 x/t( )
+8.69 x/t( )2 − 0.48 x/t( )3
−2.03 x/t( )4]

In Table 1, S = 207 MPa, Sy = 240MPa, x denotes the radial distance to the inner wall point of the pipe (mm), t is the thickness of the pipe wall (mm), and IR(OR) denotes the inner(outer)

point of the thickness.

TABLE 2 Material properties.

Curve no. Intensity of tensile stress
(Su)(MPa)

Intensity of yield stress
(Sy)(MPa)

Elastic modulus
(E)(MPa)

R-O
coefficient (α)

R-O
Exponent (n)

1 585.0 240.0 187,777 7.664 3.882

2 585.0 235.0 186,205 6.601 3.993

3 423.5 140.0 165,911 15.192 2.349

4 420.0 129.5 162,663 17.052 2.126

5 416.5 129.5 163,774 16.165 2.220

6 420.0 133.0 168,915 16.109 2.285

TABLE 3 Input parameters of the finite element analysis model.

Serial number Parameter name Number Parameter value

1 Wall thickness (t) 5 7.5, 15, 22.5, 30, 40 mm

2 Half crack angle (θ) 4 0.0625π, 0.125π, 0.25π, 0.45π

3 Outer diameter/wall thickness 3 5, 10, 20

4 Material properties 6 Curve 1-Curve 6

5 WRS 2 Y/N

6 Bending stress caused by the external load 20 0–1.5 times of ASME level A criteria limit *

(*) The value of stress limit is 175.81 MPa.
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Under the action of an externally exerted load andWRS, both

the positive displacement and the negative displacement can be

produced at the crack surface. The positive displacement triggers

crack opening while the negative displacement can force the

crack to close. The two crack surfaces are in contact with each

other as the crack surface displacement is negative.

Herein, the deformation of two crack surfaces after contact is not

considered because once it occurs, the crack is regarded closed. This

means that the leakage rate of the medium vanishes. However, there

is no reference for exploring the post-contact leakage issue.

The Cartesian coordinate system is employed to establish

the model such that the right-hand rule is satisfied. The pipe

axis is denoted by the Z-axis, the crack surface is located on the

plane of Z = 0, and the center of the circle obtained from the

plane Z = 0 segment of the pipe, is located at the original point

(0,0,0), and the symmetric axis of the circle (including the

crack surface) is represented by the X-axis. U1, U2, and

U3 represent the degrees of freedom (DOFs) of translation

motion in the X, Y, and Z directions, while UR1, UR2, and

UR3 represent the DOFs of rotation fields around the X, Y,

and Z axes, respectively. In Fig. 1(b), U3 = UR1 = UR2 =

0 indicates that the DOFs pertinent to the translational

motion in the Z-direction (axial), as well as rotations about

the X and Y axes, are fully constrained. Further, the boundary

conditions U2 = UR1 = UR3 = 0 indicate that the translational

motion in the Y-direction, as well as rotations about the X and

Z axes, of these DOFs, are set zeros.

2.4 loading strategy

The loads on a pipeline include weight, internal pressure,

thermal expansion, thermal stratification and earthquakes, etc

(Zhong and Ban, 2022a; Zhong and Ban, 2022b; Zhong et al.,

2022). These loads produce axial forces and bending moments

along the pipeline. The external load in this paper stands for

all these loads in an ideal style, i.e. the bending moment is used

to represent the effect of external load because COD of CTWC

is more sensitive to this moment (see (Rahman et al., 1998b)).

When a moment is applied at the free end, it should be loaded

around the X axis to obtain the maximum bending stress at the

most outer point of CTWC. WRS is applied to the inner crack

surface. The loading sequence is WRS first, and then the end

bending moment of piping. The applied moment increases

from zero until the crack destabilizes. The corresponding

critical load associated with the instability of CTWC could

be calculated by the GE/EPRI approach (Norris, 1987).

