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Abstract: 

Brush seals are contact seals which are efficient and reliable and can be 
used in any rotatory machinery. A theoretical model of a brush seal was 
suggested and used for a simulation study. Comparison between the results 
of the experiment and simulation is used to verify the accuracy of model. 
Following the basic simulation steps, more simulation will be done to get 
a further analysis. The further analysis will be studied in bristles’ buckling 
characteristics, deformation and stress. The buckling, stress and 
deformation is related to the brush seal’s performance. This work gives 
the different geometry of bristle’s effect to its buckling characteristics and 
the study of stress and deformation caused by fluid flow across bristles 
during operation. 
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1 Notation 

A Bristle cross-sectional area 

Cp Pressure coefficient  

d Bristle diameter 

D Nominal brush seal bore diameter or rotor outer diameter 

E Young’s modulus 

f Tip force for a single bristle without interbristle friction 

Fcr Euler’s critical load 

Fa Bristle axial force 

Fn Bristle force without friction 

i Radius of gyration 

I Bristle moment of inertia 

l Length between circulation 

lb Length of buckling 

L Length of bristle 

Centre to centre distance to cylinder diameter 

N Number of bristles per mm circumference 

r Radius of bristle 

Re Reynolds number 

U Velocity of flow  

V Average velocity 

Vr Velocity component in r direction 

Vθ Velocity component in θ direction 

Vrs Velocity component on surface in r direction 

Vθs Velocity component on surface in θ direction 

W(z) Complex potential function  

 Correction factor for length 
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s Bristle angle 

r Radial displacement of rotor 

cr Critical stress 

Slenderness 

ψ Stream function  

 Velocity potential  

S Clearance 

μ Dynamic viscosity of the fluid 

ρd Density of the fluid 

k  Curvature 

d  Angle Between Two Normal Lines 

w Displacement of The Bristle Beam 

M Bending Moment 

ΦL  Leakage Factor 

AL Leakage Area 

Pin Inlet Total Pressure 

ma Air Mass Flow 

Tin Inlet Total Temperature 

AL Leakage Area 
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Indices 

a Axial 

c Buckling 

cr Critical 

n None 

r Radial 
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Abbreviations 

FSI  Fluid Structural Interaction 

Re Reynolds Number 

CFD Computational Fluid Dynamics  

CAE Computer-aided engineering   
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2 Introduction 

Brush seals are defined as a set of fine diameter metallic wires densely 
packed between retaining and backing plates. It is made up of a stationary 
brush ring and a rotating land. Each brush ring consists of densely packed 
bristles bound by a front and back plate. Bristles are fixed at the top nodes 
while they are free to move in any direction at the tip touching the rotor 
surface. 

Brush seal as one of the turbine sealing technology is still in the development 
stage. Thanks to their compliant nature and superior leakage performance 
over conventional labyrinth seals, brush seals found increasing use in 
turbomachinery [1]. Utilizing high temperature super-alloy fibres and their 
compliance capability, these seals maintain contact with the rotor for a wide 
range of operating conditions leaving minimal passage for parasitic leakage 
flow [2]. Consequently, the contact force /pressure generated at seal rotor 
interface makes a buckling effect on the bristle.  

Besides, it will create some errors while manufacturing the rotor, which will 
make the rotor move in the eccentric motion. Also, previous researchers 
found that the bristle cannot do eccentric motion immediately under the 
friction force when the rotor offset its axial position or speed up, which is 
called stiffening effect.  However, the bristle cannot reset its position 
immediately, when the rotor is disengaged shift or slow down and this load 
history-related differences called hysteresis [3]. Chupp and Dowler [4] found 
the hysteresis first during the brush seal experiment. Howell and Lattimer [5] 
modelled the single bristle model, which based on the linear beam theory. 
Zhao and Stango [6] modelled the relationship between the bristles and the 
back plate. Basu and his team [7] studied the effect of hysteresis. 
Crudgington and his team [8] analysed the relationship between bristle’s tip 
force and the angle of bristle. 

