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Abstract

The structural integrity of the Swedish nuclear power plants continuously
needs to be verified according to the standards decided by the Swedish
Radiation Safety Authority. One part of the standard is to compute the
stress response in the pipe systems and to verify them according to the
current codes for the industry, such as the ASME code for boiler and pres-
sure vessels. One method of performing these verifications is to use a 1-D
fluid simulation software to calculate the forces within the pipe and then
apply those forces on a pipe system stress calculation software where the
pipes are regarded as beams. In this Master’s dissertation, results from
performing an evaluation according to the method above, using the 1-D
fluid simulation software Relap5 and the pipe system stress calculation
tool Pipestress, will be compared to performing the same evaluation using
more refined simulation methods. The purpose is to evaluate whether or
not a more refined simulation method will generate a lower stress response
and to show if the Relap5 and Pipestress simulation method is conservative.

New forces will be calculated using a CFD-simulation software, AD-
INA CFD. More refined FEM-calculations, using ADINA FEM, will be
performed using both the Relap5 and the ADINA CFD forces. Lastly, a
Fluid Structure Interaction (FSI) simulation will be performed, connecting
the ADINA CFD with the ADINA FEM code to run simultaneously and
to interact with each other.

The pipe system examined in this Master’s dissertation is a fictive setup,
total of five meters long, running between two tanks. The pipe system is
supported at five points along the pipe. A pressure wave propagation will
be examined within the pipe system. The pressure wave will be initiated
by a fast closing valve. The simulations will be performed at such a high
pressure that cavitation will be avoided.

In this Master’s dissertation it is shown that a more refined simulation
method gives a lower stress response in two out of three evaluation points
along the pipe system. However, the FSI simulation does not yield lower
stress responses, this is because of how the pressure within the system is
accounted for in the different methods. It is clear that the Relap5 and
Pipestress simulation method is conservative. It is also observed that the
frequency of the pressure waves and the forces are increased using the more
refined simulation methods.
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Chapter 1. Introduction

Chapter 1

Introduction

This Master’s dissertation is performed in the subject of structural me-
chanics. It is performed at the company FS Dynamics’s office in Helsing-
borg. FS Dynamics is a company with about a total of 150 employees in
Sweden, Denmark and Finland. The company head quarter is located in
Gothenburg. FS Dynamics is a consultant company that performs fluid
and structural calculations, either in projects in-house for clients or as sup-
port personnel at the client’s location. One part of the company is the
nuclear engineering department which performs simulations with one di-
mensional flow computational tools like Relap5 and stress evaluation tools
like Pipestress. The results are evaluated according to the ASME code
that are based on experimental testing of pipe systems and components.
The company suspect there might be some conservatism with the current
method. There have been discussion about however more detailed 3D sim-
ulations can be used to achieve more accurate results that might give lower
utilization on the pipe system.

1.1 Purpose

The purpose of this Master’s dissertation is to analyze the difference be-
tween a fully coupled Fluid Structure Interaction (FSI) simulation and
uncoupled simulation methods for thermo hydraulic loads in pipe systems
during sudden pressure surges such as fast closing valves or pipe ruptures.
This in order to be able to establish whether or not the current method is
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Chapter 1. Introduction

conservative and in some extension to quantify the conservatism. Another
reason for this analysis is to decide if a fully coupled FSI simulation could
be used as an additional tool when the current method does not provide
sufficient results. Theoretically the most accurate simulation will be the
one that is implemented with a fully coupled FSI simulation.

Acording to the articles [1] and [2], the results given by the FSI sim-
ulations goes well hand in hand with the results of the testing. The dis-
placement and stress results of the experiments and the FSI simulations
are generally below the results of the computational uncoupled simulations.
The similarity of the FSI simulations to the experimental results are shown
and there is a reason to believe that with FSI, a more realistic result will
be obtained. Because of this, the Relap and Pipestress combination is
assumed to be conservative.
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Chapter 2

Method

2.1 Implementation

The dissertation emanate from the current simulation method which is
to first calculate the time history load using the fluid simulation software
Relap5 (Relap) using the pipe system as rigid boundaries. The force re-
sponse is then applied on the pipe system using the stress evaluation tool
Pipestress. The next step is to perform a refined 3D CFD simulation us-
ing the ADINA CFD code in order to calculate a time history load that
accounts for some of the 3D effects in the fluid. For example, Relap does
not model a bend in the system, it rather replaces it with a loss coefficient.

The calculated time history loads are applied on the pipe system using
the Pipestress code which handles the pipe system according to classic
beam theory and calculate the bending moments in the pipe due to the
time history load. Pipestress uses mode supersposition to calculate the
beam response. In order to quantify the conservatism a couple of sub-steps
will be conducted before the fully coupled FSI simulation is implemented.
The next step is to use the same time history loads on a 3D solid pipe
system using the ADINA code. In this step the ADINA FEM code will
be used with two methods, mode superposition and Direct integration. It
is also important to account for different effects due to damping, such as
modal and Rayleigh damping. Since Pipestress handles the pipe system as
beams, applying the time history loads on a 3D solid pipe system should
give a more accurate result. The final step is to implement a fully coupled

3



Chapter 2. Method

FSI simulation between ADINA CFD and ADINA FEM. In figure 2.1, it
is shown how the results from different softwares and calculation methods
are compared to each other. The single headed arrows represent input, the
double headed arrows represent comparison.

Figure 2.1: Scheme of the software combinations and result comparisons

2.2 Experimental Setup

The initial plan was to use an existing experimental setup with measured
data to validate the results in this dissertation. Without such an exper-
iment the task of quantifying the conservatism would be more difficult
since it would be harder to determine whether or not the different results
are closer or further away from the physically correct solution. Therefore,
a lot of time was spent trying to find an experiment living up to the spec-
ifications needed such as rather simple geometry, fluid induced excitation
of the system via valve opening or closing and good experimental data.
However, finding such an experiment proved more difficult than estimated.
Therefore the decision was made that focus in this dissertation would be to
analyze the difference between the different solution methods without vali-
dating them against physical data since no experimental setup that suited
the demands could be found. A fictional pipe system was created. A high
frequency pressure wave is expected, f >> 1. The time of the simulations

4
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will therefore be limited to 0.5 seconds which will be enough to see both the
pressure wave in detail and the damping of the system with an acceptable
CPU time. A sketch of the setup for the fictional experiment can be seen
in Figure 2.2.

Figure 2.2: Sketch of the fictional experiment

2.2.1 Boundary conditions

The cross section of the pipe is based on an actual pipe used in nuclear
powerplants and has an internal diameter of 82.8 mm and a wall thickness
of 6.3 mm, the radius of the bends is 114 mm. In the middle of every
straight pipe section there is a rigid support that acts in the Z-direction
(gravity). On the third straight pipe section there is also a rigid support
acting in the Y-direction. These supports are in place in order to restrict
some of the systems movement. The pipe system goes from one tank with
the pressure p1 to another tank with the pressure p2. The pressures of
the tanks are chosen so that the fluid reaches a velocity of 2 m/s. The
tanks are not really a part of the system but are needed in order to get
the required fluid velocity. At the end of the pipe system, in connection
with tank number two, there is a fast closing valve. The valve is modeled
as a boundary condition with zero extension. In this case, the effects close

5



Chapter 2. Method

to the valve are not interesting and would make the system a lot more
complicated if it were to be modeled in 3D. The effects at the start and
the end of the system are also not interesting thus they are model as fixed
boundaries.

The pressure in tank number two is a set to a value high enough so
that the pressure wave in the system will not cause cavitation. The chosen
pressure in this case is p2 = 10 MPa (100 bar). According to the ASME
code [3] the highest allowable internal pipe pressure is

pa =
2Smt

Do − 2yt
(2.1)

where
pa is the calculated maximum internal pipe pressure,
t is the wall thickness,
Sm is the maximum allowable stress intensity for the material at

the design temperature, see Section 7.1,
Do is the outer pipe diameter,
y is a constant that is 0.4.

The calculated maximum internal pipe pressure in this case is pa = 19.5 MPa
thus allowing the chosen internal pipe pressure of 10 MPa. The pressure
in tank number one is regulated via a P-regulator in the Relap simulation
to give the desired velocity of 2 m/s and is later used in the different sim-
ulations. The pressure in tank number one is p1 = 10 005 759 Pa giving a
total pressure drop of 5.759 kPa in the pipe system.

Material properties of water

The material properties of water [4], [5] are presented in Table 2.1.

Temp. Density Viscosity Bulk Speed of
modulus sound

27 ◦C 998 kg/m3 0.00086 Pa·s 2.2 GPa 1 500 m/s

Table 2.1: Material properties of water

6
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Material properties of the pipe

The pipe material chosen for the fictional experiment is SS 2353, a stainless
steel that is used in seamless pipes. The material properties for SS 2353
[6] are presented in Table 2.2.

Temp. Young’s
modulus

Density Yield
strength

Tensile
strength

27 ◦C 200 GPa 7850 kg/m3 210 MPa 490 MPa

Table 2.2: Material properties of the pipe

2.3 Assumptions

All the comparisons will be made only from points in the straight parts of
the pipe system which is assumed to give the most reliable results. This
is because there are too many factors in the current analysis method that
will effect the results in the pipe bends. Fixed points and points close to
them will not be evaluated. The risk for disturbances from the fixed points
is big and the results will not reflect the real solution. The length of the
simulations, primarily the 3D CFD simulation and the FSI simulation will
be set to 0.5 seconds. Since these are carried out with very small time steps
the CPU time of the simulations will be long. 0.5 seconds is assumed to be
enough to see the differences between the simulations. Phase change due
to cavitation will not be a part of this dissertation. In order to assure this,
a rather high internal pressure within the pipe system will be used.

7
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Chapter 3. Theory

Chapter 3

Theory

The most vital theory behind the CFD, FEM and FSI methods used in
this dissertation will be explained here, without digging too deep. This in
order to give an insight in what these analyze methods are all about.

3.1 Flow formulation

The ADINA CFD code uses Navier-Stokes equations as primary govern-
ing equations. From the ADINA manual [7] the conservative form of the
Navier-Stokes equations for mass, momentums and energy, respectively, in
a fixed Cartesian coordinate frame of reference is

∂ρ

∂t
+∇ • (ρv) = 0 (3.1)

∂ρv

∂t
+∇ • (ρvv − τ ) = fB (3.2)

∂ρE

∂t
+∇ • (ρvE − τ • v + q) = fB • v + qB (3.3)

9



Chapter 3. Theory

where
t is the time,
ρ is the density,
v is the velocity vector,
fB is the body force vector of the fluid medium,
τ is the stress tensor, defined as in Equation (3.5),
E is the specific total energy, defined as in Equation (3.4),
q is the heat flux,
qB is the specific rate of heat generation.

E =
1

2
v • v + e ≡ b+ e (3.4)

τ = (−p+ λ∇ • v)I + 2µe (3.5)

where
e is the specific internal energy,
b is the specific kinetic energy,
p is the pressure,
µ is the dynamic viscosity,
λ is the kinematic viscosity,
e is the velocity strain tensor defined as in Equation (3.6).

e =
1

2

(
∇v +∇vT

)
(3.6)

The heat flux q is assumed to obey the Fourier’s law of heat conduction

q = −k∇θ (3.7)

where
θ is the temperature,
k is the heat conductivity coefficient.

To be able to obtain the solution, additional equations needs to be provided
to correlate the variables, p, ρ, θ, and e. These equations are called state
equations and are usually provided in the form of

ρ = ρ(p, θ), e = e(p, θ) (3.8)

From the ADINA manual [7] the nonconservative form of the Navier-Stokes
equations for mass, momentums and energy, respectively, can be expressed
in a fixed Cartesian coordinate frame of reference as

10



Chapter 3. Theory

∂ρ

∂t
+ v • ∇ρ+ ρ∇ • v = 0 (3.9)

ρ
∂v

∂t
+ ρv • ∇v −∇ • τ = fB (3.10)

ρCv
∂θ

∂t
+ ρCvv • ∇θ +∇ • q = 2µD2 + Sc + qB (3.11)

where
D is the deformation rate as defined in Equation (3.12),
Sc is the heat source due to the fluid compressibility as defined in

Equation (3.13).

D =
√

e⊗ e ≡ √eijeij (3.12)

Sc = ∇ • v (−p+ λ∇ • v) (3.13)

3.1.1 Slightly compressible flow

In the general case a liquid such as water is assumed to be incompressible,
this is most often a good assumption. However in some cases the compress-
ibility of water cannot be disregarded, for example in confined flows or in
situations where the fluid is subjected to a sudden load of disturbance, like
a pressure surge. Alas, if the propagation of a pressure wave is to be cal-
culated, a compressible formulation of the continuity equation is needed,
as is the case in this Master’s dissertation.

When using ADINA the option used is called Slightly Compressible
Flow. The slightly compressible formulation is based upon the state equa-
tions, see Equation (3.8),

11



Chapter 3. Theory

ρm = ρ
(

1 +
p

κ

)
(3.14)

e = Cvθ (3.15)

where
ρm is the fluid density with compressibility,
ρ is the density at p = 0,
p is the current pressure,
κ is the bulk modulus,
e is the specific internal energy,
Cv is the specific heat at constant volume,
θ is the temperature.

By inserting Equation (3.14) into Equation (3.9) the nonconservative form
of the continuity equation in the Navier-Stokes equations then becomes

ρ

κ

(
∂p

∂t
+ v • ∇p

)
+ ρm∇ • v = 0 (3.16)

3.2 Mode superposition

The mode superposition method [8] is used in both ADINA and Pipestress.
The goal is to find a solution x that satisfy the modified governing equation
plus calculating the mode shape φ corresponding to an eigenfrequency up
to a chosen limit. This in data will be used in Equation (3.18) of mode
superposition below to sum the displacements of every mode.

