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ABSTRACT

The aim of this thesis is to develop a method in order to evaluate vertical loads for sliding shoes. The current vertical loads are defined in
SSG 7151E. This standard does only take one specific case of pressure,
temperature and material into account. Thus, it does not address the
influence of dimensions, pressures, temperatures or materials.
Different ways to apply loads and to evaluate welds have been compared. Also, different contact types and contact formulations are described. These parameters have been combined to create the different
methods which have been evaluated against each other.
A total of 26 models have been used in the calculations where the
best method was determined to be "Method E". In this method, all
parts considered to be welded together or parts divided into several
bodies, the contact type Bonded were used. Where the clamps are in
contact with the pipes motion is allowed and are therefore defined as
Frictionless. Regardless of the contact type the contact formulation is
Pure Penalty.
Future work on this project have been identified. If additional symmetry planes can be found and applied to the model this will reduce
the calculation time.
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S A M M A N FAT T N I N G

Målet med detta examensarbete var att ta fram en metod för att
utvärdera vilka vertikala krafter som olika glidskor tillåts belastas
med. De nuvarande tillåtna krafterna definieras i standarden SSG
7151E. Men standarden är specifik till ett givet tryck, temperatur och
material.
Olika sätt att applicera krafter och hur man ska utvärdera svetsfogar
har jämförts. Olika kontakttyper och kontaktformuleringar har också
beskrivits och det är dessa som jämförts mot varandra för att finna
den optimala metoden.
Totalt utfördes 26 beräkningar där den bästa metoden konstaterades
till att vara Metod E. Denna metod använder kontakttypen Bonded
mellan kroppar som anses vara sammansvetsade eller kroppar som
blev uppdelade i modellen. Där klammorna sitter ihop med röret
användes kontakttypen Frictionless. Oavsett vilken kontakttyp så användes kontaktformuleringen Pure Penalty.
För framtida studier baserat på detta projekt har tillämpningen av
flera symmetriplan rekommenderats. Modellens beräkningstid kan
då reduceras.
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1
INTRODUCTION

1.1

about åf

ÅF is an engineering consultant company that operates within the
markets energy, IT, industry and infrastructure. This thesis describes
a project conducted at their office in Karlstad, Sweden.

1.2

problem description

When designing pipe systems, different supports are used to control
the pipes’ degrees of freedom. One specific pipe support is commonly
called a "sliding shoe", figure 1. This type of support only prevents
displacement in the vertical direction. The sliding shoe consists of
clamps and either steel angles or a single T-profile beam (depending
on the pipes size). An image of a sliding shoe with a pipe fixed with
the clamps is shown in figure 2.

Figure 1: Image showing a 3D model of the sliding shoe.
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1.3 standard – ssg 7151e

The standard SSG 7151E is used to evaluate the maximum vertical
load that the sliding shoe can handle [1]. In this standard, the maximum vertical load is described for different pipe dimensions for a
given material, pressure and temperature.
The standard lists a number of allowed materials and specifies the
allowable vertical load for several dimension. In each case, the load is
based on the thinnest wall thickness and the material with the lowest
tensile strength.
The pipes may be able to handle higher loads, but that must be proven
by the engineers either through testing or calculations.

Figure 2: Image showing a 3D model of the sliding shoe attached to
a pipe.
The conservative approach of the standard has resulted in difficulties for the engineers, as pipe systems at elevated temperatures and
higher pressure are subjected to higher vertical loads.
Even if the thickness of the pipe is increased, the allowed vertical load
is not increased, unless calculations are performed for each unique
sliding shoe. Each time the standard is bypassed, the active project
will take more time which increases the cost of the project.

1.3

standard – ssg 7151e

SSG stands for Standard Solutions Group. They have defined the currently allowed vertical loads in the standard SSG 7151E [1]. These
vertical loads are calculated using the material, pressure and temperature described in the previous section.
SSG 7151E lists three materials that have been assessed: 16Mo3, EN
1.4307 and P235GH. Of these, EN 1.4307 has the lowest allowable
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1.3 standard – ssg 7151e

stress, and therefore it is used for the calculation of the "worst case"
allowable vertical force. In SSG 7151E, the offset stress R p1,0 is used
and is equal to 215MPa [1].
The pipes are used to transport different medias at different temperatures and pressures. The pipes used in SSG 7151E are designed
in accordance with PN10. PN is short for Pression Nominal and it
means that the maximum pressure of the pipe for PN10 is 10 bar at
20◦ C [2]. All calculations in SSG 7151E are based on a design pressure
of 9.1 bar at a temperature of 20◦ C [1].
The allowable stress, f , for the sliding shoes is calculated using equation 1 [3].

f =

R p1,0t
1.5

(1)

The critical vertical load for some dimensions are shown in table 1.
According to the standard SSG 7151E, these values are valid as long
as the temperature is 20◦ C. If the calculation temperature is higher
than 20◦ C, a scale factor is applied to reduce the allowed vertical
load, as seen in table 2. The loads are defined for different DNs. DN
is short for Diamètre Nominal and describes in this case the inner
diameter of the pipe [4].
Table 1: Loads for some of the pipe dimensions’ according to SSG
7151E [1]
DN
150 200 250 300 350 400
Critical vertical load [kN] 5.5 10 11.5 17.5 16.5 30.5
Table 2: Scale factor depending on temperature according to SSG
7151E [1]
Temperature Scale factor
20
1
40
0.97
60
0.93
80
0.89
100
0.85
0.81
120
140
0.77
160
0.74
180
0.72
200
0.69
SSG 7151E defines the critical vertical loads at 20◦ C for the different
dimensions. If the temperature is changed, the allowed vertical load
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1.4 assumptions

is scaled according to table 2. For higher temperatures, the sliding
shoe’s critical vertical load is reduced which causes problems with
pipe systems at elevated temperatures.