3 CTWC flow parameter analysis

In the Henry-Fauske model (Abdollahian and Chexal, 1983;

Rahman et al., 1995; Gill et al., 2015), the parameters of the crack

flow path through the wall include the crack opening area (COA),

the area ratio of the exit to the entrance of the flow path, the

surface roughness of the crack, and the number of crack channel

corners. These factors can affect pressure loss during medium

leakage. Rahman’s (Rahman et al., 1995) test results show that the

following relations can be utilized to evaluate the surface

roughness of the crack (K) and the number of channel

corners (nt):

K �

KL 0< δ

KG
≤ 0.1

KL + KG −KL

9.9
δ

KG
− 0.1( ) 0.1< δ

KG
≤ 10

KG 10< δ

KG

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(1)

FIGURE 1
Numerical model. (A) Size parameters in numerical model. (B) One-half of the model with its constraints. (C) Grid partition of the crack tip.
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nt �

ntL 0< δ

KG
≤ 0.1

ntL − ntL
11

δ

KG
− 0.1( ) 0.1< δ

KG
≤ 10

0.1ntL 10< δ

KG

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(2)

where δ represents the COD value. For fatigue

cracks, the global roughness, local roughness, and

number of 90-degree corners are denoted by

KG = 33.655 μm, KL = 8.052 μm, ntL = 2.52 (Rahman

et al., 1995).

4 Evaluation of the medium leakage
rate

For uniform and unbalanced two-phase flow, the Henry-

Fauske model is employed for the medium leakage rate analysis

(Abdollahian and Chexal, 1983; Gill et al., 2015). In the case of

saturated vapor in the piping, the continuity equation of the fluid

reads:

dG

dZ
+ G

A

dA

dZ
� 0 (3)

and the momentum equation is expressed by

−dP
dZ

� 1
A

d

dZ

G2A

ρ
( ) + f

2D
G2

ρ
(4)

The pressure loss-constraint equation can be obtained by

integrating from both sides of Eq. 4 along the CTWCpath in view

of Eq. 3:

Pc � Po − ΔPe + ΔPae + ΔPaa + ΔPf( ) (5)

where G is the mass flux along the crack channel (kg/(m2. s)),

A is the cross-section area of the crack channel (m2), Z is the

axial coordinate of the crack flow channel (m), p is the inner

pressure (Pa), D is the equivalent diameter of piping (m), ρ is

the fluid density (kg/m3), f is the friction coefficient, Po is the

inlet pressure (Pa), Pc is the outlet pressure (Pa), ΔPe is the

inlet pressure loss (Pa), ΔPae is the acceleration pressure loss

due to the phase transition (Pa), ΔPaa is the pressure loss

caused by the area change (Pa), ΔPf is the pressure loss

caused by friction (Pa), and ΔPtotal is the total pressure

loss (Pa).

Assuming that an expansion process of vapor is an

isoentropy process which follows the thermodynamic

equilibrium of ideal gases, Eq. 6 (Abdollahian and Chexal,

1983; Gill et al., 2015) could be derived from Eqs. (3 & (5). It

is the mass velocity equation of the medium at the outlet of the

flow channel.

G2
c �

gc

x 1
κ

υg
P − υg − υl( )NdxE

dp[ ]
c

(6)

where Gc is the critical mass flux at the outlet (kg/(m2. s)), gc is a

constant,x is the vapor content of the medium at the outlet cross-

section, xE is the vapor content of the medium in the equilibrium

state, κis the isoentropy expansion index, ]l is the liquid-specific
volume (m3/kg), ]g is the steam specific volume (m3/kg), p is the

isoentropy equilibrium atmospheric pressure (Pa), and N is the

imbalance parameter.

According to Eqs 5, 6, the exit pressure (Pc) and the leakage

mass flux (Gc) can be obtained, and the parameters required for

evaluating the pressure drop component could be calculated

according to the enthalpy flow assumption. Repeated

iterations of Pc and Gc are required in the entire solution

process until Eqs 5, 6 are satisfied. The leakage rate (Le) can

be then computed according to the following relation:

Le � GcAc/ρ (7)

where Ac is the outlet section area.