M
∂2a

∂t2
+ C

∂a

∂t
+ Ka = F (3.17)

U =
n∑
i=1

φixi (3.18)

The method is based on the free vibration problem where no damping or
force vector is applied to find the eigenfrequencies and mode shapes. These
can then be used to eliminate the mass, stiffness and damping matrix.
The governing equation, Equation (3.17), is used but because of the free
vibration, without C and F in the first step

12



Chapter 3. Theory

M
∂2a

∂t2
+ Ka = 0 (3.19)

The first step is to find the modeshape φ wich is done by a frequency
analysis by using the general solution a = φeωit in (3.19) wich leads to

(K− ω2
iM)φi = 0 (3.20)

Note that φi is the vector corresponding to ωi. By solvning det(K−ω2M) =
0, a number of eigenfrequencies will be obtained dependning on K and M.
How many modes that are needed is usually depending on the frequency of
the load. It is important that the modes will cover all load frequencies so
that no excitation of the system will be lost. The eigenfrequencies can then
be used in Equation (3.20) to obtain the eigenvector φi and its mounted
eigenmatrix φ containing the mode shapes for each eigenfrequency.

From Equation (3.20) and the fact that φi is M-orthogonalized the
following equations, which can eliminate K and M, are also obtained

φTKφ = ω2 (3.21)

φTMφ = I (3.22)

where
I is the identity matrix,
ω is a diagonal matrix containing the eigenfrequencies.

The next step is to find x. A general displacement is defined as a = φx
where x is the solution to the problem. By applying a on Equation (3.17)
and pre-multiply it with φT the equation for a general problem is obtained

φTM
∂2

∂t2
(φx) + φTC

∂

∂t
(φx) + φTKφx = φTF (3.23)

Considering the fact that φ is not time dependent and by applying Rayleigh
damping C = (αM + βK), where α and β are constants which will be ex-
plained in Section 3.4.2, the following equation can be written by combining
Equation (3.21), (3.22) and (3.23)

13
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∂2x

∂t2
+ (αI + βω2)

∂x

∂t
+ ω2x = φTF (3.24)

The Rayleigh damping can be related to the more usual damping factor

ξi =
α+ βω2

i

2ωi
(3.25)

This will lead to the final form of the governing equation of mode super-
positon. x has to be solved in order to find the nodal displacements U
from Equation (3.18). The x vector contains the solution for all eigenfre-
quencies. To advance Equation (3.26) in time the Newmark method can
be used as in ADINA. This method is explained in Section 3.3.

∂2x

∂t2
+ 2ξω

∂x

∂t
+ ω2x = φTF (3.26)

3.3 Direct integration

The ADINA structural code has a variety of different methods for solving a
direct integration FEM simulation. The one used in this dissertation is the
Newmark method. The Newmark direct integration method [8] is based
on finding the node displacement at the next time step i.e. tn+1 = tn + ∆t
which can be written as t = (n + 1)∆t where n = current time step. The
system is solved at each time step.

The governing equation is seen in Equation (3.27), including ∂2x
∂t2

and ∂x
∂t .

Therefore, an expression for acceleration and velocity must be derived.
Note that this method is only suitable for linear problems.

M
∂2x

∂t2
+ C

∂x

∂t
+ Kx = F (3.27)

The expression for velocity is derived. The θ term decides whether or not
the velocity is obtained at the current or the next time step, 0 ≤ θ ≤ 1.

∂x

∂t
|
n+1

= θ
∂x(n+1)

∂t
+ (1− θ)∂x(n)

∂t
=

1

∆t

(
x(n+1) − x(n)

)
(3.28)
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which leads to

∂x(n+1)

∂t
=

1

θ∆t

(
x(n+1) − x(n)

)
− 1− θ

θ

∂x(n)

∂t
(3.29)

The expression for acceleration is derived

∂2x(n+1)

∂t2
= θ

∂2x(n+1)

∂t2
+ (1− θ)∂

2x(n)

∂t2
=

1

∆t

(
x(n+1)

∂t
− x(n)

∂t

)
(3.30)

which leads to

∂2x(n+1)

∂t2
=

1

θ∆t

(
x(n+1)

∂t
− x(n)

∂t

)
− 1− θ

θ

∂2x(n)

∂t2
(3.31)

Now back to Equation (3.27) where the acceleration, velocity and displace-
ment can be applied.[

M
∂2x(n+1)

∂t2
+ C

∂x(n+1)

∂t
+ Kx(n+1)

]
θ+

[
M
∂2x(n)

∂t2
+ C

∂x(n)

∂t
+ Kx(n)

]
(1− θ) = (3.32)

θf(n+1) + (1− θ)f(n)

The equation will advance in time and predict x(n+1). All the references to
velocity and acceleration at time step (n+ 1) must therefore be eliminated
by applying Equation (3.29) and (3.31) on (3.32). This will provide the
following equation
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M

[
1

θ∆t

(
x(n+1) − x(n)

)
− 1− θ

θ

∂x(n)

∂t
− ∂x

∂t

]
+

C
[
x(n+1) − x(n)

]
+ ∆tK

[
θx(n+1) + (1− θ)x(n)

]
= (3.33)

θ∆tf(n+1) + (1− θ)∆tf(n)

Here it is possible to apply Rayleigh damping as C = αM + βK, where α
and β are constants which will be explained in Section 3.4.2.

By introducing Rayleigh damping in Equation (3.33) the final equation
containing only the node displacement at the next time step is produced.
This means that the system can be solved using only known in data from
the current time step.[(

α+
1

θ∆t

)
M + (β + θ∆t)K

]
x(n+1) =

[(
α+

1

θ∆t

)
M + [β − (1− θ)∆t]K

]
x(n)+ (3.34)

1

θ
M
∂x(n)

∂t
+ θ∆tf(n+1) + (1− θ)∆tf(n)

The parameter θ can vary as seen above and is usually stable in the range
1
2 < θ < 1

3.4 Damping

Damping needs to be included in the simulations to account for the natural
energy losses within the system.

3.4.1 Modal damping

Modal damping is applied in a mode superposition method. The damping
factor ξi, where i represents each mode of interest. ξi can be different for
each mode. The damping factor can also be the same for every mode in
which case ξi = ξ for all modes.
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3.4.2 Rayleigh damping

Rayleigh damping is applied in the direct integration approach. Unlike
modal damping, which dampens the current mode, Rayleigh damping damp-
ens the system at the current frequency instead. The equation of the
Rayleigh damping curve is

ξ =
α

2ω
+
βω

2
(3.35)

where
ξ is the damping ratio,
α, β are constant parameters,
ω is the frequency.

In order to decide α and β two reference frequencies, ωi and ωj , are needed.
The damping ratio ξi and ξj for the two reference frequencies are also
needed.

ξi =
α

2ωi
+
βωi
2

(3.36)

ξj =
α

2ωj
+
βωj

2
(3.37)

which is the same as [
ξi
ξj

]
=

[
1

2ωi

ωi
2

1
2ωj

ωj

2

] [
α
β

]
(3.38)

which leads to

[
α
β

]
=

[
1

2ωi

ωi
2

1
2ωj

ωj

2

]−1 [
ξi
ξj

]
(3.39)

and the parameters α and β can be decided.

3.5 Fluid-Structure Interaction

There are two different ways to couple the fluid and structure simulations,
one-way FSI and two-way FSI [7].
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In two-way FSI, basically the fluid forces affects the structural deforma-
tions and the displacement of the solid structure affects the fluid. The solid
displacements are seen as a moving wall which requires an ALE-formulation
to be described and this will be explained in Section 3.5.1. Two-way FSI is
used to get a more accurate result than just looking at ”cause and effect”.
These conditions must be fulfilled at the boundary between the fluid and
the solid to satisfy the coupled equation

df = ds (3.40)

τ f = τ s (3.41)

where
df is the fluid displacement,
ds is the displacement of the solid,
τ f is the fluid stress,
τ s is the solid stress.

One-way FSI can be used if the deformation of the solid model is so small
that it does not significantly affect the fluid. Then only the fluid loads has
to be applied onto the structure and no iteration between the fluid and solid
is needed. Stuctures affecting fluids without any coupling effects can also
be used to simulate moving material in a fluid like a low velocity mixing
blade in a low viscous medium where the medium will not significantly
affect the blade.

There are a number of different methods to solve the coupled system
in ADINA which will be explained shortly to show their main differences.
The iterative method described in this chapter is commonly refereed to as
the explicit method while the direct method is commonly refereed to as the
implicit method.

• Iterative computing of two-way coupling: The fluid equations and
the solid equations are solved individually, always using the latest
information provided from each other in the coupled system. For
each iteration the following equations of equilibrium are solved to
obtain X at iteration n = 1, 2, .... This to obtain the solution at
t+ ∆t.
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1.

Ff [X
(n)
f , λd(n−1)

s + (1− λ)d(n−2)
s ] = 0 (3.42)

This solution is obtained in the fluid analysis using the solid
displacements. λ is a relaxation factor that can vary to help
find convergence.

2.

Fs[X
(n)
s , λτ

(n)
f + (1− λ)τ

(n−1)
f ] = 0 (3.43)

This solution is obtained in the structure analysis using the fluid
stresses. λ is also here a relaxation factor that can vary to help
find convergence.

3. The stresses and displacements are checked against the toler-
ance. If the stress and displacement criteria is fulfilled then the
result can be saved and printed otherwise it has to go back to
step (1).

• Direct computing of two-way coupling: This computing method is
also called the simultaneous solution method. In this direct solution
method, as in the iterative method, the fluid and solid solution vari-
ables are fully coupled. The fluid equations and the solid equations
are combined and handled in one matrix system like the following.

[
Kff Kfs

Ksf Kss

] [
∆Xn

f

∆Xn
s

]
=

[
-Fn

f

-Fn
s

]
(3.44)

-Fn
f = -Ff [X

(n)
f , λd(n−1)

s + (1− λ)d(n−2)
s ] (3.45)

-Fn
s = -Fs[X

(n)
s , λτ

(n)
f + (1− λ)τ

(n−1)
f ] (3.46)

As can be seen it looks the same as in the iterative method. The
following steps will be performed in each iteration to obtain the so-
lutions at t+ ∆t.
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1. Assemble the fluid and solid equations as usual followed by as-
sembling the coupling matrices Ksf and Kfs.

2. Solve the linearized equation of the coupled system and update
the solution. Check the convergence criteria for displacement
and stress. If convergence is obtained continue to the next step
or else, go back to step (1).

3. Print and save solutions.

The direct method is generaly faster then the iterative method
but at the cost of memory usage. The direct FSI method can
not be applied on the Segregated method where the fluid nodes
are not directly coupled. See the ADINA fluid manual [7].

• Direct computing of one-way coupling: In this method the fluid stress
is applied onto the structure while the structure has no influence on
the fluid. The following will be perform in each time step:

1. Solve the fluid model just like for a fluid model alone.

2. Solve the solid model just like for a solid model alone with the
latest calculated fluid solution.

3. Print and save solutions.

• Indirect computing of one-way coupling: The fluid and solid models
are prepared separately, so the meshes of the two models may not be
compatible on the interface. In this indirect computing method, the
program performs the same operations as in direct computing. The
specific thing about indirect computing is that all the control param-
eters are specified in the individual fluid and solid model. Because
of this it is possible to have differences between the fluid and solid
solution step. If the fluid stresses are not available at a certain time
step, a linear interpolation is performed. If the solution time of the
solid exceeds the solution time of the fluid, a linear extrapolation is
perform to get the fluid results when not available.

3.5.1 Arbitrary Lagrangian-Eulerian formulation

In continuum mechanics there are two important algorithms when it comes
to determine the relationships between the deforming material of the con-
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tinuum and the grid or mesh. Two descriptions of motion are mainly used.
The Lagrangian description and the Eulerian description [9].

In the Lagrangian point of view, material particles of the continuum
are followed in their motion. A grid which follows the continuum is in-
troduced. As the model deforms, rotates and translates, the grid points
always connect to the same material points. This is used in structure me-
chanics and the disadvantage of the Lagrangian description is that it can
not handle large deformations due to the fact that large distortion of the
material point will deform the mesh so that it might overlap itself and
become unstable.

Two domains are specified, the material domain RX made of material
particles X and the spatial domain Rx, made of spatial points x. The
motion of material points relates the material coordinates of X at the initial
configuration to the spatial ones of x at the current configuration, as can
be seen in Figure 3.1, and is defined by ϕ such that

ϕ(X, t) = (x, t) (3.47)

Figure 3.1: The material points at the initial configuration RX are related
to the current configuration Rx by ϕ.

At every time step the mapping ϕ defines a configuration in the spatial
domain. By the inverse of ϕ, the reference configuration of a material
point x at time t can be found and this makes it possible to keep track of
the history of motion.
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The Eulerian description is used in fluid dynamics. Here, the computa-
tional mesh is fixed and the particles of the continuum moves with respect
to the grid. In the Eulerian description large deformation in the contin-
uum can be handled, but at the cost of resolution in the movement of the
fluid. Large distortions of the material points can be handled due to the
fact that the grid is fixed and the basic idea is to look at the amount of
particles passing through a fixed region of space. The mesh is therefore not
deformed with respect to the deformation of the model.

Since the grid is fixed, the velocity at a specific node is the velocity that
a material point has at a specific time at that specific node. With a rough
mesh the lack of resolution is a fact. The velocity is expressed with respect
to the fixed mesh without any reference to the initial configuration. This
is why it can be hard to follow the motion with precision in the Eulerian
description.

A technique has been developed, called the Arbitrary Lagrangian-Eulerian
(ALE) formulation, that combines the best features of both the Lagrangian
and the Eulerian description. This will give us the advantage of being able
to deal with relatively large deformation at minimum cost of mesh resolu-
tion. In Figure 3.2, 3.3 and 3.4 a visualization of how the different mesh
formulations work is presented.

Figure 3.2: Lagrangian formulation. The grid follows the material points
in its motion.
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Figure 3.3: Eulerian formulation. The grid stays in position when the
material points move as the model deforms.

Figure 3.4: ALE formulation. The grid may be arbitrarily moved so that
large deformations can be handled without the loss of high resolution.

In the ALE description of motion, neither the material or the spatial do-
main is referred to. A third domain is defined; the referential domain Rχ
where the reference coordinates χ are introduced to identify the grid points.
The referential domain is mapped into the material domain by Ψ and the
spatial domain by Φ. The particle motion ϕ may then be expressed as
ϕ = Φ ∗ Ψ−1. These mappings are not independent, as can be seen in
Figure 3.5.