1.4

assumptions

Due to the complex geometry of the sliding shoe, the Finite Element
Method is used in this thesis.

1.5

purpose and goal

The purpose of this thesis is to create a reference for further calculations on sliding shoes with dimensions, temperatures and pressures
not specified in the standard. This is necessary because the current
standard is considered to be too conservative.
The goal of this project is to create a method for evaluating the critical
vertical load for sliding shoes. The method should be used as a reference when new conditions, such as different temperatures, pressures
and dimensions, in pipe systems need to be evaluated.
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2
T H E O RY

2.1

symmetry

Symmetry is used in the Finite Element Method in order to avoid
analyzing the entire model. If the model has one or more symmetry
planes, then symmetry is used to reduce the number of elements
required to achieve reliable results with the same accuracy. A model
that uses a symmetry condition will have a reduced stiffness matrix.
This will decrease the solving time [5].

2.2

boundary conditions

When applying boundary conditions to a model to be analyzed via
the Finite Element Method, caution is essential. If the boundary conditions do not enable the model to perform as the system would in
reality, the results from an analysis might cause catastrophic consequences.

2.3

applying the force

There are three methods to apply a force to a cross section of a pipe
[6]. Two of the methods are defined with a reference point at the
center of the pipe that is coupled to a cross section of the pipe. The
difference between the two methods is how the point will act with
regard to the cross section of the pipe. The first method defines a
point coupled to the cross section of the pipe. The cross section and
the couplings are non-deformable. This will prevent ovalization of
the pipe in this plane. Ovalization is the change in shape of the pipe
when exposed to a bending moment, from circular to oval. The second method has a deformable relation between the cross section and
the point, allowing ovalization. The third method has been defined as
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2.4 contact types

"the sliding plane approach". A rigid plane is modelled and sliding
contact is only allowed between the plane and the nodes at the cross
section of the pipe. This method is mainly suitable for thick pipes.

2.4

contact types

The contact type Bonded is used when two surfaces are to be in contact without motion. Both surfaces are connected together in their
tangential direction and normal direction. Unlike the Bonded contact
type, No Separation only connects two surfaces in the normal direction. In the tangential direction, a small amount of sliding is allowed.
Frictionless is the final contact type described in this thesis. Unlike
the first two, neither the tangential direction nor the normal direction
is locked in any way and no frictional coefficient is defined [7].

2.5

contact formulations

For each of the different contact types, different contact formulations
can be defined. In this section, the different contact formulations used
in this thesis are described.

Pure Penalty and Augmented Lagrangian

Pure Penalty and Augmented Lagrangian method are two penaltybased methods. When two bodies are overlapping the displacement
x p describes how much overlapping that is actually occurring. Pure
penalty is defined by equation 2. The displacement x p can be limited
by changing the stiffness of a virtual spring. However, to reach zero
overlapping the contact stiffness must be increased towards infinity.
This is numerically impossible and is avoided by giving the contact
stiffness a value that makes the displacement negligible thus giving
an approximated result. The other penalty method is the Augmented
Lagrangian method, given by equation 3. This method introduces an
additional term, λ. Due to this extra term the Augmented Lagrange
Method is less sensitive to the contact stiffness magnitude. On the
other hand, it will increase the calculation time [7], [8].

FN = k N x p

(2)

FN = k N x p + λ

(3)
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2.6 assessment of weld methods in fem

Normal Lagrange

Unlike Pure Penalty or Augmented Lagrange the Normal Lagrange
Method does not need a stiffness in order to create a reaction force.
This is because the Normal Lagrange Method applies forces to the
nodes in contact directly and can then solve the forces to achieve zero
penetration. The word "normal" in Normal Lagrange Method is there
because the force direction is normal to the contact surface. However,
the advantage of not having any overlapping in the model comes at
a cost - the simulation time is increased when applying the Normal
Lagrange method [7].

Multi-Point Constraint

Multi-Point Constraint, also known as MPC, is a method used when
two bodies need to be bonded together. In this method, nodes opposite each other are connected to each other. This results in zero
displacement between the node pairs, bonding the elements together
[7], [8].

2.6

assessment of weld methods in fem

When evaluating welds in a Finite Elemental Analysis several methods can be applied [9]. Nominal Stress Approach, Hot Spot Method,
Effective Notch Method and Without Welds are described in this section.