5 Results

5.1 Crack closure caused by WRS

Since WRS acts in both tensile and compressive forms on the

crack surface, the crack could be closed if the tensile stress under

external load is low. For instance, the outer wall can be closed

easily for thin-walled pipes, as Figure 2A shows.

In this paper, the crack is regarded totally open when the

displacements of all the nodes on the middle line of the crack

surface are positive in the direction of the crack opening. The

maximum bending stress under the external loads is known as

critical closing stress (CCS) once the crack reaches its opening

state. The results of CCS under different input parameters are

acquired and presented in Fig. 2(b). It is observed that the

variation rate of CCS for the pipes with thickness t > 25.4 mm

is obviously different from that of the pipes with t < 25.4 mm.

Such a difference is due to various expressions of WRS for

thin-walled and thick-walled pipes. The crack becomes closed

once δWRS (COD produced by WRS) is equal to δM (COD

produced by CCS). For thin-walled pipes, δWRS is not

sensitive to varying θ because at a small θ value WRS has

already triggered sufficient rotation of the crack surface. For

thick-walled pipes, δWRS increases as θ increases, and only a

large enough θ is able to make the crack surface deform under

WRS. For both thin-walled and thick-walled pipes, CCS

decreases significantly with the increase of θ under the

condition δM = δWRS. Expressions in Table 1 are reliable

to represent the general variation law of WRS in nuclear

piping by TGPFE, and they exhibit a good envelope (see
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(EPRI, 1986)). In Section 5.2, the influence of WRS on COD is

explored in details.

5.2 COD variation of CTWC caused
by WRS

In this subsection, the analysis results with and without WRS

are extracted from the three-dimensional finite element analysis

model for comparative studies. The medium leakage rate is zero

before the external loading starts to change the closed state of the

crack. The DEGB occurs after an unstable crack is caused by the

externally exerted load. These two situations are not of reference

significance. Therefore, only the case that the external load stress

is greater than the CCS and smaller than the critical instability

stress is taken into account for CTWC.

For the case of RO/t = 10, the material performance

parameters are selected from those of Curve one in Table 2.

FIGURE 2
The crack closure induced by themoment and its combinationwith theWRS. (A) Schematic representation of the crack closure. (B) Plots of CCS
in terms of crack angle for various crack angles.

FIGURE 3
Effect of WRS on the external wall’s COD. (A) Ro/t = 10, t = 7.5 mm. (B) Ro/t = 10, t = 15mm. (C) Ro/t = 10, t = 22.5 mm. (D) Ro/t = 10, t = 30mm.
(E) Ro/t = 10, t = 40 mm.
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The effect of WRS on COD values located on the outer wall

points of CTWC is examined according to the input parameters

given in Table 3 for various wall thickness, crack angle, and

external load conditions, as illustrated in Figures 3, 4.

As shown in Figure 3, for thin-walled piping, a smaller crack

angle could lead to a higher impact of WRS on COD. For thick-

walled piping, a larger crack angle would lead to greater influence

of WRS on the COD.

As illustrated in Figure 4, the influence of the variation of the

wall thickness t on COD is so small that it can be ignored. With

the growth of the half crack angle (θ), the effect of WRS on COD

of thin-walled pipes lessens, and such an effect for thick-walled

pipes magnifies. For thin-walled pipes, WRS has the greatest

effect in the case of θ = 0.0625π. For thick-walled pipes, WRS

exhibits the highest effect in the case of θ = 0.45π. The WRS

influence could be reasonably reflected by the ratio of COD

caused by WRS to the external loading at the outer wall point of

CTWC. As the crack angle θ increases, both the cross-sectional

area of the piping and the bending stiffness decrease, thereby

COD increases under the action of WRS and external loading.

The TGPFE-based WRS provided in Table 1 for thin-walled

pipes acts in the form of internal tension and external

compression and causes the crack surface to rotate along the

neutral axis. When θ is small, the appliedWRS is able to make the

crack surface rotate and then increase the external point COD.