In summary, the contact force/pressure, rotor eccentric motion and brush 
seals hysteresis characteristics all will affect bristle’s buckling status. This 
buckling effect is of importance for sustained seal performance and longevity 
of its service life. The previous achievements have been seldom related to 
the current work.  Although some analytical and numerical models have been 
developed to estimate the contact force/pressure’s effect on the bristle, they 
simply rely on bristle tip pressures. 
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Figure 2-1 A typical brush seals [3] 

Nowadays, the principal challenge that is currently faced in brush seal 
application is to minimize ware and consequently extend seal life. The 
estimation of the brush seal leakage remains a difficult task. This is due to 
the highly complex behaviour of bristles packed between the sealing plates, 
an accurate estimation is complicated by the fact that the real gain in leakage 
reduction in brush seals depends on many factors. 

 

Figure 2-2 Typical brush seal configurations [9] 

Therefore, in this project, the task has been divided into two separate parts. 
The previously available analytical and/or numerical models for bristle tip 
force/pressure will be referred. In first part, more attention is paid on the 
effect, which will be made by the buckling of bristle. In second part, the 
deformation and stress concentration of brush seal will be analysed using 
fluid structural interaction and pressure loading on brush seal. 
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 Part I. Solid Part Analysis 

3 Theoretical Model 

In order to analyse the buckling characteristic of bristles, one of the goals of 
this work is to calculate the tip force of bristles. For this, a simulation model 
is needed. Three different software are used to build the model of the brush 
seal, MATLAB, Inventor and ABAQUS. Finally, the ABAQUS results are 
used to analyse the bristles’ buckling characteristic. 

3.1 Numerical Method 

The figure 3.1 shows a force diagram of a single bristle in the absence of 
friction. L is the length of the bristle, θs is the bristle in the rotor surface of 
the installation angle (called the bristle angle), r is the radial displacement 
of the rotor, and Fn is the bristle reaction force. 

 

Figure 3-1 Single Bristle Force [2] 

As a starting point for bristle tip force calculations, generally linear beam 
theory calculations are employed by many researchers, Flower [10] and Modi 
[11], Long and Marras [12]. The most general form of differential equation 
for elastic beam bending is as follows, 
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  3.1  

where ρ is the radius of curvature, and E and I are the elastic modulus of the 
beam material and its moment of inertia, respectively. The solution of the 
general beam bending equation can easily be obtained by integrating 
equation. Considering the loading of a bristle in a frictionless brush seal, the 
solution for a cantilever beam in simple bending given by Young [13]. 

    3.2  

For a typical brush seal, the following relations can be written for Fn, 
considering the relative displacements are provided in radial direction. 

   3.3  

And the bristle moment of inertia is, 

    3.4  

 

3.2 Theoretical Model in Autodesk Inventor 

Autodesk Inventor is a computer-aided design application for creating 3D 
digital prototypes, and it is used in the design, visualization and simulation 
of products. The model of bristle seal in Autodesk Inventor is based on the 
geometry which is decided by reference value. 

 

Figure 3-2 The geometry of experiment model [2] 
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‘Seal #8’ is selected as it shows good agreement with the experimental results. 
The simulation result will be compared with its experimental result in the 
later step. Each bristle and plate model can be built in Autodesk Inventor. 
Due to this method, each geometry of model will be modified without 
changing the structure of the model. The advantage of this method will make 
the model more stable, and create fewer errors when a new geometry model 
is created. 

 

Figure 3-3 Theoretical model in Inventor 
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3.3 Solid Analysis in ABAQUS 

ABAQUS is a software application. It is used for modelling, analysis of 
mechanical components, assemblies (pre-processing) and visualizing the 
finite element analysis result. The main reason for using ABAQUS is to 
calculate model’s tip force. All the ABAQUS settings are shown in Appendix 
part. 

 

Figure 3-4 Theoretical model in ABAQUS 

The Inventor models are imported into ABAQUS. To get an accurate result, 
all settings are based on experimental settings, which can be found in 
reference [3].  The ABAQUS results are finally used in the bristles’ buckling 
analysis, and 120 different geometrical models’ simulations are done in 
ABAQUS. 
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4 Simulation Results and Verification 

In order to justify the accuracy of the ABAQUS results, three different 
methods’ results are compared.  If the results are similar, it will be acceptable 
to use the ABAQUS results to analyse the bristles’ buckling characteristic. 

4.1 Experimental Results 

To check the accuracy of the numerical model, the result of experiment and 
simulation is necessary to be compared. If the results are similar, the accuracy 
of the numerical will be acceptable.  

