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ABSTRACT

ARTICLE HISTORY

The combined inherent residual stress (RS) from manufacturing and in-service loading acted on
a bent pipe which could be exerted from the fluid flow and/or thermal loading, a common
situation faced by main steam pipes in high temperature plants, needs to be considered to
understand their overall impact on the integrity of the pipe. The geometrical influence on
a bent pipe’s stress distribution was investigated using a combined RS – FluidStructure Interaction (FSI) finite element analysis approach. The reduced stresses along the
pipe derived from the room temperature RS-FSI simulation and analysis demonstrated the
impact of the fluid and structure interaction, particularly at the locations where geometry
varied. A substantial reduction in the stress level observed, especially at the extrados where
wall thinning was detected. The combined RS-FSI analysis therefore offers a more realistic
approach in predicting a safe allowable stress, thus the integrity or life of bent pipes.

Received 18 August 2021
Accepted 18 August 2021
KEYWORDS

Bent pipe; fluid-structure
interaction (fsi); residual
stress; finite element

Introduction
Bent pipes in a boiler piping system are often preferred
than welded pipes in order to maintain the uniform flow
of steam (fluid). Cold, warm and induction bending are
the three widely used processes to manufacture pipe
bends. The bending process which will be dependent
on the applications and needs should be carefully con
trolled in conjunction to its degree of bending such as
bent angles/directions, thinning [1], ovality [2,3], plastic
deformation [4], as well as thermal effects [5,6]. Bending
process inevitably will introduce residual stress (RS) in
the deformed pipes [7,8]. An inherent RS from the
manufacturing [bending) process has been considered
as a very important contributing factor in the bent pipe’s
integrity therefore life. 7,have reported that cracks were
detected in feeder bends, at the locations of high RS as at
the outside surface of the bend extrados and inside sur
face of the bend flanks which at an approximately 60º
angle from the intrados symmetry plane [7]. Many
reported studies on bent pipes and RS generation both
experimentally and numerically (using finite element
analysis, FEA] considered a static loading condition [3].
There are also reported studies that considered both
structural and temperature loading [2,5], and those that
considered the dynamic flows of a fluid in a piping
system [9,10, 11] .
The later studies employed a FE Fluid-Structure
Interaction (FSI) analysis. The fundamental rationale
of applying this approach is that fluid flows at a certain
velocity inside a pipe could exert pressure and/or
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thermal loads on the structure, such as conditions
that are experienced by main steam piping systems
in high temperature applications e.g. in power plants.
In FSI simulation and analysis, a transfer of momen
tum and forces between a pipeline and fluid are taken
into consideration [12,13].
[14] Demonstrated that an FSI analysis could be used
to study the integrity of a welded pipe that experienced
a flow-accelerated corrosion wall thinning. The FEA
considered the temperature effect on RS from the weld
ing process, the flow and mass transfer on a pipe and wall
thinning [14]. Whilst [15], have studied the influence of
entrapped fluid and RS from a fused filament fabrication
(FFF) process on impact behaviours of cylindrical nylon
specimens [15]. They implemented the coupled effects of
RS and FSI in their FEA to derive the dynamic load
bearing characteristics of the specimens [11].
With the understanding of its potential for
a structural integrity assessment, the combined man
ufacturing RS, in-service loading from the static and
fluid motion, and the ovality of a bent pipe using the
FEA approach was investigated and reported in this
paper. With bent pipes, it is expected that variation in
geometry (e.g. wall thinning at the extrados location)
along the pipes would influence the fluid motion. Data
from published literatures were used as the reference
for the 3D bent pipe’s model i.e. the geometry and
material behaviour as well as to verify each of the
School of Mechanical and Design Engineering, University of Portsmouth,
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model (RS-only model and FSI-only model) before
performing the combined RS-FSI FE simulation and
analysis.

FE modelling and simulation
ASME BPVC.II.D.M [16] was referred for A106-Gr.C
steel pipe properties. At room temperature, an elasticplastic isotropic hardening model is shown in Figure 1,
where the material properties shown in Table 1 were
derived.

Table 1. Material properties and dimension of A106 – Gr.C
steel pipe.
Young’s Modulus, E (GPa)
(Offset) Yield’s strength, σýs (MPa)
Ultimate Tensile Strength, σuts (MPa)
Poisson’s ratio, ν
Density of pipe, p (kg/m3)
Wall thickness, t (mm)
Pipe outside diameter, D (mm).
Ratio of bend radius, r to pipe diameter D
Bend angle, θ (º)

Step 1:
Contacts between pipe and clamp, pressure die
and roll were modelled with a friction coefficient
of 0.1 and 0.4, respectively.
● The pipe and the clamping beam were modelled
using C3D8 continuum elements and R3D4 rigid
elements of ABAQUS, respectively. Whilst R3D4
elements were used in modelling the clamp, die
and pressure die. One element was set through
the thickness of the pipe and the element size
along the pipe was 0.06 m. A mesh convergence
analysis was conducted for the three element
sizes of 0.03, 0.06 and 0.1 m along the pipe to
find an optimal mesh size for the pipe bending
simulation. The stress versus strain curve showed
a good convergence when the element size of
0.06 m was selected along the pipe.
● To allow movement with the roll around the
same centre, the clamp was connected to the
roll by ABAQUS beam connector.
●

Residual stress analysis
A cold bending process of a pipe was modelled using
ABAQUS/Explicit version 6.14–1 [17] [18]which is
represented in Figure 2. The analysis was carried out in
two steps.