On the contrary, for thick-walled pipes with small θ, because of

the tension-compression-tension joint action, the rotation of

crack surface and associated COD cannot be formed. When θ

is too small to reduce the constraint effect of the non-cracked

cross section, the effect of WRS is not obvious on thick-walled

pipes.

Based on the results displayed in Figures 3, 4 and the laws

obtained above, the parameters with the greatest effect of

WRS on COD are selected (i.e., t = 15 mm with θ = 0.0625π
and t = 40 mm with θ = 0.45π, respectively, for thin-walled
and thick-walled pipes) to further investigate the effect of

FIGURE 4
Effect of WRS on the external wall’s COD. (A) RO/t = 10, θ = 0.0625π. (B) RO/t = 10, θ = 0.125π. (C) RO/t = 10, θ = 0.25π. (D) RO/t = 10, θ = 0.45π.
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RO/t, and the obtained results are demonstrated in

Figures 5, 6.

Figures 5, 6 show that for thin-walled pipes, variation of the

outer diameter has a substantial influence on COD under the

action of WRS. However, little influence is observed in thick-

walled pipes. For thin-walled pipes, WRS has a greater effect on

smaller RO. For thick-walled pipes, the WRS’ effect increases

with RO.

Judged by the above analysis, two sets of parameters are

selected that maximize the effect of WRS on the CTWC-COD

values: RO/t = 5, t = 15mm, θ = 0.0625π for thin-walled piping,
and RO/t = 20, t = 40mm, θ = 0.45π for thick-walled piping,

and the effects of material performance are further

investigated using the material parameters in Table 2

(Curves 1–6), as demonstrated in Figures 7, 8. Figures 7, 8

imply that the effect of WRS on COD values is significantly

altered by differences in material. In Table 2, WRS has the

greatest effect on COD due to the material properties

associated with Curve 1.

5.3 Morphology parameters of the crack
flow channel under WRS’ action

Aided by the analysis results in Morphology parameters of

the crack flow channel under WRS’ action, two groups of

parameters that can maximize the effect of WRS on COD

value of CTWC are selected. According to the approach

FIGURE 5
Effect of WRS on COD for RO/t = 5, 10, and 20 at different locations. (A) Thin-walled pipe, RO/t = 5. (B) Thin-walled pipe, RO/t = 10. (C) Thin-
walled pipe, RO/t = 20. (D) Thick-walled pipe, RO/t = 5. (E) Thick-walled pipe, RO/t = 10. (F) Thick-walled pipe, RO/t = 20.

Frontiers in Energy Research frontiersin.org09

Liu et al. 10.3389/fenrg.2022.1079476

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1079476


introduced in Morphology parameters of the crack flow

channel under WRS’ action, the effects of WRS on the flow

channel parameters (global roughness K, the number of 90°

corners nt, COA, and the ratio of exit to import area rOI) of

CTWC in thin-walled and thick-walled pipes are analyzed for

the following cases: Ro/t = 5, t = 15 mm, θ = 0.0625π and RO/

FIGURE 6
Effect of WRS on the outer wall’s COD. (A) Effect of WRS on thin-walled piping. (B) Effect of WRS on thick-walled piping.

FIGURE 7
Effect of WRS on COD in various positions of the thin-walled piping with different material properties. (A) Changes in COD at the outer wall
points (B) Changes in COD at the midpoints. (C) Changes in COD at the inner wall points.