By using Ψ = I or Φ = I a purely Lagrangian or Eulerian descrip-
tion, respectively can be obtained. This is why it is possible to use the
advantages of the both methods when needed.

In order to move the meshes, a method of leader-follower can be used to
move the follower nodes based on the movement of the leader [7]. The
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Figure 3.5: The three domains are are not independent.

leader node is connected to the boundary of the moving boundary, in this
dissertation the FSI boundary, and is therefore controlled by the movement
of the material points. The follower nodes must be moved in relation to its
leader but not necessarily in the exact same manor. Different factors can
be used to alter the relations between the movement of the leader and its
follower.

There can also be boundary-followers that always must stay on the
boundary while following the leader node. There are certain times when
this method do not work due to overlapping of elements which will ter-
minate the process. To avoid such problems, the elements should be as
convex as possible or divided into convex sub domains to give more room
for larger deformations.
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Chapter 4

Software

A number of different softwares are needed in this dissertation. Here the
most used are presented with a short description of their main applications
to give the reader a basic understanding of what the different codes are
capable of.

4.1 Relap

Relap5 [10] is a one dimensional thermo hydraulic silmulation tool devel-
oped for the United States Nuclear Regulatory Comission and used for
calculations of pipesystems in nuclear powerplants. It is a code suitable
for analyzing transients in Light Water Reactor systems suchs as loss of
coolant accidents and a full range of operational transients. The program
can also handle two-phase flow. There are a number of basic components
that can be use in the simulations which includes pumps, valves, tanks,
pipes, heat relesing or absorbing structures and turbines. Relap5 has been
validated through a lot of experimental testing [11], [12].
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4.2 Pipestress

Pipestress [13] is a program used to perform linear elastic analyzes on
three-dimensional beam element piping systems with different loads such as
vibrational, heat transient, force transient and pressure loads. To simulate
3D components like valves and nozzles in the beam structure ASME code
[3] is used to calculate a specific stress index for that component based on
the components diameter, wall thickness, rounding etc. Those indices are
applied on the model to induce the stress which would have occurred in a
3D simulation. Reliable results due to the conservatism in the ASME code
can therefore be achieved.

4.3 ANSA

ANSA is an advanced Computer Aided Engineering (CAE) pre-processing
tool for FEM and FVM analyzes with a wide range of functionality. Every-
thing from modeling and detailed meshing to applying loads and boundary
conditions can be done in the same software. ANSA can provide full func-
tionality in terms of preparing data for most analysis softwares used in the
engineering business.

4.4 ADINA

ADINA software [14], [7] have a wide range of analysis capability. In this
dissertation the FEM, CFD and the combined mode FSI (Fluid Structure
Interaction) capabilities will be used.

The FEM part is used to analyze 2D and 3D structures in statics and
dynamics, both linear and nonlinear applications such as material behav-
ior, large deformations and contact conditions. It can be used to perform
frequency analyzes as well as mode superposition and both explicit and
implicit direct integration.

The CFD part can be used for both incompressible and compressible
flows. The model may contain free surfaces, where boundary conditions
are applied or moving meshes where the flow affects the solid and we get a
Fluid Structure Interaction.
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FSI can be done in one single program with highly nonlinear response
due to large deformations, inelasticity, contact and temperature transients.
There are two-way coupled (fully coupled) solutions where the response
of the solid is strongly affected by the fluid, and vice versa. In one-way
coupling the fluid only affects the solid, or the other way around.
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Chapter 5

Relap

The setup for the Relap simulation was done by one of the employees at
FS Dynamics. Mostly because there was not enough time to fully learn
another software but also because the use of Relap already is a validated
procedure and thus there is no need for further evaluation. In this disser-
tation it is merely used as a point of comparison. The basic equations that
is used in Relap are mass continuity, momentum conservation and energy
conservation. More about this and how the equations advance in time can
be read in the Relap theory manual [10].

5.1 The model

The Relap model in this case starts with a tank followed by five straight
pipes and ends with yet another tank. Each straight pipe section is divided
into ten subsections, each with a length of 0.1 m. Junctions are used to
connect all these components with each other. Instead of modeling bends,
a loss coefficient is being used to simulate the bend. In order to achieve
the desired velocity of the fluid the pressure of the first tank is regulated
using a P-regulator. The pressure difference between the two tanks gives
the desired velocity, in this case 2 m/s. The pressure of the second tank is
chosen to be 10 MPa (100 bar), see Section 2.2.1, so that there will be no
risk of cavitation in the pipe system. Via the P-regulator the pressure of the
first tank will get a pressure of 10 005 759 Pa, which will give the fluid the
desired velocity. After the last straight pipe section but before the second
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tank there is a valve. This valve is modeled by linearly reducing the pipe
area, going from an area ratio of 1 to 0 over 0.01 seconds. The fast closing
valve will excite the fluid and create a pressure wave that will bounce in
the pipe system. One thing that is noteworthy is that the first tank will
not absorb the pressure wave but instead the pressure wave will bounce
against the boundary with an inverted sign. The system boundaries are
also completely rigid, which means that the fluid domain will not change
during the simulation. The time step of the simulation is 5 · 10−6 s.

5.2 Results

The Relap simulation will calculate a lot of different results and responses.
In this dissertation only a few of these are of interest. The mass flow within
the system is used for calculating the force response of the fluid excitation
which later is used as a time dependent dynamic load in Pipestress. The
pressure within the system is needed for comparison with the ADINA CFD
simulation. It is also possible to calculate the force response using the
pressure. It will be of interest for this dissertation how the mass flow
changes over the valve, this in order to model the valve boundary of the
ADINA CFD simulation as correctly as possible. In Figure 5.1 the mass
flow change over the valve is presented.

Figure 5.1: Mass flow change over the valve
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5.2.1 Pressures

In Section A.1 in Appendix A the pressure calculated with Relap in some
chosen points in the system are presented. The positions of the points
in the fluid are presented in Figure A.1. The points are chosen to show
how the pressure may vary over the range of the system. In Figure 5.2
and Figure 5.3 the pressure curves from the beginning and the end of the
system are presented, respectively. The behavior of the pressure is not
surprising as it is expected to bounce back and forth within the pipe and
eventually dissipating.

Figure 5.2: Pressure at the beginning of the system
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Figure 5.3: Pressure at the end of the system

5.2.2 Forces

In order to calculate the force response of the fluid excitation the change in
mass flow over time is used. By taking the mean mass flow in a pipe section
and deriving it with respect to time and then multiplying it with the total
pipe section length the force acting on the fluid is calculated. Since the
force response in the pipe is a reaction force the sign of the fluid force has
to be inverted. A mathematical representation for calculating the force is
presented in Equation (5.1). Repeating this for all five pipe sections, all
force responses are given. The force response for all five pipe sections are
presented in Section B.1 in Appendix B. Figure B.1 shows how the fluid is
divided into its different sections. In Figure 5.4 below the force in the last
pipe section is presented.

F = (−1) ·
0.1
∑9

i=1 ṁi + 0.05(ṁ0 + ṁ10)

∆t
(5.1)

where
F is the reaction force,
ṁi is the mass flow in junction i from the previous time step,

i = 0, ..., 10 which is all junctions connected to a straight
pipe section,

∆t is the time step.
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Figure 5.4: Force response in the last pipe section

.
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Chapter 6

ADINA Fluid

6.1 The model

The ADINA CFD simulation is executed using theory for a slightly com-
pressible flow, see Section 3.1.1 for explanation. There is the question of
how to reach the steady-state before the valve closure. One option is to
run the steady-state simulation and then restart the transient simulation
from that point. The other option is to reach the steady-state within the
transient simulation and then close the valve. The latter option is chosen
for this dissertation.

This is done by ramping up the boundary conditions that control the
steady-state solution, in this case the velocity at the outlet and the pressure
at the inlet. At the three (3) second mark the valve closure begins. The
reason why the solution runs for three seconds before to valve closure is to
make sure that the entire flow have reached steady-state conditions. In all
graphical representations of the result from the ADINA CFD simulation
these three seconds have been removed as they are of no interest in this
dissertation.

The elements used in the ADINA CFD simulation are called FCBI-C
elements. These elements are 3D brick elements, i.e. eight node elements.
FCBI-C means Flow Condition Based Interpolation - Center, which means
that all the degrees of freedom are defined at the center of the element.
The FCBI-C elements uses an iterative algorithm to solve the nonlinear
fluid system that is called the Segregated method. More about the FCBI-
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C elements and the Segregated method can be read in the ADINA fluid
manual [7].

6.1.1 Mesh

In order to know how well resolved the fluid domain mesh needs to be a
mesh convergence test is performed. Consideration of the time step size
also needs to be taken. The mesh convergence test was done by doing a
series of test runs on different mesh qualities, main focus was on resolving
the mesh over the fluid cross section after seeing how the element lengths in
the axial direction of the fluid had little effect on the solutions. Therefore,
a reasonable element length was chosen so that the total number of cells
in the model was kept low. Another criteria that had to be taken into
consideration was the computational time. During the tests it has shown,
not surprisingly, that the cpu time when dealing with increasing number of
cells rapidly increases, therefore a small number of cells in the final model
is desirable. Four meshes were tested. Fluid 01, Fluid 02 and Fluid 03 all
have the same element length in the axial direction of the fluid but different
meshes over the cross section, from course to dense respectively. Fluid 04
has the same mesh over the cross section as Fluid 01 but its element length
in the axial direction of the fluid is half. All the test meshes are presented
in Appendix C. A total of six test runs have been performed in order to
evaluate what mesh will be suitable to solve the problem. it is assumed
that if a difference in the results can be observed the result given by the
denser mesh or the smaller time step is the more correct solution.

First, the simulation of Fluid 01 using different time steps was com-
pared. An important thing to consider when deciding what time step a
simulation should have is whether or not the characteristics of the tran-
sient will pass over an entire element within one time step. If it were to
pass over an element in one time step the risk is significant that important
information is lost within the solution. Therefore it is important to set a
time step that is small enough so that the simulation will capture all in-
formation within the transient. In this case the interesting characteristics
of the transient is the velocity of the pressure wave, which travels with a
speed of c = 1 500 m/s, see Section 2.2.1. c is the velocity of sound in
water. To know whether or not the time step is small enough it has to
satisfy that the Courant Number is less than one, C < 1. The equation to
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decide the Courant number is

C =
v∆t

lel
(6.1)

where
C is the Courant number,
v is the characteristic velocity of the fluid,
∆t is the time step,
lel is the smallest element length of interest.

The time step in this case then is

∆t = C
lel
c

(6.2)

where
c is the speed of sound in water.

In mesh Fluid 01 the smallest element length of interest is 9 mm. The
Courant number C1 = 1, C0.1 = 0.1 and C0.075 = 0.075 was used, which
gives time steps of ∆tC1 = 6 · 10−6 s, ∆tC0.1 = 6 · 10−7 s and ∆tC0.075 =
4.5 · 10−7 s, respectively. C0.075 is the Courant number used in the Relap
simulation. In Section 5.1 it is stated that in the Relap simulation ∆t =
5 · 10−6 s and that the element length is 0.1 m. With the velocity of sound
in water, c = 1 500 m/s, a Courent number of C = 0.075 is obtained from
Equation (6.1).

The solutions showed that the difference between C1 and C0.1 is signif-
icant, the difference between C0.1 and C0.075 is small thus concluding that
C0.1 is sufficient for this dissertation, especially considering that the cpu
time is a limiting factor. In Figure 6.1 a pressure plot showing the two first
oscillations with different Courant numbers is presented.
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Figure 6.1: Pressure curve with different Courant numbers

When doing the test runs to compare the results from different mesh qual-
ities the courant number is set to C = 1. As can be seen in Figure 6.2 the
results from the simulation done with the Fluid 01 mesh and the Fluid 04
mesh are almost identical, meaning that the element length in the axial
direction of the fluid in mesh Fluid 01 is sufficient.

Figure 6.2: Pressure curves generated by the meshes Fluid 01 and Fluid 04
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As can be seen in Figure 6.3, the denser the mesh the better the result.
The difference between the mesh in Fluid 01 and the other two is big,
however the difference between mesh Fluid 02 and Fluid 03 is a lot less and
when considering the longer CPU time of mesh Fluid 03 it is reasonable to
conclude that mesh Fluid 02 is the mesh most suitable for this dissertation.

Figure 6.3: Pressure curves generated by the meshes Fluid 01, Fluid 02
and Fluid 03

Finally, the result given by Fluid 02 and Fluid 01 using the Courant
number C = 0.1 are compared. As seen in Figure 6.4 there is a signifi-
cant difference between the two results. The pressure curve generated by
Fluid 01 with C = 0.1 gives a much more detailed result. Also, when
compared with the Relap pressure the result from Fluid 01 is very similar
except for the frequency, see Figure 6.5, concluding that mesh Fluid 01 with
a Courant number of C = 0.1 is the choice of mesh for this dissertation.
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Figure 6.4: Pressure curves generated by the meshes Fluid 02 and Fluid 01
with C = 0.1

Figure 6.5: Pressure curves generated by the meshes Fluid 01 with C = 0.1
and Relap

6.1.2 Turbulence

A good indication of whether or not a flow should be considered turbulent
or laminar is given by looking at the Reynolds number (Re) [15]. A low
Reynolds number indicates that the flow is laminar and a high Reynolds
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number indicates that the flow is turbulent. The equation for the Reynolds
number is

Re =
ρvDH

µ
(6.3)

where
ρ is the density of the fluid,
v is the mean velocity of the fluid,
DH is the hydraulic diameter, in this case the inside diameter of

the pipe,
µ is the dynamic viscosity.

The Reynolds number for this setup is 185.7 · 103 before the valve closure
which clearly indicates that the flow is turbulent. However, after the valve
closure the fluid will be contained within a closed space with a fixed zero
velocity in all directions on one side and a high pressure boundary on the
other, giving a stationary fluid. The pressure wave that will propagate
through the pipe is what is interesting in this dissertation. The pressure
wave will not be affected by the turbulance the same way a flowing fluid
would, thus a turbulent simulation will not be needed. Also, if turbulence
were to be included in the simulation the CPU time would be extensive.
Due to the fine mesh required for the turbulent simulation the time step
of that solution would be ∆t = 3.33 · 10−8 s, with the Courant number
needed, see Section 6.1.1. For a simulation that would run over 0.5 s that
would mean a total of 15 000 000 time steps which would take a long time
to complete with the available soft- and hardware.