Nominal Stress Approach

When evaluating welds with the Nominal Stress Approach different
fatigue classes are used. The fatigue classes are several samples of a
specific geometry applied to a number of loading cases. The result
from this defines how many cycles a specific weld geometry can handle for a specific load case. For complex geometries with no defined
fatigue class, the nominal stress approach is not applicable. Then the
user must turn to another weld evaluation method [9], [10].
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2.6 assessment of weld methods in fem

Hot Spot Method

Hot spot is the name of the critical point in the structure where initial
crack growth will occur. In a welded structure, this is often at the
weld toe, the point where the new welded metal meets the original
structure. It is recommended that the hot spot stress is calculated via
extrapolation from at least two points at a certain distance from the
weld joint. The distances from the hot spot that implements extrapolation has been explained by several authors [11], [12]. Extrapolation
is an estimate of what the stress is going to be in a point with regard
to two other points before that. The distance from the hot spot to
the extrapolation points change depending on if the mesh is coarse
or fine, this is shown in figure 3 [9], [13].

Figure 3: Measuring points for the Hot Spot Method [13].

Effective Notch Method

This method uses a radius of 1 mm at the local weld toe if the thickness of the plate is 5mm or above [10]. The real geometry of the
weld is not modelled but is instead replaced with the radius. If this
method is used, singular points will be avoided in the Finite Elemental Analysis. This method should, however, only be used if neither
the nominal stress approach nor the hot spot method can be used [9].
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2.7 singularities

Without Welds

The simplest and perhaps the most commonly used method is to not
model the welds at all. Two options are available when evaluating
the stress. Either the stress is extrapolated from the point where the
two bodies meet. Or at the position where the weld toe should have
been if it were modelled. This method has been tested in [9] and is
evaluated for both normal stress load and for bending moment separately. For the normal load condition the stresses will be conservative
where the two bodies meet. While for the bending moment case the
stresses will be non-conservative [9].

2.7

singularities

Singular points are numerical errors within a Finite Element Method.
When modelling corners, they are often assumed to be sharp. But this
rarely occurs in the real world. When a corner is without a radius the
ratio r/b will reach zero, figure 4. This means that the form factor will
reach infinity, in other words the stress will reach infinity, creating a
singular point. For courser meshes singularities will have a lower
stress than a fine mesh. But the stresses will also be spread out over
a larger area and in some cases could be mistaken for a regular stress.
If the mesh is fine however, the stress will be higher and located at a
concentrated area [9].

Figure 4: Form factor reaching infinity with a near zero radius.
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3
METHOD

3.1

dimensions

The dimensions of the pipe support are defined in SSG 7151E [1] and
are shown in table 3 with regard to figure 5. The model is based on
the sliding shoe DN350. The pipe applied to the model has an outer
diameter of 366mm with a thickness of 8mm, as defined for PN 25
according to SSG 7833E [14]. The length of the pipe is 6 meters in
total with the support located in the middle. The seal welds between
the steel angles and clamps are designed to have the same angle α as
the welds with the given dimension. All values in table 3 and 4 are
in mm if nothing else is specified.

Figure 5: Drawing of the sliding shoe according to SSG 7151E [1].

Dk
378

Table 3: Dimensions to the sliding shoe in figure 5 [1]
h
H
B
Angle 1
L
Angle 2 I
α
175 364 310 180x90x12 400 60x60x6 16 160◦
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b
4

3.2 system

The clamps have been modelled from the dimensions defined in SSG
7075E [15], as seen in table 4 with regard to figure 6. The force shown
in this figure is not relevant for this thesis. Each clamp was modelled
as three parts where an annular circular plate around each hole has
been designed. This in order to represent the contact area of the screw
head. The diameter of the annular circular plate was approximated
to 29mm. The screw heads overlap the clamp radius R, see figure
6, and are not a perfect fit in reality and are therefore approximated.
In the model, the screws are modelled as beams. The dimensions of
both the hex screws and the hex nut are M20 and 33x30mm [16].

Figure 6: Drawing of the clamps according to SSG 7075E [15].

Table 4: Dimensions to the clamps in figure 6 [15]
Dk
E
F G d
R
K
378 26 60 30 22 15 446

3.2

system

In order to create a method to evaluate, the sliding shoe had to be
modelled in a realistic scenario. In this thesis, the sliding shoe is positioned in the middle of the 6-meter-long pipe, with the pipe continuing vertically at the symmetrically located bends, see figure 7. The
vertical pipe sections transfer forces onto the horizontal pipe from
both thermal expansion and loads far from the sliding shoe under investigation. This will enable an approximation of the system as seen
in figure 8.

11

3.2 system

Figure 7: Pipe system chosen to investigate.