FIGURE 8
Effect of WRS on COD in various positions of the thick-walled piping with different material properties. (A) Changes in COD at the outer wall
point (B) Changes in COD at the midpoints. (C) Changes in COD at the inner wall points.
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FIGURE 9
Morphology parameters of the crack flow channel under WRS′ action. (A) Global roughness curve of thin-walled pipes. (B) Global roughness
curve of thick-walled pipes. (C) Number of 90° corner in crack flow channel in thin-walled pipes. (D) Number of 90° corner in crack flow channel in
thick-walled pipes. (E) COA curves of thin-walled pipes. (F) COA curves of thick-walled pipes. (G) Area ratio of inlet and outlet of the crack flow
channel in thin-walled pipes. (H) Area ratio of inlet and outlet of the crack flow channel in thick-walled pipes.
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t = 20, t = 40mm, θ = 0.45π. The material properties are

selected as the values corresponding to curve one in Table 2,

and the results are illustrated in Figure 9.

Figures 9A–D illustrate that the effect of WRS on K and

nt is not significant. In Figures 9E–H, it is showed that in the

presence of WRS, the COA value is reduced by at least 37%

and 80% for thin-walled and thick-walled pipes, respectively.

Similarly, rOI is reduced, especially for small diameters of

thin-walled pipes (see Figure 19). For both thin-walled and

thick-walled pipes, the effect of WRS on COA and ROI

lessens with the growth of the external load.

5.4 Effect of WRS on medium leakage rate

The analysis results of Sections 5.1–5.3 entail the most

obvious parameters affected by WRS to be selected for thin-

walled and thick-walled pipes. The Henry-Fauske uniform

unbalanced two-phase flow model (Abdollahian and Chexal,

1983) is employed to examine the variation of the medium

leakage rate through the CTWC under various stress levels.

The input parameters used are presented in Table 4.

The analysis results of thin-walled and thick-walled pipes

have been provided in Figure 10, respectively. By comparing

the plotted results, it is obvious that WRS can reduce the

leakage rate of medium significantly before the CTWC

instability occurs. The leakage rates are reduced by at

least 46.55% for thin-walled and by 14.46% for thick-

walled pipes.

TABLE 4 Input parameters for the leakage rate analysis.

Thin-walled pipe Thick-walled pipe

Wall thickness t (mm) 15 40

RO/t 5 20

Material performance Curve 1 Curve 1

Angle of semi-CTWC 0.0625π 0.45π

Internal pressure (MPa) 6.82 6.82

Medium temperature °C 284.5 284.5

FIGURE 11
Deformation diagram at half crack angle of 0.45π.

FIGURE 10
Effect of WRS on medium leakage rate. (A) Leakage rate results of thin-walled pipes. (B) Leakage rate results of thick-walled pipes.
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6 Discussion

6.1 Action mode of WRS under different
crack angles

The distribution of the axial WRS in Table 1 tells that under zero

external load, WRS of the inner part of the thin-walled pipe is tensile

while the outer part is compressive. As a result (Wichman and Lee,

1990), it has been shown that the CTWC inner wall points tend to

open under zero externally applied loads, but the intercept of

equations describing COD is not expected to be zero. In the

presence of a large crack angle, WRS also results in a negative

COD at the CTWC inner wall position of thin-walled pipes, as

demonstrated in Figures 11, 12. The principles underlying this

phenomenon are discussed in this subsection.

In Figure 13, IP denotes the inner portion of the cracked

surface, and OP represents the outer portion of the cracked

surface.IP is subjected to tensile stress. Its corresponding area is

represented by SIP. Op is subjected to the closure stress. Its area is

FIGURE 12
Negative COD at the CTWC inner wall position of thin-walled
pipe.

FIGURE 13
Inner ring region IP and outer ring region OP.

FIGURE 14
Variation curve of SIP/SOP as a function of RO/t.

FIGURE 15
Variation of the inner wall ΔCOD with the stress level under
different RO/t with t = 15 mm, θ = 0.45π, and material curve 1.
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denoted by SOP. The stress distributions of these two zones are

consistent in form and opposite in direction. The ratio of the area of

the inner and outer regions is given by:

SIP
SOP

� 1 − 1
2 R0/t( ) − 0.5

( )2

(8)

The corresponding variation curve in terms of Ro/t is plotted in

Figure 14. It can be seen that as RO/t approaches infinity, the ratio in

Eq. 8 tends to 1, and the resultant tension and resultant pressure

caused by WRS on the thin-walled crack surface are equivalent. At

this time,WRS increases CODon the inner wall and decreases COD

on the outer wall. For the small values ofRO/t, the difference between

the inner and outer regions of CTWC becomes larger and larger.