Step 2:
Figure 1. Room temperature true stress – strain curve for
A 106 – Gr. C steel pipe [16].

Figure 2. 3D FE model for a pipe bending simulation.
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A Contact pair between the pressure die and pipe was
progressively removed for RS analysis. A viscous pres
sure of {pcd} was applied on the pipe to reach a quasistatic equilibrium quickly, where a dilatational wave
speed, cd is expressed in Equation 1 [17] as follows:
sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eð1 vÞ
pð1 þ vÞð1 2vÞ

(1)

ABAQUS/Explicit setting option [17] was utilised to
import the coefficient of viscous pressure, cν into
a viscous pressure loading. To minimise ongoing
dynamic effects, cν is kept to a small value of 0.4MPa.s/m.
The asymmetrical 3D FE model and simulation which
was performed for room temperature conditions was
verified by comparing stresses as a function of
a circumferential angle obtained from the FEA against
the published measured stresses from 3, at the Apex
location (as indicated in Figure 3(a)). The geometric
non-linearity was considered in the simulation but the
heat effect generated during the deformation simulation
was not. (Figure 3(b-c)) then show that the stress profiles
for both the FEA and the experiment were in a good
agreement. The stress measurement was done at 1 mm
from the external and internal surfaces of the pipe by 3.
Whilst the FE results were taken from nodes at the
external and internal surfaces of the pipe. For the pur
pose of comparative study, the specified Young’s mod
ulus, E of the material from [3] was inputted instead of
the E from the material database in Table 1. The E value
was 207.5GPa.
Furthermore, the wall thickness of the pipe follow
ing the bending process simulation from the FEA was
compared in Table 2 with the published thickness
measurements at sections A and B that were referred
in (Figure 3(a)). In (Figure 4(a)), a 3D representation
of the cross-section with wall thickness variation at the
bend from the FE simulation was presented.
A maximum von-Mises stress of 650MPa from the RSonly FE simulation was determined (Figure 4(b))

Fluid-Structure Interaction Analysis
Table 3 shows the fluid parameters incorporated in the
fluid model for the FSI analysis. For model verification
purposes, the parameters and assumptions were cho
sen in accordance to the published work and data of 9.
A 45-pipe diameter, D at distance, L from the elbow
was needed to eliminate the elbow effects on fluid
velocity profiles. Therefore L = 45D, as shown in
Figure 5. The following assumptions were applied:
(1). incompressible and Newtonian; (2). a no-slip/nopenetration condition on the wall [9].

Figure 3. (a) A representation of the measured bent pipe [3],
(b) axial stress plot, and (c) hoop stress plot as a function of
a circumferential angle at the Apex location from both the FEA
and the measurement data.

Table 2. FEA simulation and experimental wall thinning data
comparison.
Wall thickness (mm)
Initial size
FEA result
Experimental result [3]

Section A
Section B
Section A*
Section B*

Extrados
8.08
7.52
7.64
7.5 ± 0.2
7.6 ± 0.2

Intrados
8.08
8.45
8.56
8.3 ± 0.2
8.3 ± 0.2

*see Figure 3a for reference to Section A and Section B locations.
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Figure 4. (a) A 3D representation of the simulated cross-section of the bend pipe from location section A (shown in Figure 3(a)), (b)
a von-mises-stress contour of the bent pipe from the RS-only FE simulation.

Table 3. Fluid parameters.
Density (kg/m3)
Viscosity (kg/m.s)
Velocity (m/s)
Kinematic eddy viscosity (m2/s)

1000
1.00 E −3
6.5
1.45 E−6

These are represented in Figure 6. The velocity profiles
of the FSI analysis are in relatively good agreement
with the published experimental results.

Discussion

Figure 5. FE model representation for the FSI analysis.

The 3D FSI analysis and the published experimen
tal data [9] were compared with respect to the velocity
profiles obtained at different length/distance from the
elbow (at L = 1D, 10D, and 40D) on the pipe section.