Figure 8: Simplified pipe system with applied forces.
The two forces FV represents thermal expansion and loads further
away and are numerically equal. They are located 3 meters away
from the center of the sliding shoe. The masses from the pipe and
medium are also taken into consideration. Because of symmetry in
the system, only half of the model is modelled, as seen in figure 9.
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3.3 problem refinement

Figure 9: Symmetry applied to the pipe system.
3.3

problem refinement

An important step when designing a method to evaluate the critical
vertical load on sliding shoes is to identify the boundary conditions
and contact definition for the model.
Contact types and contact formulation are parameters that are controlled by the user (see table 5). In order to maximize the validity of
the model, different combinations of contact types and formulations
are evaluated.
Table 5: Contact settings that are to be changed
Contact type
Contact formulation
Bonded
Pure Penalty
No-Separation Augmented Lagrange
Frictionless
Lagrange
MPC
The contact types and contact formulations are set up to be evaluated
against each other in order to find the optimal method for these conditions. Figure 10 shows how the contact settings are compared to
each other.
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3.4 applied loads

Figure 10: Chart describing methods tested against each other.
The two larger steel angles (part 3 and 5 as seen in table 8) are locked
in the vertical direction.
The pipe of 3 meters was divided into two parts. The section of the
pipe at the location of the clamps was the part that were going to get
the finest mesh. This pipe had a length of 0,5 meters.

3.4

applied loads

In order to apply a force to the pipe a remote point is defined with
regard to the cross section of the pipe, as seen in figure 11. The points
connection to the pipe is defined as deformable.

Figure 11: Force applied to the remote point with regard to the cross
section of the pipe.
The force applied to the remote point is equal to 6kN in the vertical direction. The gravity applied is predefined to 9806,6 mm/s2 in
Ansys. The pressure applied to the inner side of the pipe (both part
number 1 and 2, table 8) is 18bar. All parts are assumed to have the
same temperature of 175◦ C.
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3.5 calculations

3.5

calculations

The model is created in the two CAD programs Creo Parametric 2.0
and SpaceClaim 17.0. It is then imported into the Finite Element
Method software Ansys 17.0 to perform the calculations. Creo was
used to create the model while SpaceClaim was used to insert the
symmetry to the model. All the parameters inserted into Ansys will
be defined in this section.

Geometry and Mesh

The model consists of 19 bodies, see figure 12 – 14, with the material
EN 1.4307 [3], [17]. The pipe, however, does not contain a medium.
Instead a combined density of the stainless steel EN 1.4307 and the
black liquor is applied to the pipes volume. [18]. The material values
of EN 1.4307 are shown in table 6 while black liquor has a density
of 1200 kg/m3 [18]. The combined density is calculated from the
geometry of the pipe and the densities of the materials and gives the
pipe a density of 20761.7 kg/m3 . Only the density is different for the
pipe with regard to the rest of the model.
Table 6: Material data of the stainless steel [3][17]
Temperature Density
E
α
◦
3
−
1
[ C]
[kg/m ] [GPa] [C 10−5 ]
175
7930
187,1
1,650

Figure 12: Sliding shoe with the parts 1-7 numbered.
The mesh setting used for all the parts as well as the element size is
seen in table 8 together with a description of the part with regard to
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3.6 methods

Figure 13: Sliding shoe with the parts 8-15 numbered.

Figure 14: Sliding shoe with the parts 16-19 numbered.

figure 12 – 14. The parts for which the mesh is changed are shown
in table 7 that shows element size, total number of elements and the
total number of nodes. All elements are defined as quadratic.

3.6

methods

All the methods used to evaluate the sliding shoe will be described in
this section individually to cover the different contact types and contact formulations used in each method. Five methods were defined
to be evaluated against each other. They are divided into Method A –
E and are described as follows.
Method A will have the same contact type Bonded between all bodies
except between the two clamps and the pipe. Between those three No
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3.7 computer

Table 7: Element size of the clamps and the pipe. Number of elements
for each model together with the number of nodes are also
listed
Element size Elements Nodes
2mm
665626
3186539
3mm
233746
118679
4mm
100929
553723
72074
395609
5mm
6mm
54126
298453

Separation is defined. The contact formulation regardless of bonded
or No Separation is Pure Penalty.
Method B will have the same contact type between the bodies as
Method A but will have the contact formulation Augmented Lagrange
between the contacts surfaces instead of Pure Penalty.
Method C will have the same contact type between the bodies as
Method A and B but will have the contact formulation Normal Lagrange between the contacts surfaces.
Method D will be based on the results between Method A-C. The
contact formulation MPC will replace the contact formulation from
the best method compared for the contact type Bonded. This while
the original contact formulation will be the same for the contact type
No Separation, between the two clamps and the pipe.
Method E is based on the results from the evaluation between MPC
and the previous results. Where No Separation are defined, Frictionless is the contact type replacing it.

3.7

computer

The calculations are performed on a CPU with 4 cores at 2,70 GHz
each with 250 GB of RAM.

3.8

evaluation of results

The results are evaluated from different factors. How the results converge, time each model takes to simulate, singularity and unreasonable phenomena within the model.
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Table 8: Part numbers with description and mesh setting and size
Part No.
Description
Mesh setting
Element size
1
Pipe No.1
Sweep Method in the Y-direction
20mm
2
Pipe No.2
Sweep Method in the Y-direction
Table 7
3
Steel Angle No.1
Automatic Method
6mm
Steel Angle No.2
Automatic Method
6mm
4
5
Steel Angle No.3
Automatic Method
6mm
6
Bottom Clamp
Multizone
Table 7
7
Top Clamp
Multizone
Table 7
8
Clamp weld No. 1
Sweep Method in the Y-direction
2mm
9
Clamp weld No. 2
Sweep Method in the Y-direction
2mm
10
Clamp weld No. 3
Sweep Method in the Y-direction
2mm
11
Clamp weld No. 4
Sweep Method in the Y-direction
2mm
12
Steel Angle Weld No. 1
Automatic Method
2mm
13
Steel Angle Weld No. 2
Automatic Method
2mm
14
Steel Angle Weld No. 3
Automatic Method
2mm
15
Steel Angle Weld No. 4
Automatic Method
2mm
16
Clamp Ring No.1
Multizone
Table 7
17
Clamp Ring No.2
Multizone
Table 7
18
Clamp Ring No.3
Multizone
Table 7
19
Clamp Ring No.4
Multizone
Table 7