The increasing difference leads to the negative displacement of the

whole crack surface (Figure 15) in that the resultant force on crack

surface is increased along the closed direction.

The discrepancy between the areas of the inner and outer ring

regions can be written by:

SIP − SOP � θt2
1
2
− R0

t
( ) (9)

For the case of constant values for RO and t, the associated

variation curve as a function of θ can be obtained as

demonstrated in Figure 16. The smaller the crack angle is,

the closer SOP and SIP are. When the crack angle is larger, the

discrepancy between SOP and SIP becomes larger. Finally, the

difference between the tensile force and the pressure

generated by WRS is larger and larger. In other words, the

compressive stress dominates the movement of the center of

the crack surface of CTWC in pipes, resulting in displacement

along the crack closure direction. The corresponding plots for

a typical case have been depicted in Figure 17. To sum up, for

thin-walled pipes, when the crack angle is large or RO/t is

small, WRS may reduce COD of the whole crack surface

of CTWC.

6.2 Validation of the COD analysis formula
in the GE/EPRI method

The COD results based on the WRS’s expressions in Table 1

are compared with the results from GE/EPRI and NUREG/CR-

FIGURE 16
Variation of SIP - SOP as a function of θ.

FIGURE 17
Variation of the inner wall ΔCOD in terms of the stress level
for various θ in the case of t = 15 mm, RO/t = 10, and material
curve 1.

FIGURE 18
Validation of the GE/EPRI and NUREG/CR-6837 approaches.
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6837 analysis in this study for the case of t = 15 mm, θ = 0.25π,
RO/t = 5, as illustrated in Figure 18. (Wichman and Lee, 1990;

U.S.N.R.C. NUREG -1061, 1984; Scott R, 2005). It is revealed that

both the GE/EPRI method and the NUREG/CR-6837 method

overestimated COD. The former is for the external load stress less

than 60 MPa and the latter is for stress lower than 30 MPa. Such

deviation in prediction is detrimental to LBB technology

applications.

6.3 Effect of WRS on the morphology of
crack channel in the leakage rate analysis
model

In the Henry-Fauske two-phase flow analysis model, it is

generally assumed that the cross-sectional area of a flow channel

changes uniformly and linearly along the axial direction, so that

in Eq. 5 the pressure loss terms associated with the cross-

sectional area of the inlet and outlet of the channel can be derived.

Based upon the selected case where WRS has the greatest

effects on CODs of the crack in thin-walled and thick-walled

pipes (t = 15 mm, θ = 0.0625π, Ro/t = 5 or t = 40 mm, θ =

0.45π, Ro/t = 20, and the material performance parameters

obey curve one in Table 1), displacement of the crack

channel axis at various stress levels are calculated, and

the achieved results are fitted and shown in Figures 19, 20.

Using the MATLAB software, we analyze the linear

dependencies between u/t and COD for the plotted results of

thin-walled pipes in Figure 19 with the least square method. The

estimates of R2 and F statistics, and p error variance are provided

in Table 5.

For thin-walled pipes, R2 values are close to one at all four

stress levels in Table 6, and p values are below the default

significance level of 0.05. Hence, there is a strong linear

regression between the dependent variable COD and the

independent variable u/t. For thick-walled pipes, such

relationship could be fitted as a weak quadratic function, as

shown in Figure 20.

FIGURE 19
Fitting results of the axial displacement of the CTWC in thin-
walled pipes.

FIGURE 20
Fitting results of the axial displacement of the CTWC in thick-
walled pipes.

TABLE 5 Linear fitting results of the CTWC axial displacement in thin-walled pipes.