6.1.3 Boundary conditions

One of the hardest parts of a CFD simulation is to use the correct boundary
conditions. If poor boundary conditions are chosen the whole solution
might be governed by them and thus yielding wrong answer. In this CFD
simulation two major concerns regarding boundary conditions was raised.
How were the tanks going to be modeled and how was the valve going to
be modeled? The interface between the fluid and the pipe was of no big
concern seeing how this solution was going to be executed using a rigid
boundary. A wall with no slip condition was used giving a zero velocity
at the interface and zero displacement of the fluid domain. The valve is

41



Chapter 6. ADINA Fluid

modeled using the X-velocity at the outlet meaning that the Y- and Z-
velocity and the outlet is set to free. This means that when the X-velocity
is 0 the valve will start to leak in the Y- and Z-direction due to the gravity.
To avoid this the Y- and Z-velocity at the outlet is set to zero.

Valve boundary condition

In order to get the most accurate result the best thing would be to actually
model the valve in 3D. If the task was to investigate what happened with
the fluid close to the valve that approach would have been crucial for the
solution. However, in this dissertation the behavior of the fluid close to
the valve is not of interest, neither is the turbulent effects in the fluid that
might be caused by the valve. A numerical boundary condition describing
the behavior of the valve would be sufficient. Since there does not exist
any numerical valve boundary condition it had to be described using some
other parameter. The most suitable parameter was the velocity of the fluid.
Controlling the fluid velocity would also present a way of giving the entire
fluid its steady-state velocity of 2 m/s and also removing the problem of
how to model the second tank. After looking at the fluid response over the
valve in the Relap simulation and trying some different approaches it was
decided that the best way of controlling the velocity was by reducing it
according to the mass flow response over the valve in the Relap simulation.
The mass flow response over the valve in the Relap simulation is presented
in Figure 5.1.

Tank boundary condition

Much as with the valve, the best thing would have been to model the entire
tank. However, since the results will be compared with the Relap simula-
tion and the tanks was only modeled numerically resulting in the pressure
wave simply bouncing against the boundary a similar solution is desired in
the ADINA CFD simulation. Also, the tanks are not an important part
of the system, they are merely used to get the desired velocity of the fluid
and to avoid cavitation. At the inlet a pressure condition was applied as
normal traction in the X-direction. This normal traction has a value of 10
005 759 Pa, which is the same as tank number one in the Relap simulation.
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It would be interesting to investigate what would happen if the tanks
were modeled, it is a fair estimate that the tanks would absorb some of the
pressure wave which then would dissipate a lot quicker. However, there
was not enough time to do this within the limits of this dissertation.

6.2 Results

6.2.1 Pressures

The results of interest from the simulation are the pressure change over
time. In Section A.2 in Appendix A the pressure change over time for
different cross sections is presented. The placement of the cross section
is the same points used to present the results in the Relap simulation.
The points are presented in Figure A.1. In Section A.4 in Appendix A
the pressure curves from the ADINA CFD simulation are also presented
together with their counterparts from the Relap simulation. It is easily
observed that the ADINA CFD simulation gives a response with a slightly
higher frequency. It is important to keep in mind that Relap executes its
simulation using five straight one meter long sections while the ADINA
CFD simulation accounts for the bends which will give a slightly shorter
total length of the pipe system and thus a slightly higher frequency, since
the pressure wave does not have to travel quite as far.

It can also be seen that the pressure curve from the ADINA CFD
simulation is slightly larger and that it dissipates at a slower rate. As can
be seen in Section A.4 in Appendix A, all these characteristics are true for
all presented pressure curves. In Figure 6.6 to 6.9 the pressure curve from
a point in the beginning and the end of the pipe system from the ADINA
CFD simulation are presented, both alone and with its counterpart from
the Relap simulation.
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Figure 6.6: The pressure at a point in the beginning of the pipe system
from the ADINA CFD simulation

Figure 6.7: The pressure at a point in the end of the pipe system from the
ADINA CFD simulation
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Figure 6.8: The pressure at a point in the beginning of the pipe system
from the ADINA CFD and Relap simulation

Figure 6.9: The pressure at a point in the end of the pipe system from the
ADINA CFD and Relap simulation
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6.2.2 Forces

In the Relap simulation the mass flow change was used to calculate the
force response. In the ADINA CFD simulation the pressure change will be
used instead. The equation to calculate the force response over a straight
pipe is

F = ∆pA (6.4)

∆p = p2 − p1 (6.5)

where
F is the force response,
p1, p2 is the pressure at the first and last cross section respectively,
A is the fluid cross section area.

A positive sign on the force mean that the force is in the direction from
p1 to p2. Special attention has to be given to the forces in the bends.
The intuitional way to turn the pressure differences in the bends into a
corresponding force in a correct direction would be to use the angle with
respect to the X- or Y-direction of the middle cross section in each element
section. Of course, this may not be the correct way the pressure wave
affects the structure but it is an approximation which turns out to give
the expected result. The force in each bend has to be divided into an X-
component (FX) and a Y-component (FY ) in order to be able to sum up
the total force in each pipe section. In each bend there are a couple of
element sections. Each element section will have its own force component
which has to be divided into an X-component (fX,i) and a Y-component
(fY,i), where i is the element section.

fX,i = ∆piAsin(vi) (6.6)

fY,i = ∆piAcos(vi) (6.7)

where
vi is the angle of element section i in the bend, defined in the

middle of the element section,
∆pi is the pressure drop over element section i.

The total X- and Y- component in the bend then becomes
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FX =
k∑
i=1

fX,i (6.8)

FY =
k∑
i=1

fY,i (6.9)

where
k is the number of element sections in the bend, in this dis-

sertation k = 5.

By combining Equation (6.4) with Equation (6.8) and (6.9) the total force
response can be obtained. Which of Equation (6.8) and (6.9) that needs
to be used depends on the orientation of the pipe section.

For visualization, Figure 6.10 is presented. It shows each force compo-
nent in their respective X- and Y-direction in each element section. The
red arrows shows the fX components and the blue arrows shows the fY
components. The angle v is 0◦ when the element section normal is in the
Y-direction and 90◦ when it is in the X-direction.

Figure 6.10: Red arrows are the fX components, blue arrows are the fY
components.
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In Section B.2 and B.3 in Appendix B the force responses from the AD-
INA CFD simulation is presented both separate and together with their
counterparts from the Relap simulation, respectively. In Figure 6.11 the
force response in the last pipe section is presented. In Figure 6.12 the force
response from both the ADINA CFD simulation and the Relap simulation
in the last pipe section is presented.

Figure 6.11: Force response in the last pipe section from the ADINA CFD
simulation
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Figure 6.12: Force response from both the ADINA CFD simulation and
the Relap simulation in the last pipe section

As can be seen in Figure 6.12, the force response from the ADINA CFD
simulation have a slightly higher frequency than the one from the Relap
simulation. It can also be seen that the force response from the ADINA
CFD simulation is slightly larger and that it dissipates at a slower rate. As
can be seen in Appendix B, all these characteristics are true for the force
response in all five pipe sections. This is consistent with the result from
Section 6.2.1.
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Chapter 7

Pipestress

As mentioned in Section 4.2, the calculations that Pipestress performs are
based on the ASME code [3]. The pipe system will be handled as if it were
a class 1 system in the ASME code. The occasional load is within the Level
A service limit.

7.1 ASME

American Society of Mechanical Engineers (ASME) have issued a code
that is used world wide within the nuclear industry. This standard is
referred to as the ASME code [3]. Service levels divides the system into
four parts beginning with level A that contains regular cases with no big
consequences when a case occurs to level D that contains incidents that
are not supposed to happen. These may have devastating consequences
if they do occur. Because of this, ASME allows different stresses in the
different service levels with the hardest restrictions in level A since those
events occurs on a regular basis and are not supposed to jeopardize the
structural integrity of the system. The stresses from the system that are
to be evaluated are the maximum stresses during the entire solution. The
stresses in the system are evaluated against an allowable stress value which
differs depending on the class and the service level of the system. The
classes are divided into different parts where class 1 includes vital parts
inside the reactor containment and class 2,3 and 4 are less vital parts of
the nuclear power plant. In this dissertation, the stresses in the Pipestress
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simulation are calculated using the ASME code NB-3600 for a class 1, level
A system.

In the ASME code [3] it is stated that the maximum stresses in the pipe
system due to an occasional load in a class 1 system in service level A are
to be evaluated against 1.5Sm where Sm is decided according to Equation
7.1 according to the ASME code [16].

Sm = min

(
ST
3
,
2

3
SY

)
(7.1)

where
ST is the tensile strength,
SY is the yield strength.

7.2 The model

The model is basically made up of straight beam elements which are con-
nected at a junction point. Every beam has a length, direction and an end
point, the starting point of the beam is the end point of the last beam ele-
ment. To be able to create the first beam element a point in space has to be
defined. In this case, that point as well as the last point of the system are
anchored, i.e. locked in all six degrees of freedom; X, Y, Z, -translational
and -rotational. This is done to simulate the two rigid tanks. However,
the anchor points have a default translational stiffness of 1.75 ·107 kN/mm
and a rotational stiffness of 1.13 · 109 kNm/rad. Supports are added at
the middle of every straight pipe section and they have a default stiffness
of 8.75 · 102 kN/mm (20 000 times weaker then the anchor points). The
supports act in a given direction, in this case in the Z-direction and also
one support in the Y-direction. Noteworthy is that the supports act in
both the positive and the negative direction since the mode superposition
approach that Pipestress uses requires a linear setup. A general damping
ratio for every mode is used in Pipestress, see Section 3.4.1. The damping
is 5%, ξ = 0.05. A damping ration of ξ = 0.05 is commonly accepted as
best practice within the Nuclear Engineering industry. In this disserta-
tion, the number of modes used in the mode superposition solution that
Pipestress uses is six. This is set by choosing up to which frequency the
program should calculate the modes, which in this case is set to 200 Hz.
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Then it calculates all modes from zero up to the first mode above 200 Hz,
which in this case is a total of six modes.

In order to define a bend the bend radius has to be given. Using this
bend radius Pipestress calculates specific stress indices in accordance with
the ASME code. B1 in order to handle the stresses due to the internal
pressure and B2 in order to handle the stresses due to the moments. Ac-
cording to the ASME code [3] the stress indices for a welded elbow or pipe
bend is

h =
tR

r2m
(7.2)

B1 = 0.4h− 0.1 ≤ 0.5 and > 0 (7.3)

B2 =
1.30

h2/3
(7.4)

where
h is the flexibility characteristic,
t is the nominal pipe wall thickness,
R is the bend radius,
rm is the medium radius of the pipe.

In this case B1 = 0.045 and B2 = 2.56 for all the bends in the pipe
system. Stress indices are also used for the straight pipes, however they are,
according to the ASME code [3], B1 = 0.5 and B2 = 1. Equation (7.3) and
(7.4) have been decided empirically and might include some conservatism.

7.3 Loads

The pipe system will be subjected to a dynamic load. The load is caused by
a fast valve closure. The load is calculated using both Relap and ADINA
which means that the Pipestress simulation has to be made two times, one
with each load, giving two separate responses. The method of how the load
was calculated has been presented in the previous chapters.

7.3.1 SPECT3

SPECT3 is a Pipestress application that can evaluate the dynamic loads
and calculate how much energy they contain at certain frequencies. This
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is a quick way to analyze a time history load and see at which frequen-
cies it will excite the system. Both the Relap load and the ADINA load
were analyzed using SPECT3. In Figure 7.1 and Figure 7.2 the graphical
representation of the SPECT3 analyze from both the Relap load and the
ADINA load is presented, respectively.

Figure 7.1: Relap force SPECT3 plot
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Figure 7.2: ADINA force SPECT3 plot

In Figure 7.1 and Figure 7.2 it is observed that each of the loads contain
one frequency. It is difficult to see exactly which frequency that is in the
graphical representations. When looking at the numerical data produced
by SPECT3 it is easy to see that the Relap load has a frequency of 76 Hz
while the ADINA load has a frequency of 78 Hz. This is not surprising
since, as stated in section 6.2.2, the force response from the ADINA CFD
simulation has a higher frequency than the force response from the Relap
simulation.

7.4 Results

The results given by Pipestress are the maximum stresses for the duration
of the solution in every sub part of the pipe system. In order to calculate
the stresses there are several different equations available. In the case of
an occasional load such as a sudden valve closure during normal operating
conditions the stresses are calculated according to the ASME code [3]
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B1
pDo

2t
+B2

Do

2I
Mi ≤ 1.5Sm (7.5)

where
B1, B2 are the stress indices,
p is the operating pressure in the system,
Do is the outside diameter of the pipe,
t is the nominal wall thickness of the pipe,
Mi is the resultant moment due to a combination of design me-

chanical loads,
I is the moment of inertia.
Sm is the allowable design stress intensity.

Equation (7.5) can be divided into two parts, the pressure term, SPr =
B1

pDo

2t , and the moment term, SM = B2
Do
2IMi. The moment in a point in

the pipe system contains a total of three moments, two bending moments
and one torsional moment. Due to the simple setup of the pipe system the
torsional moment in an arbitrary point in the system is maximum 3 Nm.
This can be compared to the smallest Z-moment which is 772 Nm. When
comparing the maximum torsional moment with the minimum Z-moment
it is clear that the torsional moments in the system is negligible. This
means that the moments acting on the pipe system due to the mechanical
loads can be assumed to be pure bending moments. A bending moment
that acts over a cross section only adds to the normal stress component, in
this case the axial, of that cross section.

With B1 = 0.5 and B2 = 1 for straight pipes, see Section 7.2, Equation
(7.5) for the parts of interest in this dissertation becomes

pDo

4t
+
Do

2I
Mi ≤ 1.5Sm (7.6)

which is the same as

Ro
2t
p+

Ro
I
Mi ≤ 1.5Sm (7.7)

where
Ro is the outer radius of the pipe.