3.8 evaluation of results
18

3.8 evaluation of results

If the stresses of the model converge or not will be measured through
a linearization along a path at a point of interest in the model. This
is done within Ansys with regard to the element sizes. The time measured is the total CPU time the calculations took and will therefore
be independent on the number of processes used for the simulations.
Possible singularities are to be identified together with unreasonable
results.
Welds will be evaluated according to the Hot Spot Method if stresses
in these areas are considered to be of importance.
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4
R E S U LT S

This chapter will present the results obtained from the method presented in chapter 3. Each method will be presented separately except
the time for each method which will be presented at the end of this
chapter.
The position where the convergence was measured can be seen in
figure 15. A path was created through the clamps and stresses was
measured through the thickness of the clamps for all of the methods.

Figure 15: Position where the path through the clamp was evaluated.

4.1

method a - pure penalty

The convergence of Method A with the contact formulation Pure
Penalty, at the critical position table, gave the stress relation as seen in
figure 16. The lengths of 1mm, 3mm, 5mm and 7mm are the distance
from the top surface of the clamp down through the clamp is shown
in figure 15.
Figure 17 shows the sliding shoe without the pipe. Singular points
are observed at the edges of the clamps and at the upper clamp where
the radius ends.
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4.2 method b - augmented lagrange

Figure 16: Stress convergence for different element sizes in Method
A.

Figure 17: Singularities observed on the inner edge of the clamps.
The upper clamps singular points stresses were measured with regards to the element size of Method A. The results from this can be
seen in figure 18. No singularities were observed for the element size
6mm.

4.2

method b - augmented lagrange

The convergence, of method B with the contact formulation Augmented Lagrange, through the clamp gave the same convergence as
observed in figure 16. When studying the inner edges of the clamps
the same singular points were also observed, as seen in figure 17 and
18.
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4.3 method c - normal lagrange

Figure 18: Singularities measured at the upper clamp in Method A.
4.3

method c - normal lagrange

The method with the contact formulation Normal Lagrange was simulated but did not keep contact between the clamps and the pipe.
Thus not providing any results.

4.4

method d - mpc

The convergence of method D with the contact type No Separation
and contact formulation MPC through the clamp gave the same results as observed in Method A and B.

4.5

problem identification

When changing the contact type from No Separation to Frictionless
between the clamps and the pipe a displacement of the entire sliding shoe was observed. This was handled by adding another boundary condition to the cross section of the pipe on the opposite side of
the sliding shoe, the same cross section where the force was applied.
By locking the cross section in the X-direction this phenomenon was
avoided.
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4.6 method e - frictionless with pure penalty

4.6

method e - frictionless with pure penalty

The convergence of method E with the contact type Frictionless and
contact formulation Pure Penalty through the clamp gave the following stress relation, figure 19.

Figure 19: Stress convergence for different element sizes in Method E.
At the location where the screw was defined on the clamps the following stresses was observed, figure 20.

Figure 20: Close up on the screw connection to the clamp with Pure
Penalty. The element size is 2mm.
The edges on the clamps in Method E showed a reduced number of
singular points, figure 21.
How the stresses changed with the length of the pipe for both Method
A and Method E can be seen in figure 22.
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Figure 21: The bottom clamps edges showed a reduced number of
singular points for Method E.

Figure 22: Stress variations along the length of the pipe in Method E.
4.7

method f - frictionless with mpc

The convergence of method F with the contact type Frictionless between the pipe and clamps with contact formulation Pure Penalty
and contact type Bonded with contact formulation MPC showed the
same converging results as Method E through the clamp, see figure
19.
The location where the screw was defined can be seen in figure 23.
Between the two parts elevated stresses were observed.

24

4.8 time

4.8

time

The CPU time measured for all methods, except Method C, can be
observed in figure 24. The time is plotted against the element sizes of
the methods.

Figure 23: Close up on the screw connection to the clamp with MPC.
The element size is 4mm.

Figure 24: CPU time for Method A, B, D, E and F.
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5
DISCUSSION

5.1

general discussion

SSG have evaluated sliding shoes for a specific case. Issues have
started to occur when companies that use this standard are designing piping systems. When industries need to expand production at
elevated temperatures the critical loads the sliding shoe needs to handle are steadily increasing. Reality have caught up with the standard
which was last updated 2008. This thesis has not evaluated critical
loads that sliding shoes can handle. This thesis has instead evaluated several models in order to conclude which method that can be
applied for different temperatures, pressures and all available dimensions, even new ones if necessary. In order to evaluate new vertical
loads.