Based on the experiment, a computerized force measuring machine with an 
80 N load transducer was used for these tests. The resolution of the load 
sensor was 0.0001 and the resolution of the displacement sensor was 0.005 
mm. A matching shoe measuring 129.54 mm in diameter and 12.7 mm in 
width, was used to load the bristles [2]. 

Besides, a typical brush seal consists of thousands of bristles, which interact 
with one another. In an ideal frictionless case, the tip force of a seal can easily 
be calculated as the sum of the tip forces for all the bristles in the brush seal 
as, 

   4.1  

In the equation (4.1), D is nominal brush seal bore diameter, N is number of 
bristles per mm circumference and f is tip force for a single bristle without 
interbristle friction. 
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4.2 Comparison between Simulation and 
Experiment 

Through three different methods (theoretical, numerical, and experimental), 
3 different maximum tip forces for single bristle can be calculated. These 
three results are combined in Matlab. 

 

Figure 4-1 The comparison of three methods' results 

From the figure 4.1, it shows that ABAQUS tip force result is 2.74 mN, 
experimental result is 2.61 mN and theoretical result is 2.38 mN. If the 
experimental result is set as standard result, the ABAQUS result only makes 
4.9% errors. Therefore, the result from ABAQUS simulation is acceptable. 

In further way, five-bristle model is built in same way, and compared with 
the experimental result. The result is shown as below, 
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Figure 4-2 The comparison between ABAQUS and 
experiment 

From the figure 4.2, the numerical results in the loading process are almost 
the same as the experimental results, and the error is very small. However, 
there is a big error between numerical results and the experimental results in 
the unloading process. Since the experimental results are obtained at a 
determined loading and releasing rate, but the numerical simulation is to 
divide the calculated radial motion of the rotor into several load steps, each 
of which is regarded as an equilibrium state. This equilibrium state doesn’t 
consider the effect of time and deformation. In the experiment, due to the 
rapid radial movement of the rotor, the bristles cannot follow the rotor in time 
during the releasing process, which causes the contact force between the 
bristles and the rotor surface to be smaller than the numerical result [3]. 

In this work, the maximum tip force is more important to be studied, so some 
errors, which happens in releasing process will not be an obstacle for the 
further study. Through the comparison, the results can show that this 
theoretical model and simulation method can get the familiar results with the 
reality situation. Therefore, these model is acceptable for the further study. 
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5 Bristle Axial Force Analysis 

The main parameter which is used to analyse the bristles’ buckling 
characteristic is the axial force, therefore the method of calculating the axial 
force is contained in this chapter. Besides, the Euler’s critical load and safety 
factor are introduced in this chapter. Finally, the safety factor can be judge 
the level of the bristles’ buckling characteristic. 

Due to the limitation of the experimental data and the theoretical method 
accuracy, the bristles in this thesis is limited to the small-scale brush seals. 
Two reasons are listed as follows: 

1. To ensure the accuracy of the simulation results, the comparison which 
is shown in chapter 4, will be done randomly among various models. 
Since the stable experimental data is mostly based on small-scale brush 
seals, the model in this thesis should be small scale for being verified. 

2. Generally, the big-scale model will suffer more complicated deformation 
than small-scale model does. Therefore, the small-scale model will get 
an accurate result through using the general theoretical method. 

Because of these two reasons, a range for simulation model will be given and 
all conclusions are applicable only in this scale range. 

 

5.1 Euler’s Critical Load 

In sciences, buckling is a mathematical instability that leads to a failure mode. 
An ideal column is one that is perfectly straight, made of a homogeneous 
material, and free from initial stress. When the applied load reaches the 
critical Euler load, the column reaches an unstable equilibrium. At that load, 
the introduction of the slightest lateral force will cause the column to fail by 
suddenly "jumping" to a new configuration, and the column is said to have 
buckled.  The formula derived by Euler for long slender columns is given 
below [14]. 

   5.1  

For one end fixed and the other end free to move laterally,  is equal to 2. 
Therefore, the formula will be written like, 
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   5.2  

Through this formula, each bristle’s Euler’s critical load can be decided, and 
next step is to calculate the practical load, which suffered by bristle. 

5.2 Practical Bristle Axial Force 

Following the step, which is presented in Chapter 4, a new geometry model 
will be built to calculate the practical load. The most important geometry 
parameters are the vertical angle, the length of the bristles and the diameter. 
The base values for three parameters are 35°, 12mm and 0.0913mm, 
respectively. 