The pressure term, SPr = Ro
2t p, can be recognized as the equation of the

stress in the axial direction of a cylindrical vessel due to internal pressure.
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Frequencies

f1 37.92 Hz

f2 53.44 Hz

f3 111.66 Hz

f4 116.96 Hz

f5 180.24 Hz

f6 257.61 Hz

Table 7.1: Eigenfrequencies of the pipesystem calculated with Pipestress

The moment term gives the highest stress in the axial direction of the pipe
due to the bending moments over the cross section. In this case it means
that for the straight pipe sections the stresses that Pipestress calculates
can be assumed only to be the stress component in the axial direction. It
is also clear that the stress component due to the internal pressure will be
the same for all straight pipe sections. With Ro = 47.7 mm, t = 6.3 mm
and p = 10 MPa the pressure term of Equation (7.7) will be

SPr =
Ro
2t
p = 37.86 MPa (7.8)

7.4.1 Frequencies

Since Pipestress uses a mode superposition method for calculating the
stresses a frequency and mode shape analysis has to be performed in the
initial step. The result of the frequency analysis is presented in Table 7.1.

7.4.2 Stresses

The stress response of the simulations made are presented in Appendix D.
In Table 7.2 there are a couple of representative results presented. The
placement of the points in the pipe are presented in Figure 7.3. The dif-
ference is calculated as the stress response due to the ADINA load minus
the stress response due to the Relap load.
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Figure 7.3: Pipe node placement

Maximum stresses in different points of the pipe system

Point Relap load ADINA load Difference Diff., %

Y005 69.72 MPa 69.14 MPa −0.58 MPa −0.8 %

Y009 91.05 MPa 89.37 MPa −1.68 MPa −1.8 %

Y013 106.98 MPa 103.36 MPa −3.62 MPa −3.4 %

Y018 105.01 MPa 101.83 MPa −3.18 MPa −3.0 %

Y021 107.00 MPa 104.97 MPa −2.03 MPa −1.9 %

Y026 67.18 MPa 67.51 MPa 0.33 MPa 0.5 %

Table 7.2: Maximum stresses in different points of the pipe system

In the general case the ADINA load gives a slightly lower stress response
in the pipe system. This raises a question since in section 6.2.2 it was con-
cluded that the forces from the ADINA CFD simulation was slightly larger
than the ones from the Relap simulation. This is because the frequency
of the ADINA load is different from the frequency of the Relap load. In
Section 7.3.1 it is concluded that the ADINA load frequency is 78 Hz and
the Relap load frequency is 76 Hz. With the information from Table 7.1 it
is clear that both loads are within the range of the second (f2 = 53.44 Hz)
and the third (f3 = 111.66 Hz) eigenfrequency. The frequency that is in
the middle of f2 and f3 is f = 82.55 Hz. Since the ADINA load frequency
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of 78 Hz is closer to 82.55 Hz than the Relap load frequency of 76 Hz it
means that it is also further away from the closest eigenfrequency and thus
will excite the system less than the Relap load, giving a slightly lower stress
response.
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Chapter 8

ADINA Structure

The ADINA Structure simulation will be made using two different methods,
a mode superposition method and an implicit direct integration method.
It is of interest to see what the difference is between the two different
methods. Also, the implicit direct integration method will be used in the
FSI simulation.

8.1 The model

As stated in Section 2.3, all results for comparison purposes will be gathered
from the straight pipe sections. For that reason, a rather course mesh in
the solid simulations will be sufficient. The pipe wall will only be modeled
with one element thickness. However, the elements in the solid model are
of the second order so there will be a total of three nodes over the pipe
thickness. As concluded in Section 7.4, stress due to moments over the cross
section is due to bending moments. Because of the linear characteristics of
bending moments over a cross section, one element over the pipe thickness
is sufficient since the result of interest is the maximum stress component.
The stress component due to internal pressure also have a linear behavior
over the cross section with its maximum at the internal pipe diameter.

The nodes at the ends of the solid model are modeled as fixes with zero
X-,Y- and Z-displacement. These fixes are to simulate the tanks in the
system. Note that in Section 7.2 the anchor points have a default stiffness
unlike the fixed points in ADINA which instead of a stiffness are modeled
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with zero displacement. The same applies to the pipe supports. In ADINA
the supports in Y- and Z-direction are modeled with zero displacement.
This way of modeling the supports is not optimal and may cause distur-
bances close to the supports. However, it is sufficient for this dissertation.

The pipe system is filled with water that is under high pressure. There
are two ways to account for this, either the pipe is filled with a mesh
consisting of a potential based fluid element that is available in ADINA or
the mass of the pipe has to be compensated for the additional weight of the
water, this is possible since the entire pipe is filled with water subjected
to high pressure as to not cause cavitation. The latter is chosen for this
dissertation. The new density of the pipe is calculated according to

ρ = ρpipe +
Awater

Apipe
ρwater (8.1)

where
ρpipe is the original density of the pipe, se Table 2.2,
ρwater is the density of the water, se Table 2.1,
Awater is the area of the water,
Apipe is the area of the pipe.

The new density of the pipe in this dissertation is ρ = 10900 kg/m3.

8.2 Loads

The loads applied in the ADINA structural simulations are the same as in
the Pipestress simulations, see Section 7.3 for more information about the
loads.

The load on each pipe section is applied on every second node along a
circle on the internal diameter of the pipe at the end of the straight pipe
section. The magnitude of the load is divided by the total number of nodes
that the load is applied to. The internal pressure of 10 005 759 MPa is
added as a static load as well as the gravity.

8.3 Mode superposition

The mode superposition method in ADINA works like described in Section
3.2. The results of the frequency analysis is presented in Table 8.1. To solve
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the transient problem ADINA applies the Newmark method, described in
Section 3.3. In order to include the static internal pressure and the gravity,
a static analysis needs to be made. After that, the mode superposition
analysis can be restarted using the data from the static analysis. This
is because the mode superposition method uses the unloaded mass and
stiffness matrix calculated before the actual simulation begins and thus, if
a static pressure is to be included, it needs to first be simulated statically in
order for the mass and stiffness matrix to include the effects of the pressure.
Five modes are being used in the simulation. In the Pipestress simulation
six modes are being used. Preferably the same amount as in the Pipestress
simulation should be used in the ADINA simulation, unfortunately this
realization occurred when all the simulations where completed. A quick test
was made by changing the number of modes in the Pipestress simulation
and it showed that the results varied by up to 0.3 MPa. This variation
is small and the comparison will still be made with five and six modes
being used in the ADINA mode superposition simulation and the Pipestress
simulation, respectively.

In the ADINA mode superposition method modal damping is applied.
A general damping ratio for every mode is used, see Section 3.4.1. The
chosen damping ratio is the same as in the Pipestress simulation, ξ = 0.05,
see Section 7.2.

8.4 Direct integration

The direct integration method employed in this dissertation is an Implicit
method that uses the Newmark method to solve the time integration, see
Section 3.3 for detailed information about the Newmark method. Unlike
the mode superposition method internal pressure and gravity can be added
in the direct integration simulation without first running a static analysis.
However, it is important to apply static loads in a direct integration sim-
ulation in a static time step before the dynamic solution begins otherwise
the static load might add to the dynamic behavior of the structure. In the
direct integration method Rayleigh damping is being used instead of modal
damping. Other than that the setup of the two simulations are the same.
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8.4.1 Rayleigh damping

Rayleigh damping is briefly explained in Section 3.4.2. In the ADINA direct
integration simulation Rayleigh damping is applied. In order to decide the
α and β parameters two reference frequencies was chosen. Also a desired
damping at those frequencies were decided, ξ = 0.05. In Section 7.3.1 it
is concluded that the load frequencies are 76 Hz and 78 Hz for the Relap
load and the ADINA load, respectively. From Table 8.1 it is obvious that
those load frequencies will be between f2 = 54.77 Hz and f3 = 112.00 Hz.
f2 and f3 are chosen as the reference frequencies. With

ω = 2πf (8.2)

the α and β parameters can be calculated from Equation (3.39). In this
case α = 23.11121 and β = 9.54338 · 10−5. The entire Rayleigh curve is
presented in Figure 8.1.

Figure 8.1: Rayleigh curve

8.5 Results

8.5.1 Frequencies

The mode superposition method of ADINA requires a frequency analysis
to calculate the eigenfrequencies and the mode shapes. In Table 8.1 the
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eigenfrequencies from ADINA is presented together with the frequencies
from Pipestress, see Table 7.1. The difference is calculated as the eigenfre-
quency from ADINA minus the eigenfrequency from Pipestress. The ratio
is calculated as the difference with respect to the Pipestress result.

Frequencies

Pipestress ADINA Difference Diff., %

f1 37.92 Hz 40.00 Hz 2.08 Hz 5.5 %

f2 53.44 Hz 54.77 Hz 1.33 Hz 2.5 %

f3 111.66 Hz 112.00 Hz 0.34 Hz 0.3 %

f4 116.96 Hz 113.80 Hz -3.16 Hz -2.7 %

f5 180.24 Hz 170.90 Hz -9.34 Hz -5.2 %

Table 8.1: Eigenfrequencies of the pipe system calculated with ADINA and
Pipestress

As can be seen in Table 8.1 the eigen frequencies varies some between
the ADINA analysis and the Pipestress analysis. In Section 3.2 it is stated
that the equation for the free vibration only depends on the mass matrix
and the stiffness matrix. Since the masses in ADINA and Pipestress are
the same the only thing that can explain the difference in the eigenfrequen-
cies are the stiffness matrix. An easy test to see if the stiffness is different
between the ADINA setup and the Pipestress setup was made. One bend
in the system was modeled together with two short pipe sections and sub-
jected to a certain load. The test showed that the displacement where the
load was applied differed between the test performed in ADINA and the
test performed in Pipestress. The load was primarily applied so that the
bend would deform the same way as it would in the simulations. Another
load was applied in a different direction. This time the test showed that
the difference was inverted. In Pipestress the stiffness of the bends is con-
trolled by the flexibility factor k. According to [3] k, when the pipe bend
is exposed to bending moments, is calculated as

k =
1.65

h

[
1

1 + (pr/tE)Xk

]
(8.3)
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where
h is the flexibility characteristic according to Equation (7.2),
p is the internal pressure,
r is the mean radius of the pipe,
t is the nominal wall thickness of the pipe,
E is the modulus of elasticity,

Xk = 6(r/t)4/3(R/r)1/3.

By changing the flexibility factor in the Pipestress simulation different re-
sults can be obtained. The default flexibility factor for the bends in the
pipe system in this dissertation is k = 4.39.

8.5.2 Stresses

Like in Section 7.1 the sought results are the maximum stress intensity
over the entire solution. In the ASME code [3] it is stated that when
designing pipes by FEM analysis the stress intensity is defined as twice
the maximum shear stress. The stress intensity should then be evaluated
against 1.5Sm, see Section 7.1 for definition of Sm. In this dissertation the
stress intensity will be compared with the results from Pipestress in order to
quantify the difference between the different analysis methods. According
to Handbok och formelsamling i H̊allfasthetslära [17] the maximum shear
stress is calculated from the principal stresses as

τmax =
1

2
(σ1 − σ3) (8.4)

where
σ1, σ3 are the biggest and smallest principal stresses, respectivly.

Which leads to

2τmax = σ1 − σ3 (8.5)

Handbok och formelsamling i H̊allfasthetslära [17] states that

σTresca = max(|σ1 − σ2|, |σ1 − σ3|, |σ2 − σ3|) (8.6)

and with

σ1 ≥ σ2 ≥ σ3 (8.7)
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Equation (8.6) can be rewritten as

σTresca = 2τmax (8.8)

which concludes that twice the maximum shear stress is nothing else than
the Tresca stress. This can be visualized in Mohr’s circle of stress, Figure
8.2.

Figure 8.2: Mohr’s circle of stress

The complete results from the mode superposition analysis and the direct
integration analysis are presented in Appendix D. In this section the results
from a selected few points in the pipe system are presented and compared
with each other. As a point of reference, the results from the Pipestress
simulations are also presented. The points are chosen to accurately rep-
resent the results. The conclusions presented here are done by carefully
evaluating each simulation. This evaluation is not fully presented in this
dissertation. However, all data needed to make the full comparison is pre-
sented in Appendix D. In Figure D.1 the placements of all the data points
in the pipe system are presented.

In Table 8.2 and 8.3 the difference between the ADINA mode super-
position simulations and the Pipestress simulations due to the Relap load
and the ADINA load are presented. In Table 8.4 the difference between
the mode superposition simulations using the Relap load and the ADINA
load is presented. The difference in Table 8.2 and 8.3 are calculated as
the mode superposition result minus the Pipestress result, the ratio is with
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respect to the Pipestress result. In Table 8.4 the difference is calculated as
the result due to the ADINA load minus the result due to the Relap load,
the ratio is with respect to the results due to the Relap load.