5.2

delimitations and assumptions

In chapter 2 different theories on how to apply forces or evaluate
welds was mentioned, but is not used in any of the models. In this
section the theories that was not used in the Method A-F will be
explained why they were excluded. Assumptions made to be able to
create the models to evaluate are also discussed in this section.

Applying the force

When applying the force to the model several methods described possible ways to accomplish this [6]. By defining a point to the cross section of the pipe a load was easily applied to that specific point, figure
11. The option to use “the sliding plane approach” was avoided because it was mainly applicable for thick pipes. The pipe used in this
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thesis is not thick, according to SS-EN 13480-3 [3]. The cross section
method with a non-deformable connection between the point and the
cross section was not used. This because the cross section was locked
to the point. When applying the pressure to the inside of the pipe
the pipe will not expand at the cross section resulting in high stresses
at this part of the pipe. This is not preferred in the model because it
does not resemble what is actual happening. To allow ovalization the
deformable method was used when defining the point to the cross
section.

Assessment of Welds

When it comes to evaluating welds in the models the Hot Spot Method
is the best method in this case. The Nominal Stress Approach is only
applicable when the geometries of the model are simple. For the
sliding shoe the four steel angles and clamps are welded together creating a too complex geometry to evaluate simply from a single fatigue
class. The Effective Notch Method will avoid singular points to occur
in the welds but as mentioned by [9] should only be used if the Hot
Spot Method or Nominal Stress Approach cannot be used. Until now
ÅF has not included any welds when evaluating models. This is interesting because according to [9] for the case when two bodies meet
and are applied with bending moment the results in the welds will
be non-conservative. This is not desirable because it will make the
evaluator believe that the weld could withstand a higher load than
in reality. Not taking the welds into account is not preferable and
the welds were therefore modelled. This is needed because it would
be impossible to determine if the loading case was would be a pure
normal load or a bending moment. This would result in uncertainty
when evaluation if the results are conservative or not. The Hot Spot
Method was chosen to be the evaluation method for the welds if they
should become a critical point in the model. In this thesis the utilization in the welds was low and the Hot Spot Method was therefore
not applied. It should nevertheless be considered to be a part of the
method determined to be optimal when evaluating sliding shoes.

Contact types

In order to make a model as realistic as possible several contact types
were tested. For the contact surfaces of parts either welded together
or bodies divided Bonded was chosen. This because the surfaces
are connected in the normal direction and the tangential direction,
resulting in a solid body in the model. This is not useful for the
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contact between the pipe and the two clamps. In reality the friction
will lock the clamps to the pipe in a fixed position. When the applied
load is greater than the frictional force the pipe will move. So if the
clamps were defined as Bonded to the pipe they would be merged
together as a solid part. This would not be an accurate model. Instead
the contact type should be Friction, this is not the case in this thesis.
When using Friction, the time the calculation take is longer than for
the contact types No Separation and Frictionless. This because it
allows motion in both the normal- and tangential direction, resulting
in a larger amount of calculations. Early tests, not presented in this
thesis, showed that the calculations where to long for this contact
type.
The system that the sliding shoe was applied to is symmetrical and
the loading condition applied will not cause the pipe to move within
the clamps. Because of the increased calculation time Friction require
to provide results and because of that the pipe will not be displaced
between the clamps due to the symmetry, No Separation and Frictionless was used in this thesis. Short times is essential when using
the Finite Element Method due to expensive licenses.

Dimension

The dimension of the sliding shoe DN350 was chosen because consultants at ÅF have had issues with that specific dimension in the past.
For the method the dimension does not matter. The method is developed to be applicable across dimension for sliding shoes of the same
type, which is in line with the goal of this thesis.
When designing the sliding shoe in Creo the seal weld on the inside
of the steel angles is not stated in the standard. Because of this, the
angle was set to be the same as the weld on the outside. The seal weld
is not considered to be of any structural importance for the model as
a whole.
In the same way as DN350 was chosen, the medium within the pipe
was chosen from experience of the consultants at ÅF. The heaviest and
most common fluid used as medium within the pipes is black liquor.
To avoid modelling the black liquor inside the pipe the density of
both the black liquor and the steel was calculated to be compressed
into the volume of the pipe. To consider the distributed force, the
pipe and medium will be more realistic. When the size of the pipe
increases this load will also increase and the applied load to the end
of the pipe will become smaller. To exclude the distributed force
would not be accurate.
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method discussion