 

Figure 5-1 The comparison between ABAQUS and 
Theoretical method 

The theoretical method shows the result of the bristles tip force is 2.4 mN, 
and the ABAQUS method shows the result is 3.1 mN. It can be found in 
Chapter 4, and the theoretical method always has a large difference compared 
to ABAQUS results and experimental result. Therefore, this difference is 
allowable. Since the practical force, which will be compared with Euler’s 
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critical load is in the direction of bristle’s axis, the resolution of a force 
should be done. 

 

Figure 5-2 The calculation of axial force 

In the figure 5.2, react force is already calculated by ABAQUS simulation, 
and axial force is the practical load, which need to compare with Euler’s 
critical load. Obviously, the formula can be written as, 

  5.3  

   5.4  

Through the comparison between practical load Fa and Euler’s critical load 
Fcr, the reliability of the bristle will be found. Then, this method is used to 
transfer the ABAQUS results of bristles’ tip force into axial force. 
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5.3 Safety Factor  

Safety factor is a term describing the load carrying capacity of a system 
beyond the expected or actual loads. Essentially, the factor of safety is how 
much stronger the system is than it usually needs to be for an intended load. 
Many systems are purposefully built much stronger than needed for normal 
usage to allow for emergency situations, unexpected loads, misuse, or 
degradation (reliability). In this work, the safety factor is used to judge the 
level of bristle’s characteristic. 

5.3.1 Practical Safety Factor 

The safety factor is how much the designed part will be able to withstand, 
and the safety factor is a ratio of maximum strength to intended load for the 
actual item that was designed. The formula can be written as, 

  5.5  

 

5.3.2 Design Factor 

The design factor is a standard to judge the safety of the product, and it is 
defined for an application and is not an actual calculation. Therefore, when 
the practical safety factor is larger than design factor, the reliability of the 
product will be ensured. The way how to decide the design factor will be 
studied here. 

Thanks to the tool book [15], the following step will be calculated in turn to 
get the design factor.  

From the tool book, if the rod firmly threaded at one end and free in the other 
side, the factor cd will be 2.1. 

Then the radius of gyration will be, 

   5.6  
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In the equation (5.6), I is the moment of inertia, A is the section area of 
bristle, and r is the radius of bristle. Next step fact  will be calculated, the 
formula can be written as, 

   5.7  

In the equation (5.7), lb is buckling length, which can be calculated as, 

   5.8  

Besides, cr is the critical stress, and it will be calculated as, 

   5.9  

Then the equation (5.7) will be simplified as, 

 5.10  

Since the length of bristle will not larger than 25 mm, the factor  will be 

set as 0.34. And a new factor  will be, 

  5.11  

Then, the factor  will be, 

   5.12  

Finally, the design factor will be, 

  5.13  

It means when the practical safety factor of bristle is larger than 1.844, the 
good buckling performance of the bristles will be ensured. Next chapter, a 
large number of models will be simulated to find that the influence of every 
geometries to the bristles’ practical safety factor of buckling. 
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6 Buckling Analysis under Rotor 
Eccentric Motion 

In this chapter, the ABAQUS results of bristles’ tip force has been transferred 
into axial force, and the results are combined into matrix in Matlab. Then the 
several graphs are modelled to analyse the bristles’ buckling characteristic. 
The level of the bristle’s characteristic is judged by safety factor. The higher 
level the safety factor is, the lower possibility the buckling failure occurs. 
The higher level of safety factor can bring better buckling performance to 
brush seal. Besides, there are three conditions, which need to be explained. 

Firstly, because the rotor will do the eccentric motion, which is explained in 
the introduction, all forces on bristles are caused by the displacement of rotor. 
The displacement value is set as 0.64mm, because it is easy to compare the 
results with the experimental results. 