Pipestress and Mode Superposition results due to the Relap calculated
load

Point Pipestress Mode Super-
position

Difference Diff., %

Y005 69.72 MPa 85.99 MPa 16.27 MPa 23.3 %

Y009 91.05 MPa 88.76 MPa −2.29 MPa −2.5 %

Y013 106.98 MPa 102.02 MPa −4.96 MPa −4.6 %

Y018 105.01 MPa 102.03 MPa −2.98 MPa −2.8 %

Y021 107.00 MPa 89.16 MPa −17.84 MPa −16.7 %

Y026 67.18 MPa 86.65 MPa 19.47 MPa 29.0 %

Table 8.2: Pipestress and Mode Superposition results due to the Relap
calculated load

Pipestress and Mode Superposition results due to the ADINA calcu-
lated load

Point Pipestress Mode Super-
position

Difference Diff., %

Y005 69.14 MPa 85.85 MPa 16.71 MPa 24.2 %

Y009 89.37 MPa 88.68 MPa −0.69 MPa −0.8 %

Y013 103.36 MPa 101.53 MPa −1.83 MPa −1.8 %

Y018 101.83 MPa 100.58 MPa −1.25 MPa −1.2 %

Y021 104.97 MPa 88.99 MPa −15.98 MPa −15.2 %

Y026 67.51 MPa 86.67 MPa 19.16 MPa 28.4 %

Table 8.3: Pipestress and Mode Superposition results due to the ADINA
calculated load
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Mode Superposition results due to the Relap and the ADINA calculated
load

Point Relap load ADINA load Difference Diff., %

Y005 85.99 MPa 85.85 MPa −0.14 MPa −0.2 %

Y009 88.76 MPa 88.68 MPa −0.08 MPa −0.1 %

Y013 102.02 MPa 101.53 MPa −0.49 MPa −0.5 %

Y018 102.03 MPa 100.58 MPa −1.45 MPa −1.4 %

Y021 89.16 MPa 88.99 MPa −0.17 MPa −0.2 %

Y026 86.65 MPa 86.67 MPa 0.02 MPa 0.0 %

Table 8.4: Mode Superposition results due to the Relap and the ADINA
calculated load

The ADINA mode superposition simulation gives a lower result than the
Pipestress simulation in about two thirds of the points. It is difficult to
say if the mode superposition approach gives a lower result in the general
case. Consistent with what has been seen in Section 7.4.2 the ADINA load
generates lower stresses than the Relap load in the mode superposition
method, although the difference is not that significant. The maximum
stresses occurs within the first 0.05 seconds of the solution.

In Table 8.5 and 8.6 the ADINA direct integration simulations are com-
pared to the Pipestress simulations using the Relap load and the ADINA
load. In Table 8.7 the direct integration simulations are compared using
the Relap load and the ADINA load. The difference in Table 8.5 and Ta-
ble 8.6 are calculated as the direct integration result minus the Pipestress
result, the ratio is with respect to the Pipestress result. In Table 8.7 the
difference is calculated as the result due to the ADINA load minus the
result due to the Relap load, the ratio is with respect to the results due to
the Relap load.
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Pipestress and Direct Integration results due to the Relap calculated
load

Point Pipestress Direct
Integration

Difference Diff., %

Y005 69.72 MPa 85.92 MPa 16.20 MPa 23.2 %

Y009 91.05 MPa 88.59 MPa −2.46 MPa −2.7 %

Y013 106.98 MPa 102.27 MPa −4.71 MPa −4.4 %

Y018 105.01 MPa 101.89 MPa −3.12 MPa −3.0 %

Y021 107.00 MPa 89.00 MPa −18.00 MPa −16.8 %

Y026 67.18 MPa 86.58 MPa 19.40 MPa 28.9 %

Table 8.5: Pipestress and Direct Integration results due to the Relap cal-
culated load

Pipestress and Direct Integration results due to the ADINA calculated
load

Point Pipestress Direct
Integration

Difference Diff., %

Y005 69.14 MPa 85.78 MPa 16.64 MPa 24.1 %

Y009 89.37 MPa 88.54 MPa −0.83 MPa −0.9 %

Y013 103.36 MPa 101.78 MPa −1.58 MPa −1.5 %

Y018 101.83 MPa 101.41 MPa −0.42 MPa −0.4 %

Y021 104.97 MPa 88.91 MPa −16.06 MPa −15.3 %

Y026 67.51 MPa 86.62 MPa 19.11 MPa 28.3 %

Table 8.6: Pipestress and Direct Integration results due to the ADINA
calculated load
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Direct Integration results due to the Relap and the ADINA calculated
load

Point Relap load ADINA load Difference Diff., %

Y005 85.92 MPa 85.78 MPa −0.14 MPa −0.2 %

Y009 88.59 MPa 88.54 MPa −0.05 MPa −0.1 %

Y013 102.27 MPa 101.78 MPa −0.49 MPa −0.5 %

Y018 101.89 MPa 101.41 MPa −0.48 MPa −0.5 %

Y021 89.00 MPa 88.91 MPa −0.09 MPa −0.1 %

Y026 86.58 MPa 86.62 MPa 0.04 MPa 0.1 %

Table 8.7: Direct Integration results due to the Relap and the ADINA
calculated load

Like the comparison between the results from the Pipestress simulation
and the mode superposition simulation the direct integration simulation
also gives lower results than the Pipestress simulation in about two thirds
of the points. The ADINA calculated load also generates slightly lower
stresses than the Relap calculated load in the direct integration simulation,
as in the comparison between the results from the Pipestress simulation
and the mode superposition simulation. Like with the mode superposition
method, the peak stresses in the direct integration method occurs within
the first 0.05 seconds of the solution.

In Table 8.8 and 8.9 the mode superposition method and the direct
integration method is compared using the Relap and the ADINA loads.
The difference is calculated as the direct integration result minus the mode
superposition result. The ratio is with respect to the mode superposition
result.

At about two thirds of the points in the pipe system the direct integra-
tion method generates slightly lower results than the mode superposition
method.

As were concluded in Section 7.4 the results calculated by Pipestress
only consist of the axial stress component. In all the ADINA simulations
the total Tresca stress component have been calculated. Due to the ori-
entation of the pipe system it is easy to get the stress component in the
axial direction over a cross section at any given point in the straight pipe
sections. In Table 8.10 and 8.11 some of these results have been presented

71



Chapter 8. ADINA Structure

Mode Superposition and Direct Integration results due to the Relap
calculated load

Point Mode Super-
position

Direct
Integration

Difference Diff., %

Y005 85.99 MPa 85.92 MPa −0.07 MPa −0.1 %

Y009 88.76 MPa 88.59 MPa −0.17 MPa −0.2 %

Y013 102.02 MPa 102.27 MPa 0.25 MPa 0.2 %

Y018 102.03 MPa 101.89 MPa −0.14 MPa −0.1 %

Y021 89.16 MPa 89.00 MPa −0.16 MPa −0.2 %

Y026 86.65 MPa 86.58 MPa −0.07 MPa −0.1 %

Table 8.8: Mode Superposition and Direct Integration results due to the
Relap calculated load

Mode Superposition and Direct Integration results due to the ADINA
calculated load

Point Mode Super-
position

Direct
Integration

Difference Diff., %

Y005 85.85 MPa 85.78 MPa −0.07 MPa −0.1 %

Y009 88.68 MPa 88.54 MPa −0.14 MPa −0.2 %

Y013 101.53 MPa 101.78 MPa 0.25 MPa 0.2 %

Y018 100.58 MPa 101.41 MPa 0.83 MPa 0.8 %

Y021 88.99 MPa 88.91 MPa −0.08 MPa −0.1 %

Y026 86.67 MPa 86.62 MPa −0.05 MPa −0.1 %

Table 8.9: Mode Superposition and Direct Integration results due to the
ADINA calculated load
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together with their Pipestress calculated counterparts. A complete list of
all these results can be found in Appendix D.

Pipestress and Mode Superposition axial component results due to the
Relap calculated load

Point Pipestress Direct
Integration

Difference Diff., %

Y005 69.72 MPa 51.77 MPa −17.95 MPa −25.7 %

Y009 91.05 MPa 66.52 MPa −24.53 MPa −26.9 %

Y013 106.98 MPa 78.77 MPa −28.21 MPa −26.4 %

Y018 105.01 MPa 68.69 MPa −36.32 MPa −34.6 %

Y021 107.00 MPa 79.11 MPa −27.89 MPa −26.1 %

Y026 67.18 MPa 52.16 MPa −15.02 MPa −22.4 %

Table 8.10: Pipestress and Mode Superposition axial component results
due to the Relap calculated load

Pipestress and Direct Integration axial component results due to the
Relap calculated load

Point Pipestress Direct
Integration

Difference Diff., %

Y005 69.72 MPa 60.77 MPa −8.95 MPa −12.8 %

Y009 91.05 MPa 77.00 MPa −14.05 MPa −15.4 %

Y013 106.98 MPa 82.58 MPa −24.40 MPa −22.8 %

Y018 105.01 MPa 70.17 MPa −34.84 MPa −33.2 %

Y021 107.00 MPa 78.26 MPa −28.74 MPa −26.9 %

Y026 67.18 MPa 63.21 MPa −3.97 MPa −5.9 %

Table 8.11: Pipestress and Direct Integration axial component results due
to the Relap calculated load

When comparing the axial stress component from either the mode super-
position analysis or the direct integration analysis it is clear that it calcu-
lates a lower result than Pipestress. When deciding whether or not either
method will give lower results from an ASME point of view this comparison
is not really of interest since it is the Tresca stress component that is of
interest. However, it is of interest from a mathematical point of view since
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the more refined analysis methods generates lower results when the compo-
nents compared actually contains the same things. Only the stress results
from the simulations done with the Relap calculated loads are presented
here, that’s because the Relap calculated load generates higher results than
the ADINA calculated load and thus if the results are lower than Pipestress
results when using the Relap calculated load, they will also be lower when
using the ADINA calculated loads.
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Chapter 9

ADINA Fluid Structure
Interaction

9.1 The model

The difference in setting up the ADINA Fluid Structure Interaction (FSI)
simulation compared to setting up the individual structure and fluid simu-
lations are small. Basically, if the structure and the fluid simulations work
separately, they should work together. In this dissertation the only differ-
ences are the wall boundary condition of the fluid simulation and the in-
ternal pressure boundary of the structure simulation. The fluid simulation
used in the FSI simulation is the same used in the pure fluid simulation, see
Chapter 6. The difference is that the rigid wall boundary condition have
been changed to a FSI boundary condition. In the structure, the internal
pressure have also been changed to a FSI boundary condition. The soft-
ware will then recognize the two boundaries and link them together in the
FSI simulation. For example, if the structure domain gets deformed, the
fluid domain will follow that deformation. More about the theory behind
FSI and moving-mesh can be found in Section 3.5. The structure simula-
tion used is the direct integration approach, see Chapter 8. One important
difference in the structure setup is the modified density, see Equation (8.1).
When doing the FSI simulation the original density of the pipe needs to be
used, see Table 2.2, since in this case, the water actually is being simulated.
In an FSI simulation the master commands are set in the fluid setup. For
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example, the time step of the solution will be governed by the fluid setup.
This means that in order to simulate the whole process over 0.5 sec-

onds, about 800 000 time steps needs to be calculated, in both the fluid
and the structure. This process is time consuming and due to unforeseen
events with the servers the simulation never completed the whole 0.5 sec-
onds. However, about 0.14 seconds of the solution was recovered and is
presented in this dissertation. In earlier simulations it has shown that the
maximum stress occurs in the beginning of the simulation (within the first
0.05 seconds). 0.05 seconds is well within the 0.14 seconds of the FSI sim-
ulation. As have been stated in Section 7.1, the maximum stress is the
sought data and thus this solution is sufficient.

In Section 3.5 it is stated that the direct two-way FSI method can not
be used with the Segregated method. In Section 6.1 it is stated that the
FCBI-C element used in the CFD simulation uses the Segregated method.
This means that the iterative two-way FSI method has to be used in the
simulation in this dissertation, see Section 3.5 for more information about
the direct and the iterative two-way FSI.

9.2 Results

For convenience purposes, the FSI simulation will only be compared to the
previous simulations done using the ADINA load. As have been seen, the
ADINA load gives a slightly lower stress response and thus, it is sufficient
to compare the different simulations this way. If the FSI simulation gives
lower results than the simulations done with the ADINA load, then it will
also give lower results than the simulations done with the Relap load, see
Table 7.2.

9.2.1 Pressures

In Figure 9.1 and 9.3 the pressure curves from the beginning and the end
of the pipe system are presented. In Figure 9.2 and 9.4 they are presented
together with the pressure curves from the ADINA CFD simulation and
the Relap simulation. The rest of the pressure curve plots can be found in
Appendix A.
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Figure 9.1: The pressure at a point in the beginning of the pipe system
from the FSI simulation

Figure 9.2: The pressure at a point in the beginning of the pipe system
from the FSI simulation
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Figure 9.3: The pressure at a point in the end of the pipe system from the
FSI simulation

Figure 9.4: The pressure at a point in the end of the pipe system from the
FSI simulation
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As can be observed, the maximum pressure of the FSI simulation is lower
than the maximum pressure of the other two simulations. It also dissipates
at a faster rate plus there are additional micro variations in the pressure
curves. It still have the same frequency as the ADINA CFD pressure curve.

9.2.2 Stresses

The FSI calculated results are compared with the Pipestress, the mode su-
perposition and the direct integration calculated results due to the ADINA
calculated loads. The difference is calculated as the FSI result minus the
result from the other method. The ratio is calculated as the difference with
respect to the result from the other method.

Pipestress results due to the ADINA calculated load and FSI results

Point Pipestress FSI Difference Difference, %

Y005 69.14 MPa 98.28 MPa 29.14 MPa 42.1 %

Y009 89.37 MPa 107.20 MPa 17.83 MPa 20.0 %

Y013 103.36 MPa 107.05 MPa 3.69 MPa 3.6 %

Y018 101.83 MPa 108.44 MPa 6.61 MPa 6.5 %

Y021 104.97 MPa 109.48 MPa 4.51 MPa 4.3 %

Y026 67.51 MPa 106.00 MPa 38.49 MPa 57.0 %

Table 9.1: Pipestress results due to the ADINA calculated load and FSI
results

.
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Mode Superposition results due to the ADINA calculated load and FSI
results

Point Mode Super-
position

FSI Difference Difference, %

Y005 85.85 MPa 98.28 MPa 12.44 MPa 14.5 %

Y009 88.68 MPa 107.2 MPa 18.52 MPa 20.9 %

Y013 101.53 MPa 107.05 MPa 5.52 MPa 5.4 %

Y018 100.58 MPa 108.44 MPa 7.86 MPa 7.8 %

Y021 88.99 MPa 109.48 MPa 20.49 MPa 23 %

Y026 86.67 MPa 106 MPa 19.33 MPa 22.3 %

Table 9.2: Mode Superposition results due to the ADINA calculated load
and FSI results

Direct Integration results due to the ADINA calculated load and FSI
results

Point Direct
Integration

FSI Difference Difference, %

Y005 85.78 MPa 98.28 MPa 12.5 MPa 14.6 %

Y009 88.54 MPa 107.2 MPa 18.66 MPa 21.1 %

Y013 101.78 MPa 107.05 MPa 5.27 MPa 5.2 %

Y018 101.41 MPa 108.44 MPa 7.03 MPa 6.9 %

Y021 88.91 MPa 109.48 MPa 20.57 MPa 23.1 %

Y026 86.62 MPa 106.00 MPa 19.38 MPa 22.4 %

Table 9.3: Direct Integration results due to the ADINA calculated load
and FSI results
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As can be seen in Table 9.1 to 9.3 the FSI results are higher than the other
methods. That the FSI method gives higher result than Pipestress is not
that surprising. In Section 8.5.2 it was stated that the Pipestress result
does not contain all stress components and that the ADINA simulations
contain the Tresca stress component, as does the FSI simulation. The fact
that the FSI simulation gives higher results than the other ADINA methods
is because of the difference in the maximum internal pressure of the system.
In the mode superposition and the direct integration method the internal
pressure is set to a fixed value of 10 MPa, see Section 8.2. This pressure
gives a maximum Tresca stress value of σ10MPa

Tresca = 81.07 MPa calculated
using Equation (8.6) and the equations

σ1 = σφ =
d2

D2 − d2

(
1 +

D2

4r2min

)
p (9.1)

σ2 = σz =
d2

D2 − d2
p (9.2)

σ3 = σr =
d2

D2 − d2

(
1− D2

4r2min

)
p (9.3)

where
σ1, σ2, σ3 are the principal stresses,
σr is the radial stress,
σφ is the angular stress,
σz is the axial stress,
d is the inner diameter of the pipe,
D is the outer diameter of the pipe,
rmin is the inner radius of the pipe,
p is the internal pressure.