In the process of defining the methods the objective was to gain as
much information as possible with the fewest amount of simulations.
This was achieved by first comparing the contact formulations for the
contact type No Separation between the clamps and the pipe. No Separation was chosen for the contact between the pipe and the clamps
because it allows some sliding. Bonded is applied to the other contact
surfaces because how the contact type connects two surfaces to each
other. This is optimal when defining bodies that are either modelled
as separate parts or bodies that are welded together.
The best contact formulation from the first three methods was used
to define the contact formulation on the contact type No Separation
when MPC is applied to the Bonded contact surfaces. MPC is considered to be the simplest of the contact formulations because it only
ties two nodes to each other. Because it does this it cannot be applied
to contact types defined to slide and is therefore only applicable to
the Bonded contact surfaces.
From this result the contact type Frictionless was to be evaluated
against No Separation between the clamps and the pipe. The symmetry of the model will allow Frictionless to be a valid contact type
for these surfaces. The contact formulation that was the best from the
evaluation was applied as the contact formulation for Frictionless.
The force was applied to each model at the cross section of the pipe
with a magnitude of 6kN. This is below the allowed force according
to SSG 7151E but of the same order. It was applied only to gain
reasonable results and is not applied to evaluate the critical vertical
load for the sliding shoe. The method presented in this thesis should
be evaluate for a number of different loads in order to gain the critical
load the sliding shoe can be exposed to.
The pressure was chosen to be 18 bar because it has been observed
that for greater dimensions a higher pressure than the one mentioned
in SSG 7151E are of interest. In this thesis the pipe pressure was dimensioned from ÅFs experience. Nevertheless, the method presented
in this report shall work regardless of pressure or applied force in order to evaluate the sliding shoes.
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Computer

For all the models 4 cores was used and the time measured is the
total CPU time for all of those cores. To calculate the real time, division by the number of cores used will get the total time the core
calculations took. Comparing the CPU time between the methods
was chosen because the computer used for the simulations is shared
between several users. It is possible for another user to use the same
4 cores that was used in this thesis but the CPU time will scale the
time depending on how many that are using the cores. By measuring
CPU time, the results became unaffected by other users.
Time was a critical factor in this project. From the start 4 cores was
used consistently through all the calculations. If more cores were to
be used, then the calculation times would be decreased. It is therefore
assumed that for those using the method defined in this thesis are
using the appropriate number of cores for the precision required.

5.4

results discussion

The results presented in chapter 4 will be discussed in this section.
Method A-C are the ones compared against each other at first and
the results will be used to define Method D-F.

Method A, B and C

The convergence was evaluated through the clamp at the same point
for all models. Between method A and B no huge difference was
observed. At 6mm element size, on the two clamps and the pipe,
stresses had yet not converged. For the element sizes 5mm to 2mm
the stresses are considered to have converged for all the models. It
is believed that the stresses will neither increase nor decreases in an
extreme matter but the final stresses will be in a region around what
is gained between 5mm and 2mm element size.
At the edge of the clamps singularities was observed for Method A
and B at the edge of the clamp where the contact to the pipe ends.
At corners the stresses will reach infinity if the mesh is fine enough
in these areas. With fine enough meaning that the number of elements are also reaching infinity. No Separation will not allow motion
between the pipe and the clamps in the normal direction but some
sliding in the tangential direction. It is believed that from this contact
type the singular points are created. When applying a force to a pipe
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that causes bending, the pipe is going to ovalize. When the pipe is
ovalizing the contact type defined in Method A and B will not allow
the pipe to separate from the clamp. This will cause the high stress
areas that are observed in figure 17.
Singularities are also observed at the top clamp at the radius at the
bend. This is the area where the pipe no longer is in contact with the
clamp a sharp corner is defined. Sharp corners are nucleation points
for singularities and the stresses in this area are nothing more than
numerical errors. They do however affect the stresses in the region.
Areas with high stresses was observed for all models except for the
6mm element size models. These areas are believed to be singular
points. Proving that for a coarse mesh singular points will be hidden
within the results. As seen in figure 18 the stresses are increasing and
it is presumed that the stresses are going towards infinity if the mesh
was made fine enough. This is the definition of singular point and
is only a calculation error in the model due to the area of the node
being on an edge, as described in section 2.7.
All results were the same for Method A - Pure Penalty and Method B
- Augmented Lagrange. However, for Method C - Normal Lagrange
no results were gathered because the contact formulation was unable
to keep the contact between the pipe and the clamps. This resulted
in that the pipe expanded through the clamps and was therefore considered not to be reliable.
The only difference between Pure Penalty and Augmented Lagrange
was time. The CPU time was about twice as long for Augmented
Lagrange for the model with 2mm element size for the clamps and
the pipe. For the courser mesh sizes, the time difference was neglectable. Pure Penalty gets the same results as Augmented Lagrange
even though it is less precise contact formulation. As mentioned in
section 2.5 Pure Penalty is more sensitive to the stiffness k N , that
might present results that are less precise. Augmented Lagrange will
provide more precise results but will do this at the cost of time. In
this case the stresses are equal between the methods but the time
to calculate models with Augmented Lagrange is twice for the finer
mesh of 2mm. Because the convergence of the models is the same
but that Pure Penalty will provide the result faster for finer meshes
Augmented Lagrange was excluded from further evaluation.

Method D

Method D had in principle the same results as Pure Penalty. Only
some CPU time difference could be observed (see figure 24) but it was
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not enough to be considered a better method. Because none of them
could be excluded from the evaluation both of them was applied with
the contact type Frictionless, instead of No Separation. Resulting in
Method E and Method F, the later one not mentioned in chapter 3.