Secondly, only the axial force of bristles is considered to do buckling analysis 
in this thesis. Therefore, all the results are based on these two conditions.  
Thirdly, a large number of simulations have been done, and there are three 
main geometrical variables; length of bristle, diameter of bristle and vertical 
angle.  Each two geometrical variables will be combined to study their effect 
to the safety factor in Matlab. Due to the limitation of the model’s scale, (the 
reason which has been studied in chapter 5), the scale range set as, 

1. The length of bristle is from 7mm to 23mm 

2. The diameter of bristle is from 0.08mm to 0.16mm 

3. The vertical angle is from 25° to 65° 
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6.1 Length and Angle’ Effect to Safety Factor 

In this part, the diameter of bristle is constant, which is equal to 0.08mm. The 
length and the angle are set as two geometrical variables to study their effects 
on the safety factor. Therefore, the result is given below, 

 

Figure 6-1 The relationship of length, angle and safety 
factor 

From the figure 6.1, it shows that the increasing of length and angle both 
make positive effect to bristle’s safety factor, but it cannot show very clearly. 
Therefore, studying in two different direction views is necessary. Each 
direction will show each one geometrical variable’s effect on the safety factor. 
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6.1.1 Length’s Effect to Safety Factor in A-L Relationship 

In this part, the figure 6.2 will be shown in length direction, and the figure 
which shows the relation between the length and safety factor can be given 
below, 

 

Figure 6-2 The relationship between length and safety 
factor 

In this figure 6.2, it shows clearly when the length is increasing, the safety 
factor is increasing as well. The black lines show the effect of the length on 
the safety factor while the angle and the diameter keep constant.  There are 
nine black lines, and it means that there are nine different angles, but each 
line the angle is unchangeable. Therefore, the conclusion in this part is that 
the length makes positive effect to safety factor and is similar to linear 
relationship. However, it is obvious when the length increase, the Euler’s 
critical load decreases. The reason why causes this situation will be explained 
in later chapter.  
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6.1.2 Angle’s Effect to Safety Factor in A-L Relationship 

In this part, the figure 6.3 will be shown in angle direction, and the figure 
which shows the relation between the angle and safety factor can be given 
below, 

 

Figure 6-3 The relationship between angle and safety 
factor 

In this figure 6.3, it shows clearly when the angle is increasing, the safety 
factor is increasing as well. The black lines show the effect of the angle on 
the safety factor while the length and the diameter keep constant. There are 
nine black lines, and it means that there are nine different lengths, but each 
line the length is unchangeable. Therefore, the conclusion in this part is that 
the angle makes positive effect to safety factor and is similar to a quadratic 
relationship. Whether this positive effect is correct will be verified in later 
chapter.  
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6.2 Diameter and Angle’ Effect to Safety Factor 

In this part, the length of bristle is constant, which is equal to 7mm. The 
diameter and the angle are set as two geometrical variables to study these two 
variables’ effect to safety factor. Therefore, the result is given below, 

 

Figure 6-4 The relationship of diameter, angle and safety 
factor 

From the figure 6.4, it shows that the increasing of angle makes positive 
effect to bristle’s safety factor and the diameter makes rare effect, but it 
cannot show very clearly. Therefore, studying in two different direction 
views is necessary. Each direction will show each one geometrical variable’s 
effect to safety factor as usual. 
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6.2.1 Diameter’s Effect to Safety Factor in A-D Relationship 

In this part, the figure 6.5 will be shown in diameter direction, and the figure 
which shows the relation between the diameter and safety factor can be given 
below, 

 

Figure 6-5 The relationship between diameter and safety 
factor 

In this figure 6.5, it shows clearly when the diameter is increasing, the safety 
factor is making rare change. The black lines show the effect of the diameter 
on the safety factor while the angle and the length keep constant. There are 
nine black lines, and it means that there are nine different angles, but each 
line the angle is unchangeable. Therefore, the conclusion in this part is that 
the diameter makes rare effect to safety factor. However, it is obvious when 
the diameter increase, the Euler’s critical load increase as well. The reason 
why there is almost no effect to safety factor will be explained in later chapter.  
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6.2.2 Angle’s Effect to Safety Factor in A-D Relationship 

In this part, the figure 6.6 will be shown in angle direction, and the figure 
which shows the relation between the angle and safety factor can be given 
below, 

 

Figure 6-6 The relationship between angle and safety 
factor 

In this figure 6.6, it shows clearly when the angle is increasing, the safety 
factor is increasing as well. The black lines show the effect of the angle on 
the safety factor while the length and the diameter keep constant. It seems 
like one black line, though there are nine different diameters. It means the 
diameter make rare effect to safety factor which can’t be shown in this figure. 
Whatever, the conclusion in this part is that the angle makes positive effect 
to safety factor and familiar with quadratic relationship as the conclusion in 
A-L relationship. Whether this positive effect is correct will be verified in 
later chapter as well.  
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6.3 Length and Diameter’ Effect to Safety Factor 