In the FSI simulation the internal pressure will vary with time. However,
since the maximum stress is sought, only the maximum internal pressure
will be of interest. With a maximum pressure varying between about 11
MPa and 12.5 MPa depending on which pipe section and with a mean of
about 12.2 MPa the mean maximum Tresca stress will be σFSI,maxTresca = 98.91

MPa. With a stress difference of σFSI,maxTresca −σ10MPa
Tresca = 17.84 MPa it is not

surprising that the FSI simulation generates higher stress results. There
are also some other dynamic effects that generates stress responses in the
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structure and will change the total Tresca stress component. However, the
lowest stress possible is still the stress due to the internal pressure.

In Table 9.4 to 9.6 the results at some points in the pipe system have
been presented in their respective axial stress component. The difference
is calculated as the FSI result minus the result from the other method.
The ratio is calculated as the difference with respect to the result from the
other method.

Pipestress results due to the ADINA calculated load and FSI axial
component results

Point Pipestress FSI Difference Difference, %

Y005 69.14 MPa 50.19 MPa −18.95 MPa −27.4 %

Y009 89.37 MPa 75.11 MPa −14.26 MPa −16.0 %

Y013 103.36 MPa 69.52 MPa −33.84 MPa −32.7 %

Y018 101.83 MPa 58.25 MPa −43.58 MPa −42.8 %

Y021 104.97 MPa 76.13 MPa −28.84 MPa −27.5 %

Y026 67.51 MPa 57.00 MPa −10.51 MPa −15.6 %

Table 9.4: Pipestress results due to the ADINA calculated load and FSI
axial component results

Mode Superposition results due to the ADINA calculated load and FSI
axial component results

Point Mode Supo-
erposition

FSI Difference Difference, %

Y005 50.78 MPa 50.19 MPa −0.60 MPa −1.2 %

Y009 64.79 MPa 75.11 MPa 10.32 MPa 15.9 %

Y013 78.01 MPa 69.52 MPa −8.49 MPa −10.9 %

Y018 65.48 MPa 58.25 MPa −7.23 MPa −11.0 %

Y021 78.56 MPa 76.13 MPa −2.42 MPa −3.1 %

Y026 52.16 MPa 57.00 MPa 4.84 MPa 9.3 %

Table 9.5: Mode Superposition results due to the ADINA calculated load
and FSI axial component results

.

82



Chapter 9. ADINA Fluid Structure Interaction

Direct Integration results due to the ADINA calculated load and FSI
axial component results

Point Direct
Integration

FSI Difference Difference, %

Y005 60.20 MPa 50.19 MPa −10.02 MPa −16.6 %

Y009 77.47 MPa 75.11 MPa −2.36 MPa −3.0 %

Y013 81.90 MPa 69.52 MPa −12.38 MPa −15.1 %

Y018 70.16 MPa 58.25 MPa −11.91 MPa −17.0 %

Y021 77.68 MPa 76.13 MPa −1.55 MPa −2.0 %

Y026 63.78 MPa 57.00 MPa −6.78 MPa −10.6 %

Table 9.6: Direct Integration results due to the ADINA calculated load
and FSI axial component results

In Table 9.4 it is clear that the FSI simulation generates lower results than
the Pipestress simulation, much like with the mode superposition method
and the direct integration method, see Section 8.5.2. The FSI simulation
also generates lower stresses than the other ADINA methods, keep in mind
that the axial stress component due to internal pressure still contain the
difference explained in the paragraph above, although only the axial part
of it.
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Chapter 10

Conclusion

10.1 Pressures

In order to get a better overview of the results the peak pressure at each of
the measure points are presented in Table 10.1. The pressures are presented
in MPa. In Figure 10.1 all three pressure curves at the same point are
presented.

Code Peak
A

Peak
B

Peak
C

Peak
D

Peak
E

Peak
F

Peak
G

Relap 11.62 12.62 12.99 13.05 13.06 13.07 13.07

ADINA
CFD

11.69 12.66 12.94 13.00 13.03 13.03 13.04

ADINA
FSI

11.15 12.16 12.47 12.55 12.63 12.60 12.74

Table 10.1: Pressures

The difference of the pressure curves are not the main focus in this disser-
tation. However, they are an important part of the results since the force
loads in the pipe system are derived directly from the pressure curves. As
can be seen the ADINA CFD simulation generates lower pressure peaks
from the second straight pipe section to the valve. The ADINA FSI sim-
ulation generates lower pressure peaks all through the pipe system. By
looking at the pressure curves in Appendix A it is easy to see that the AD-
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Figure 10.1: The pressure at point G of the pipe system

INA CFD and FSI calculated pressures have a slightly higher frequency
than the Relap calculated pressures. The ADINA CFD pressure curves
have the lowest dissipation rate while the ADINA FSI pressure curves have
the highest dissipation rate.

10.2 Forces

In order to get a better overview of the results, the peak force at each of the
measure points and the frequencies of the forces for each of the simulations
are presented in Table 10.2. In Figure 10.2 the force curves at the same
point are presented. The forces are presented in Newton (N).
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Code Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5 Freq

Relap 14699 11647 11600 11850 11994 76 Hz

ADINA CFD 14729 11859 11826 11867 12358 78 Hz

Table 10.2: The force response due to Relap, ADINA CFD and ADINA
FSI

Figure 10.2: The force curve at the fourth straight pipe section

.
The ADINA CFD simulation generates a slightly higher force response than
the Relap simulation. Much like the pressure curves, the frequencies of the
different simulations vary. The ADINA CFD force frequency is higher than
the Relap force. The dissipation rates of the force curves also follow the
same pattern as the pressure curves, with the ADINA CFD force having
the slowest dissipation rate and the Relap force having the fastest. All
force curves are presented in Appendix B.
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10.3 Stresses

In Table 10.3 the stress results from the different simulations are presented.
The measure points are the same as presented in previous Chapters in
this report. Only the simulation combinations that are of interested are
presented. As stated in Section 9.2 the simulations using the ADINA CFD
calculated loads generates lower stresses in the pipe system. As stated
in Section 8.5.2 the stress needed for evaluation of the pipe system when
analysing it using FEM is the Tresca stress. For Pipestress the stress
is calculated according to Equation (7.5). These two different ways of
calculating the stress results do not contain the same components, but
since they, according to the ASME code [3], are to be evaluated against
the same criteria we still compare them to each other.

Code Y005 Y009 Y013 Y018 Y021 Y026

Relap and 69.72 91.05 106.98 105.01 107.00 67.18
Pipestress

ADINA Mode 85.85 88.68 101.53 100.58 88.99 86.67
Superposition
and CFD

ADINA Direct 85.78 88.54 101.78 101.41 88.91 86.62
Integration
and CFD

ADINA FSI 98.28 107.20 107.05 108.44 109.48 106.00

Table 10.3: Comparison of stress components due to different simulation
combinations

Since the values presented in Table 10.3 are a couple of sample points, the
rest of the values are presented in Appendix D, Table D.1 - D.3. It’s clear
to see that the FSI simulation generates higher stresses in the pipe system
than the other methods. As was argued in Section 9.2.2, since we are
interested in the peak stresses and the FSI simulation is the only method
where the internal pressure changes over time the maximum stresses due
to the internal pressure will be higher using the FSI method and thus
generating higher stresses in the pipe system. At about one third of the
points, the Relap and Pipestress method generates lower stresses in the
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pipe system compared to the ADINA FEM and CFD methods.

In Section 9.2.2 it was argued that the different methods don’t calculate
the same stress components. In Table 10.4 the axial stress results from the
different simulations are presented. The measure points are the same as in
Table 10.3. The results at the rest of the measure points are presented in
Appendix D, Table D.4 - D.6, the Pipestress stress results are presented in
D.1.

Code Y005 Y009 Y013 Y018 Y021 Y026

Relap and 69.72 91.05 106.98 105.01 107.00 67.18
Pipestress

ADINA Mode 50.78 64.79 78.01 65.48 78.56 52.16
Superposition
and CFD

ADINA Direct 60.20 77.47 81.90 70.16 77.68 63.78
Integration
and CFD

ADINA FSI 50.19 75.11 69.52 58.25 76.13 57.00

Table 10.4: Comparison of axial stress components due to different simu-
lation combinations

The axial stress components are being compared in order to decide whether
or not the Relap - Pipestress method is conservative. The stresses generated
by Pipestress are higher than those generated by any of the other methods.
The FSI simulation still contains the axial stress component from the higher
internal pressure.

In conclusion, the Relap - Pipestress method is conservative, as can
be seen in Table 10.4. It is not fully possible to determine if the fully
coupled FSI simulation is appropriate to use as an additional tool in eval-
uating the pipe system. The increased pressure caused by the fact that
the internal pressure changes over time causes higher stresses in the pipe
when compared to the other methods. As can be seen in Table 10.4 the
FSI simulation calculates lower stresses when the contributions from the
internal pressure is reduced. It would be interesting to do the other simu-
lations using the same peak pressure in each pipe section as the pipe in the
FSI simulation is subjected to. The more refined CFD and FEM methods
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might be an option as an additional tool in evaluating loads and stresses
in a pipe system. However, from the results in this dissertation it is not
really possible to determine to what extent.

10.4 Source of error

In Section 2.3 some assumptions were presented. Some of these might
directly or indirectly be a source of some deviations in the solutions. In
real life there are no such things as a fix point. Both the tanks and the pipe
supports are modeled as completely fixed in the ADINA FEM models when
they in fact should have some kind of stiffness. This results in numerical
concentrations of the stresses in these points. It also results in increased
stresses in the vicinity of the fix points. If the stiffness is included in the
simulation the stresses in the vicinity will not increase as much.

In Pipestress only the beginning and the end of a pipe bend is simulated
using a stress index. In a FEM simulation, the entire pipe bend is calculated
and the increased stresses will affect the pipe in the vicinity of the bend.

10.5 Future work

There are different ways to continue the work in this Master’s dissertation.
The assumptions presented in Section 2.3 shows some of the problems that
would be interesting to examine. One problem that was encountered was
the long cpu time. Even though the number of cells wasn’t that high the
cpu time was too long to be of any commercial use. Different codes like
Star CCM+ and Abaqus might increase the performance and togheter with
a better calculation hardware setup the time needed might be decreased.

The contribution to the stress from the internal pressure was high.
Redoing the simulations using lower internal pressure would be very inter-
esting. The chosen pressure is reasonable in regards to what the nuclear
power plants are subjected to but the effect of the refined simulations are
somewhat concealed because of it. The results from this dissertation also
contributes to the ongoing discussion within the nuclear industry, whether
or not the maximum or the avarage pressure should be used in the simula-
tions.
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It would also be of interest to model the pipe using shell elements rather
than a full 3D solid model. To model the pipe supports, either with springs
simulating the stiffness or model the support which will give the stiffness
within the model. A special examination of the pipe bends would also be
interesting.
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Appendix A

Pressures

In this appendix all the pressure curves from the different simulations are
presented. In Figure A.1 all the points in the fluid where the different
pressure curves are extracted from are presented. The pressure is extracted
by taking the average pressure over the cross section at the points. The
pressure curves are divided into different sections depending on which sim-
ulation they originate from.
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Figure A.1: Fluid node placement
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A.1 Relap pressure curves

Figure A.2: Relap pressure curve at point A

Figure A.3: Relap pressure curve at point B
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Figure A.4: Relap pressure curve at point C

Figure A.5: Relap pressure curve at point D
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Figure A.6: Relap pressure curve at point E

Figure A.7: Relap pressure curve at point F
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Figure A.8: Relap pressure curve at point G

.
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A.2 ADINA pressure curves

Figure A.9: ADINA Fluid pressure curve at point A

Figure A.10: ADINA Fluid pressure curve at point B
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Figure A.11: ADINA Fluid pressure curve at point C

Figure A.12: ADINA Fluid pressure curve at point D
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Figure A.13: ADINA Fluid pressure curve at point E

Figure A.14: ADINA Fluid pressure curve at point F
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Figure A.15: ADINA Fluid pressure curve at point G

.
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A.3 FSI pressure curves

Figure A.16: ADINA FSI pressure curve at point A

Figure A.17: ADINA FSI pressure curve at point B
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Figure A.18: ADINA FSI pressure curve at point C

Figure A.19: ADINA FSI pressure curve at point D
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Figure A.20: ADINA FSI pressure curve at point E

Figure A.21: ADINA FSI pressure curve at point F
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Figure A.22: ADINA FSI pressure curve at point G

.
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A.4 Combined pressure curves

Figure A.23: Relap and AFINA CFD pressure curve at point A

Figure A.24: Relap and AFINA CFD pressure curve at point B
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Figure A.25: Relap and AFINA CFD pressure curve at point C