Method E and F

When Frictionless was first applied the whole model was displaced.
Because the contact type Frictionless allows the pipe and clamp not
be in contact all the times, ovalization of the pipe in this region is
allowed. From this a force pushed the entire system sideways due
to rotation of the pipe. The displacement applied to the sliding shoe
at the larger steel angles does only prevent motion vertically because
the symmetry of the system was supposed to avoid any movement
of the sliding shoe. So the movement in the X-direction occurred
without any friction. The solution to this was to lock the cross section
of the pipe (where the force was applied) in the X-direction. This will
prevent any motion in the X-direction, even pressure expansions that
was allowed when not defining the remote point as rigid.
The resulting force the X-displacement is exposed to is 0,16µN. This
is considered to be a small negligible force (the load is 6kN). The
high stresses observed and presented in figure 22 are because of the
restrained pressure. According to earlier discussion about how to define the point the force was applied to, without affecting the pressure,
a deformable relation was applied. When locking the pipe in the Xdirection the pressure is restrained. This will increase the stresses at
the cross section and spread along some of the length of the pipe, figure 22. This is a compromise in the method but it does not affect the
area of interest (the sliding shoe with the pipe around that area). It
will be discussed how to avoid this compromise in Future Work later
in this chapter. The stress convergence of method E and F occurred
at the same element size as the previous methods. The value of the
stress however was lower. The methods with No Separation had a
peak value of around 90MPa in the convergence measurements while
the Frictionless measurements had a peak value of around 80MPa.
These results shows that for the methods with No Separation conservative results were provided at the inspected area.
When observing the edges of the clamps (figure 21) for Methods E
and Method F with Frictionless, some patterns of elevated stresses is
still observed but are not considered to be singular points, as they
were in figure 17. At the bottom clamp where the radius of the bend
begins singular points are observed, in the same matter as for Method
A and B. This is the area where the pipe stops being in contact with
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the clamp and will therefore provide a sharp corner resulting in the
singular points. This means that when evaluating methods with Frictionless there will not be a huge amount of singular points to evaluate.
The reduced amount of singular points might explain the reason why
the converged stresses are lower for Frictionless than for No Separation. As seen in figure 22 stresses will create an error that will eventually disappear, in the same way as local errors will disappear globally
as defined by Saint Venant [19]. If singular points with high stresses
are close to regions of interest, elevated stresses might be observed as
seen in Method A and B compared to the convergence of Method E
and F. From this the two methods with No Separation defined as the
contact type was excluded from the evaluation. The singular points
on the edge of the clamps creates too much uncertainties. Because
even if the stresses are conservative in the area investigated on the
clamp, other areas on the sliding shoe might not be conservative because of this. Therefore, Method A and B are excluded.
The parts that was modelled to define the screws in the models are
shown in figure 20 and 23. For method F, with MPC as the contact
formulation, a peculiar stress behavior was observed. The two parts
are defined to be as one without any motion allowed, if not the other
part is experiencing that same motion. From figure 23 local stress
intensity are observed, but is not observed for Pure Penalty, figure
20. This because MPC will tie the nodes for both surfaces to each
other and cannot move. It is believed that pure shear will inflict these
high stresses at the contact surface because of the contact formulation.
The shear force is believed to be the reason for these high stresses in
the contact surface. It was concluded that the MPC method was not
suitable and was therefore excluded from the evaluation.

5.5

discussion summary

The method believed to be the best of the ones mentioned is Method
E. The Frictionless contact type with Pure Penalty as the contact formulation allows ovalization of the pipe that will reduce the number
of singular points on the clamp edges. Between bodies that are either
welded together or the same part in reality Bonded has been used
with Pure Penalty. This avoided peculiar results between bodies that
are the same part, figure 23. The time Frictionless takes to calculate is
by far too long when the model consists of element sizes of 2mm. The
results will however have converged as early as with a 5mm element
size for the clamps and the pipe.
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future work

When enforcing symmetry, the calculation time will be reduced. In
this thesis only one symmetry plane was used. This was because that
the clamps are tilted to the steel angles and does not enable another
symmetry plane. If the clamps were positioned in a symmetrical
matter another symmetry plane could be introduced. This would
not be according to SSG 7151E but is not considered to change the
stability of the construction. If additional symmetry plane were to be
introduced the calculation time of each model would be decreased
for models with the same accuracy.
When the cross section of the pipe was locked in the X-direction for
Method E and F the pressure in this direction was restrained. Tests
was performed on Method E and Method F to only lock one node
in the X-direction but the simulation was unable to achieve any results. This because the 250GB of RAM was not enough to calculate
the model. This is believed to be because the system became ill conditioned. The one node was chosen at a position where the pipe would
not expand in the X-direction (top of the pipe or at the bottom). To
solve this the nodes along the Z-axis should have been chosen and
by that increase the amount of nodes the force is applied on. This
will not affect the expansion of the pressure and should not be ill
conditioned.
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6
CONCLUSION

In accordance with the goal described in section 1.5, the objective
was to find the best method in order to evaluate sliding shoes. The
method concluded to be the best was Method E, see section 5.3. The
following list defines this method.
• The contact types are Bonded and Frictionless
• The contact formulation is Pure Penalty regardless of contact
type
• The point the force was applied to have a deformable connection to the cross section
• The cross section with the force applied to it, is locked in the
X-direction
• The angle steels are locked in the vertical direction
• The Hot Spot Method is used to evaluate welds if the stresses
need to be evaluated
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