In this part, the angle of bristle is constant, which is equal to 25°. The length 
and the diameter are set as two geometrical variables to study these two 
variables’ effect to safety factor. Therefore, the result is given below, 

 

Figure 6-7 The relationship of length, diameter and 
safety factor 

From the figure 6.7, it shows that the increasing of length makes positive 
effect to bristle’s safety factor and the diameter makes rare effect, but it 
cannot show very clearly. The conclusion is still familiar with pervious one 
and studying in two different direction views is necessary as usual. Each 
direction will show each one geometrical variable’s effect to safety factor. 
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6.3.1 Length’s Effect to Safety Factor in L-D Relationship 

In this part, the figure 6.8 will be shown in length direction, and the figure 
which shows the relation between the length and safety factor can be given 
below, 

 

Figure 6-8 The relationship between length and safety 
factor 

In this figure 6.8, it shows clearly when the length is increasing, the safety 
factor is increasing as well. The black lines show the effect of the length on 
the safety factor while the angle and the diameter keep constant. It seems like 
one black line, though there are nine different diameters. It means the 
diameter make rare effect to safety factor which can’t be shown in this figure.  
Therefore, the conclusion in this part is that the length makes positive effect 
to safety factor and familiar with linear relationship as usual. And it is a 
familiar with the conclusion, which makes in A-L relationship. 
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6.3.2 Angle’s Effect to Safety Factor in L-D Relationship 

In this part, the figure 6.9 will be shown in diameter direction, and the figure 
which shows the relation between the diameter and safety factor can be given 
below, 

 

Figure 6-9 The relationship between diameter and safety 
factor 

In this figure 6.9, it shows clearly when the diameter is increasing, the safety 
factor is making rare change. The black lines show the effect of the diameter 
on the safety factor while the angle and the length keep constant.  There are 
nine black lines, and it means that there are nine different lengths, but each 
line the length is unchangeable. Therefore, the conclusion in this part is that 
the diameter makes rare effect to safety factor. It gets a familiar conclusion 
with which makes in A-D relationship. The reason why there is almost no 
effect to safety factor will be explained in later chapter.  
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6.4 The Verification of the Results’ Accuracy 

6.4.1 The Length’s Effect 

In the previous chapter, the conclusion is that the length makes positive effect 
to the safety factor, and it can be proved by figure below, 

 

Figure 6-10 Comparison of the length's effect 

Besides, the figure 6.10 shows that the relation between length and safety 
factor access to the linear formula. However, it is pointed out when the length 
increase, the Euler’s critical load decreases. Generally, when the Euler’s 
critical load decreases, the safety factor should decrease as well, but the 
change of the practical load is ignored. Therefore, the theoretical method is 
used to get the equation of safety factor.  Firstly, it is the equation of the 
practical load. 

   6.1  

  6.2  

And, it is the equation of Euler’s critical load, 

   6.3  

Then, the equation of safety factor can be calculated as, 

 6.4  
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From the equation (6.4), it can be found that since the diameter and angle is 
unchangeable, the equation which multiplied by L can be seemed as a 
constant value. Therefore, there will be a familiar linear relationship between 
the length and safety factor. The ABAQUS simulation result is satisfied with 
the theoretical result, so the length’s effect conclusion is acceptable. 

 

6.4.2 The Diameter’s Effect 

In the previous chapter, the conclusion is that the diameter makes rare effect 
to the safety factor, and it can be proved by figure below, 

 

Figure 6-11 Comparison of the diameter's effect 

The theoretical equation of safety factor also can explain this situation. 
Although when the diameter increase, the Euler’s critical load increase as 
well, the equation of safety factor cannot be made by diameter. In this 
equation, 

 6.5  

There is no variable of diameter, so the ABAQUS simulation result is 
satisfied with the theoretical result, and the diameter’s effect conclusion is 
acceptable. 
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6.4.3 The Angle’s Effect 

In the previous chapter, the conclusion is that the angle makes positive effect 
to safety factor and familiar with quadratic relationship. It can be proved by 
figure below, 