Figure A.26: Relap and AFINA CFD pressure curve at point D
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Figure A.27: Relap and AFINA CFD pressure curve at point E

Figure A.28: Relap and AFINA CFD pressure curve at point F
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Figure A.29: Relap and AFINA CFD pressure curve at point G

.
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A.5 Combined pressure curves - FSI

Figure A.30: Relap, ADINA Fluid and ADINA FSI pressure curve at point
A

Figure A.31: Relap, ADINA Fluid and ADINA FSI pressure curve at point
B
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Figure A.32: Relap, ADINA Fluid and ADINA FSI pressure curve at point
C

Figure A.33: Relap, ADINA Fluid and ADINA FSI pressure curve at point
D
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Figure A.34: Relap, ADINA Fluid and ADINA FSI pressure curve at point
E

Figure A.35: Relap, ADINA Fluid and ADINA FSI pressure curve at point
F

115



Appendix A. Pressures

Figure A.36: Relap, ADINA Fluid and ADINA FSI pressure curve at point
G

.
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Appendix B

Forces

In this appendix all the force responses are presented. All force responses
are divided into different pipe sections, section 1 to 5. In Figure B.1 these
different sections are presented. If the force has a positive sign it means it
goes in either the positive X- or Y-direction, depending on the orientation
of that particular section. The force responses are divided into different
sections depending on which simulation they originate from.
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Figure B.1: Fluid divided into pipe sections
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B.1 Relap force curves

Figure B.2: Relap calculated force in the first pipe section

Figure B.3: Relap calculated force in the second pipe section
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Figure B.4: Relap calculated force in the third pipe section

Figure B.5: Relap calculated force in the fourth pipe section
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Figure B.6: Relap calculated force in the fifth pipe section

.
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B.2 ADINA force curves

Figure B.7: ADINA Fluid calculated force in the first pipe section

Figure B.8: ADINA Fluid calculated force in the second pipe section
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Figure B.9: ADINA Fluid calculated force in the third pipe section

Figure B.10: ADINA Fluid calculated force in the fourth pipe section
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Figure B.11: ADINA Fluid calculated force in the fifth pipe section

.
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B.3 Combined force curves

Figure B.12: Relap and AFINA CFD calculated force in the first pipe
section

Figure B.13: Relap and AFINA CFD calculated force in the second pipe
section
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Figure B.14: Relap and AFINA CFD calculated force in the third pipe
section

Figure B.15: Relap and AFINA CFD calculated force in the fourth pipe
section
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Figure B.16: Relap and AFINA CFD calculated force in the fifth pipe
section

.
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Appendix C

Mesh

In this appendix the meshes used in the mesh convergence test, see Section
6.1.1, are presented. The figures show the mesh over the fluid cross section.
It also gives a basic view of the mesh in tha axial direction of the fluid.
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(a) Fluid 01 (b) Fluid 04

(c) Fluid 02 (d) Fluid 03

Figure C.1: The different meshes used in the mesh convergence test

.
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Appendix D

Stresses

In this appendix all the different stress responses from all the different sim-
ulations are presented. They are presented alone without being compared
to any of the other simulations.
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Figure D.1: Pipe node placement
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Stress results due to the Relap calculated load

Point Pipestress ADINA Mode
Superposition

ADINA Direct
Integration

Y001 153.78 MPa 112.05 MPa 115.22 MPa

Y002 125.96 MPa 93.07 MPa 94.38 MPa

Y003 99.61 MPa 85.85 MPa 86.19 MPa

Y004 59.08 MPa 89.18 MPa 89.17 MPa

Y005 69.72 MPa 85.99 MPa 85.92 MPa

Y006 88.68 MPa 101.31 MPa 101.09 MPa

Y007 95.90 MPa 103.40 MPa 102.61 MPa

Y008 92.89 MPa 85.34 MPa 85.19 MPa

Y009 91.05 MPa 88.76 MPa 88.59 MPa

Y010 99.40 MPa 88.66 MPa 88.55 MPa

Y011 104.28 MPa 85.29 MPa 85.29 MPa

Y012 108.45 MPa 103.66 MPa 102.00 MPa

Y013 106.98 MPa 102.02 MPa 102.27 MPa

Y014 94.45 MPa 85.57 MPa 85.16 MPa

Y015 82.65 MPa 85.55 MPa 85.35 MPa

Y016 75.73 MPa 86.53 MPa 86.47 MPa

Y017 77.01 MPa 86.53 MPa 86.44 MPa

Y018 105.01 MPa 102.03 MPa 101.89 MPa

Y019 120.50 MPa 105.11 MPa 105.01 MPa

Y020 113.69 MPa 86.11 MPa 86.23 MPa

Y021 107.00 MPa 89.16 MPa 89.00 MPa

Y022 93.68 MPa 89.05 MPa 89.00 MPa

Y023 94.89 MPa 86.03 MPa 85.59 MPa

Y024 99.64 MPa 102.94 MPa 102.5 MPa

Y025 89.19 MPa 101.69 MPa 101.37 MPa

Y026 67.18 MPa 86.65 MPa 86.58 MPa

Y027 61.89 MPa 89.82 MPa 89.75 MPa

Y028 104.69 MPa 87.46 MPa 87.64 MPa

Y029 128.72 MPa 102.29 MPa 101.00 MPa

Y030 160.42 MPa 126.31 MPa 128.12 MPa

Table D.1: Stress results due to the Relap calculated load
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Stress results due to the ADINA calculated load

Point Pipestress ADINA Mode
Superposition

ADINA Direct
Integration

Y001 150.77 MPa 110.42 MPa 114.69 MPa

Y002 123.32 MPa 92.09 MPa 92.61 MPa

Y003 97.05 MPa 85.78 MPa 86.17 MPa

Y004 58.47 MPa 89.05 MPa 89.07 MPa

Y005 69.14 MPa 85.85 MPa 85.78 MPa

Y006 86.95 MPa 100.62 MPa 100.4 MPa

Y007 94.27 MPa 102.69 MPa 101.89 MPa

Y008 88.26 MPa 85.25 MPa 85.09 MPa

Y009 89.37 MPa 88.68 MPa 88.54 MPa

Y010 98.57 MPa 88.59 MPa 88.48 MPa

Y011 103.05 MPa 85.22 MPa 85.19 MPa

Y012 106.02 MPa 102.75 MPa 101.07 MPa

Y013 103.36 MPa 101.53 MPa 101.78 MPa

Y014 90.44 MPa 85.33 MPa 84.93 MPa

Y015 85.09 MPa 85.37 MPa 85.21 MPa

Y016 75.59 MPa 86.30 MPa 86.26 MPa

Y017 77.30 MPa 86.21 MPa 86.22 MPa

Y018 101.83 MPa 100.58 MPa 101.41 MPa

Y019 116.45 MPa 103.30 MPa 102.75 MPa

Y020 111.22 MPa 85.54 MPa 85.65 MPa

Y021 104.97 MPa 88.99 MPa 88.91 MPa

Y022 93.83 MPa 89.05 MPa 89.03 MPa

Y023 94.15 MPa 85.65 MPa 85.63 MPa

Y024 98.72 MPa 103.02 MPa 102.61 MPa

Y025 87.89 MPa 101.77 MPa 101.57 MPa

Y026 67.51 MPa 86.67 MPa 86.62 MPa

Y027 61.65 MPa 89.83 MPa 89.77 MPa

Y028 101.12 MPa 87.37 MPa 87.56 MPa

Y029 126.83 MPa 101.24 MPa 99.99 MPa

Y030 160.41 MPa 124.48 MPa 126.45 MPa

Table D.2: Stress results due to the ADINA calculated load
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Stress results from the Fluid Structure Interaction simulation

Point Stress

Y001 103.41 MPa

Y002 89.38 MPa

Y003 95.57 MPa

Y004 100.28 MPa

Y005 98.28 MPa

Y006 105.15 MPa

Y007 109.96 MPa

Y008 102.94 MPa

Y009 107.20 MPa

Y010 108.05 MPa

Y011 103.78 MPa

Y012 106.83 MPa

Y013 107.05 MPa

Y014 103.57 MPa

Y015 103.28 MPa

Y016 103.61 MPa

Y017 104.07 MPa

Y018 108.44 MPa

Y019 110.87 MPa

Y020 104.99 MPa

Y021 109.48 MPa

Y022 110.15 MPa

Y023 105.79 MPa

Y024 113.09 MPa

Y025 113.23 MPa

Y026 106.00 MPa

Y027 110.37 MPa

Y028 109.35 MPa

Y029 105.99 MPa

Y030 115.25 MPa

Table D.3: Fluid Structure Interaction results
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Axial stress component results due to the Relap calculated load

Point Pipestress ADINA Mode
Superposition

ADINA Direct
Integration

Y001 153.78 MPa 109.48 MPa 115.00 MPa

Y002 125.96 MPa 87.69 MPa 90.48 MPa

Y003 99.61 MPa 69.26 MPa 71.25 MPa

Y004 59.08 MPa 48.08 MPa 53.13 MPa

Y005 69.72 MPa 51.77 MPa 60.77 MPa

Y006 88.68 MPa 67.22 MPa 76.05 MPa

Y007 95.90 MPa 82.19 MPa 82.01 MPa

Y008 92.89 MPa 73.72 MPa 74.23 MPa

Y009 91.05 MPa 66.52 MPa 77.00 MPa

Y010 99.40 MPa 75.55 MPa 73.81 MPa

Y011 104.28 MPa 82.11 MPa 78.69 MPa

Y012 108.45 MPa 88.02 MPa 82.82 MPa

Y013 106.98 MPa 78.77 MPa 82.58 MPa

Y014 94.45 MPa 71.07 MPa 75.93 MPa

Y015 82.65 MPa 67.56 MPa 67.09 MPa

Y016 75.73 MPa 68.42 MPa 66.79 MPa

Y017 77.01 MPa 62.42 MPa 60.93 MPa

Y018 105.01 MPa 68.69 MPa 70.17 MPa

Y019 120.50 MPa 89.10 MPa 86.78 MPa

Y020 113.69 MPa 81.91 MPa 80.50 MPa

Y021 107.00 MPa 79.11 MPa 78.26 MPa

Y022 93.68 MPa 78.41 MPa 76.90 MPa

Y023 94.89 MPa 74.11 MPa 72.34 MPa

Y024 99.64 MPa 79.57 MPa 77.08 MPa

Y025 89.19 MPa 67.76 MPa 75.21 MPa

Y026 67.18 MPa 52.16 MPa 63.21 MPa

Y027 61.89 MPa 48.81 MPa 52.39 MPa

Y028 104.69 MPa 77.79 MPa 79.84 MPa

Y029 128.72 MPa 100.32 MPa 99.81 MPa

Y030 160.42 MPa 125.90 MPa 126.86 MPa

Table D.4: Axial stress component results due to the Relap calculated load
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Axial stress component results due to the ADINA calculated load

Point Pipestress ADINA Mode
Superposition

ADINA Direct
Integration

Y001 150.77 MPa 107.98 MPa 114.48 MPa

Y002 123.32 MPa 86.81 MPa 89.84 MPa

Y003 97.05 MPa 67.78 MPa 68.60 MPa

Y004 58.47 MPa 47.78 MPa 53.05 MPa

Y005 69.14 MPa 50.78 MPa 60.20 MPa

Y006 86.95 MPa 65.72 MPa 74.90 MPa

Y007 94.27 MPa 80.50 MPa 80.53 MPa

Y008 88.26 MPa 72.58 MPa 73.24 MPa

Y009 89.37 MPa 64.79 MPa 77.47 MPa

Y010 98.57 MPa 72.79 MPa 73.44 MPa

Y011 103.05 MPa 79.39 MPa 77.51 MPa

Y012 106.02 MPa 85.44 MPa 81.65 MPa

Y013 103.36 MPa 78.01 MPa 81.90 MPa

Y014 90.44 MPa 71.60 MPa 76.32 MPa

Y015 85.09 MPa 66.52 MPa 68.50 MPa

Y016 75.59 MPa 67.74 MPa 67.68 MPa

Y017 77.30 MPa 63.46 MPa 61.00 MPa

Y018 101.83 MPa 65.48 MPa 70.16 MPa

Y019 116.45 MPa 84.16 MPa 81.71 MPa

Y020 111.22 MPa 80.10 MPa 79.16 MPa

Y021 104.97 MPa 78.56 MPa 77.68 MPa

Y022 93.83 MPa 77.59 MPa 76.07 MPa

Y023 94.15 MPa 73.20 MPa 70.98 MPa

Y024 98.72 MPa 79.68 MPa 76.81 MPa

Y025 87.89 MPa 67.85 MPa 75.74 MPa

Y026 67.51 MPa 52.16 MPa 63.78 MPa

Y027 61.65 MPa 48.42 MPa 52.33 MPa

Y028 101.12 MPa 77.01 MPa 80.52 MPa

Y029 126.83 MPa 99.03 MPa 99.06 MPa

Y030 160.41 MPa 124.00 MPa 124.75 MPa

Table D.5: Axial stress component results due to the ADINA calculated
load
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Axial stress component results due to the Fluid Structure Interaction
simulation

Point Stress

Y001 103.07 MPa

Y002 82.05 MPa

Y003 65.53 MPa

Y004 47.01 MPa

Y005 50.19 MPa

Y006 63.24 MPa

Y007 78.38 MPa

Y008 72.96 MPa

Y009 75.11 MPa

Y010 71.80 MPa

Y011 66.76 MPa

Y012 70.54 MPa

Y013 69.52 MPa

Y014 67.35 MPa

Y015 67.63 MPa

Y016 61.47 MPa

Y017 57.86 MPa

Y018 58.25 MPa

Y019 80.74 MPa

Y020 78.73 MPa

Y021 76.13 MPa

Y022 73.62 MPa

Y023 70.98 MPa

Y024 76.83 MPa

Y025 69.50 MPa

Y026 57.00 MPa

Y027 45.23 MPa

Y028 76.46 MPa

Y029 92.97 MPa

Y030 113.12 MPa

Table D.6: Axial stress component results due to the Fluid Structure In-
teraction simulation
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