For a combined RS-FSI finite element analysis, the RS
outputs from the pipe bending FEA were inputted into
the 3D FE model by utilising initial conditions setting
option in ABAQUS. The detailed geometry and mate
rial properties of the bent pipe were kept in accor
dance to Table 1. The fluid parameters and
assumption for the FSI analysis followed those used
in the fluid model. The combined RS-FSI FE analysis
was also conducted at the room temperature.
Figures 7 Figures 8 showed the stress distribution
(von-Misses contour) along the bent pipe without the
fluid flow consideration and without the initial RS,
respectively. Meanwhile, Figure 9 shows the contour
when initial RS was added to the model, hence the
combined RS-FSI model.
The RS-FSI analysis results in reduced stress level
along the bent pipe when compared to the RS-only FE
analysis. Table 4 represents the stress comparison at
the extrados, intrados and the flank which is the loca
tion at the centre of the bent pipe or elbow that were
determined from the RS-only, FSI-only and RS-FSI
finite element analysis.
The FEA showed similar stress levels at the outside
and inside of the pipe at the extrados, intrados, and flank.
The RS-only FEA and FSI-only FEA determined rela
tively higher stresses at the extrados compared to those at
the intrados and flank. Although, the maximum vonMises stress obtained from the FSI-only FEA was several
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Figure 6. Velocity profile comparison at (a) L = 1D, (b) L = 10D, and (c) L = 40D from elbow. The reading was taken from black dot
nodes shown in (d) pipe cross section.

Figure 7. Stress distributions (von Mises-contour) on the bent pipe (unit: Pa) from the RS-only FE analysis (without the fluid flow
consideration).

Figure 8. Stress distributions (von Mises-contour) on the bent pipe (unit: Pa) from the FSI-only FE analysis (without the initial RS).
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Figure 9. Stress distributions (von Mises-contour) on the bent pipe (unit: Pa) from the combined RS-FSI FE analysis.
Table 4. Comparison of stresses at the extrados and intrados locations of the bent pipe (all stresses are in MPa).
Extrados

Intrados
From RS-only FEA:

Outside
650.1

Inside
649.7

Outside
543.3

Outside
0.492

Inside
0.491

Outside
0.321

Outside
252.1

Inside
271.1

Outside
362.5

Flank
Inside
554.8

Outside
497.4

Inside
569.4

Inside
0.319

Outside
0.428

Inside
0.431

Inside
351.9

Outside
429.1

Inside
375.0

From FSI-only FEA:

From RS-FSI FEA:

orders of magnitude lower than the maximum stress
from the RS-only FEA. For example, from the outside
of the extrados, the stress obtained from the RS-only FEA
was approximately 650MPa whilst the stress of 0.492MPa
was determined from the FSI-only FEA. When applying
the combined RS-FSI FEA, the results indicated the
opposite, i.e. a lower stress level at the extrados than at
the intrados and flank.
The analysis results suggest that the pressure exerted
by the fluid that flows inside the pipe alone would have
only a small impact in the local stress generation and
magnitude outside and inside the bent pipe without the
presence of the RS generated from the cold bending
process. The analysis also showed that there was
a significant reduction in stress level as a result of the
FSI analysis integration. The wall shear effect which is
considered in this constitutive modelling approach is
thought to contribute to this reduction in stress level.
Further study is therefore required to confirm if this is
the case.

Conclusion
Coupling the FSI analysis onto a structural loading
analysis will allow for other than the structural load
ing/stress from the fluid pressure application to be
accounted for. The other loadings/stresses are load
ings/RSs generated from the manufacturing process,
thermal loading, and the dynamic loading. As
reported in this paper, introducing RSs into a 3D FE
FSI model has allowed for more realistic prediction of
the stress level along a bent pipe.

There was an agreement from both the RS-only FE
and the experimental analysis that the high stress level at
the outside surface of the bent extrados and at the inside
surface of the bent flanks were observed as a result of wall
thickness variation (wall thinning). The stress level deter
mined from the RS-FSI FEA showed to be much lower
than the stress level derived from the RS-only analysis.
A wall shear effect could have been the reason why this
occurred especially at the locations where the geometry
changed the most, i.e. at the extrados. This shows that the
fluid and structure interaction on the surface of compo
nent has an impact in the stress prediction. It is
a challenge to determine the stress level along the bent
pipe when fluid flows experimentally, which would be
useful in order to verify the current FEA results.
From piping manufacturing point of view, the
combined RS-FSI model can be used for example to
control the degree of bending (angles and orienta
tion), geometry (wall thickness), deformation, and
heat treatment (temperature) to ensure that applied
or in-service stresses will still be within the safe
allowable/design requirements [depending on
applications and needs). The analysis could provide
the indication whether a stress relaxation could
have taken place. When this happens, it could
affect the integrity of the bent pipe one way or
another. The pipe’s wall thickness and ovality as
well as the fluid velocity which could be monitored
can also be used as inputs for the model and
utilised in the life assessment of the component
for example when predicting the effect of flowassisted corrosion.

MATERIALS AT HIGH TEMPERATURES

Although currently, the reported work considers
only static loading analysis, it is understood that the
methodology can be adapted for fatigue of the piping
system as demonstrated by 18, in their aircraft’s
hydraulic pipe fatigue analysis. Nevertheless, through
this study, the potential of the combined RS-FSI FE
analysis approach for assessing the structural integrity
of a piping system including a main steam piping
system and for life prediction has been demonstrated.
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