Stress levels (percentage of ASME service
level A limit)

R (%)2 (goodness-
of-fit)

F (statistical
parameter)

p(Error
probability)

Estimation of error
variance

20 9.98E-01 1.03E+04 1.91E-27 5.61E-06

25 9.98E-01 8.49E+03 1.17E-26 7.83E-06

30 9.97E-01 6.41E+03 1.68E-25 1.20E-05

35 9.96E-01 4.61E+03 3.86E-24 1.91E-05
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In the scope of this paper, the fitting function of the CTWC

axis in thin-walled pipes is studied by choosing the parameters

with the most obvious WRS effect. The obtained results show

that the axis of the thin-walled pipe is linear while the axis of the

thick-walled pipe is non-linear.

7 Conclusion

In the present work, the finite element method was

employed to establish a three-dimensional elastic-plastic

numerical analysis model of pipes with CTWC. The COD

results of the cracks for various pipe sizes, crack angles,

material properties, and stress levels under typical WRS are

acquired and compared with those without WRS. Combined

with the results of the COD analysis, the influence of key

parameters of CTWC channel morphology in terms of

external load were examined. Furthermore, the effect of

WRS on the medium leakage rate of piping in LBB

technology was studied by Henry and Fauske’s two-phase

flow analysis model with uniform and unbalanced flow.

Finally, some technical issues are discussed. The findings

are summarized as follows:

(1) Under the same WRS, the effect of the pipe wall

thickness on COD could be ignored. For thin-walled

pipes, the shorter the crack, the greater the impact of

WRS on COD. For thick-walled pipes, the longer the

crack, the greater the impact of WRS on COD. The effect

of WRS on COD of thin-walled pipes was significantly

different when the outer diameter of the pipe varied,

while such effect was unobvious in the condition of

thick-walled pipes. When the material properties

varied, the effect of WRS on COD was obvious,

especially in the inner wall.

(2) WRS does not have an obvious effect on the factors K and nt.

In the presence of WRS, COA is reduced by at least 37% and

80% respectively for thin-walled and thick-walled pipes.

Similarly, rOI was reduced, particularly for small diameter

thin-walled pipes. For both COA and ROI, the effect of WRS

lessens with the growth of the external load.

(3) For the analysis object selected in this paper, before the

instability of CTWC, WRS can significantly reduce the

leakage rate of the medium. For example, the leakage rate

is reduced by at least 46.55% and 14.46% for thin-walled and

thick-walled pipes, respectively.

(4) For the simplified envelope WRS recommended by ASME

(Katsuyama et al., 2010), although the inner wall of the

thin-walled pipe is subjected to tensile stress when Ro/t is

large or the crack angle is small, theWRS could still reduce

COD of the inner wall. The non-zero intercept of the COD

curve at the inner wall point of CTWC in the absence of

the external load found in the reference NUREG/CR-

6837 does not exist (that is, when the external load

vanishes, the displacement of the inner wall point

becomes positive).

(5) Using the simplified envelope value of WRS recommended

by ASME (Katsuyama et al., 2010), the obtained results

showed that the flow channel axis of TWC in the thick-

walled pipe may be closer to the quadratic function curve.

In the present work, stress loading is exploited to simulate the

effect ofWRS via the finite element analysis. In fact, strain loading is

better than stress loading because it could take into account the

change of strain release rate in various parts of the structure during

the process of the CTWC formation. However, except for the stress

loading method, there are almost no practical and simple loading

strategies in the FEA analysis. Therefore, how to realize reasonable

strain loading and compare the results with stress loading is what to

be explored further.

For experimental studies of the effects of WRS on COD of

CTWC under different external loading levels, the technical links

involved are more complex, because such tests not only include

non-destructive and continuous monitoring of WRS under

various welding processes, but also need to consider the

monitoring of the WRS variations in the preparation process

of CTWCs, as well as the demand to achieve micro loading of

external loads and accurate measurement of crack closure states.

To achieve this goal, unfortunately so far no mature and reliable

solutions have been developed yet. (Moody, 1965; Rahman et al.,

1998a; Bourga, 2017).
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