 

Figure 6-12 Comparison of the angle's effect 

The theoretical equation of safety factor also can explain this situation. 
Although angle has no relationship with Euler’s critical load, it makes effect 
to practical force. Due to the equation of safety factor, 

 6.6  

It can be found if it describes that the effect is familiar with quadratic 
relationship, the conclusion will not be accurate. Actually, it is more familiar 
with trigonometric relationship. However, the ABAQUS simulation result is 
still satisfied with the theoretical result, so the angle’s effect conclusion is 
acceptable. 
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6.5 All Geometrical Variables’ Effect to Safety Factor 

In these part, all geometrical variables are considered. As the result, a 4D 
figure model will be built below, 

 

Figure 6-13 The relationship of three geometrical values 
and safety factor 

In this figure 6.3, every axis takes present of three different geometrical 
variables, and the colour shows each area’s safety factor. However, the 
conclusion is hard to be shown from this figure directly. Therefore, studying 
in three different direction views is necessary. Every direction will show each 
two geometrical variables’ effect to safety factor. The different between this 
figure and previous three figures are that this figure will show which 
geometrical variables will make a larger effect to safety factor. 
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6.5.1 Comparison between Length and Angle’s Effect 

Firstly, the vision of the figure will be shown in length and angle direction, 
so it will give the relationship among length, angle and safety factor. The 
figure is as below, 

 

Figure 6-14 The relationship of length, angle and safety 
factor 

From the figure 6.14, it can be found that if the line which angle equals to 45 
is selected, when the length increases, the safety factor has a large change in 
only some specific areas like length equals to 0.01, 0.012,0.014 and 0.016. 
In other length area, the safety factor is familiar with 10. If another angle line 
is selected, this characteristic is also suitable. Then, if the line which length 
equals to 0.017 is selected, when the angle increases, the safety factor 
changes from 1 to 40, and this characteristic is also suitable for other length 
line. Therefore, the conclusion is when the length and angle of bristle change 
in the same time, the change of angle will make a larger effect to safety factor 
than the change of length do. 
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6.5.2 Comparison between Angle and Diameter’s Effect 

Secondly, the vision of the figure will be shown in angle and diameter 
direction, so it will give the relationship among angle, diameter and safety 
factor. The figure is as below, 

 

Figure 6-15 The relationship of diameter, angle and 
safety factor 

From the figure 6.15, it can be found that if the line which angle equals to 45 
is selected, when the diameter increases, the safety factor has rare change in 
all areas and the safety factor is always equal to 10. If another angle line is 
selected, this characteristic is also suitable. Then, if the line which diameter 
equals to 1.2 is selected, when the angle increases, the safety factor changes 
from 1 to 40, and this characteristic is also suitable for another diameter line. 
Therefore, the conclusion is when the diameter and angle of bristle change 
in the same time, the change of angle will make a larger effect to safety factor 
than the change of diameter do. 
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6.5.3 Comparison between Length and Diameter’s Effect 

Secondly, the vision of the figure will be shown in length and diameter 
direction, so it will give the relationship among length, diameter and safety 
factor. The figure is as below, 

 

Figure 6-16 The relationship of length, diameter and 
safety factor 

From the figure 6.16, it can be found that if the line which length equals to 
0.015 is selected, when the diameter increases, the safety factor has rare 
change in all areas and the safety factor is always equal to 50. If other length 
line is selected, this characteristic is also suitable. Then, if the line which 
diameter equals to 1.2 is selected, when the length increases, the safety factor 
changes from 50 to 60, and this characteristic is also suitable for another 
diameter line. Therefore, the conclusion is when the diameter and length of 
bristle change in the same time, the change of length will make a larger effect 
to safety factor than the change of diameter do. 
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6.6 The Conclusion of the Bristle’s Buckling 
Characteristic 

The characteristic of each geometrical variable keeps stable not only in 3D 
figure, but also in 4D figure analysis. In the big picture, when the general 
buckling characteristic of the bristle of brush seals is studied, it is found that, 

1. The increasing of the length of the bristles will improve the safety factor 
of buckling. There is an almost linear relationship between the bristle’s 
length and safety factor.  

2. The increasing of the diameter of the bristles will make rare effect to the 
safety factor of buckling. But, the increasing of diameter will improve 
the bristle’s Euler’s critical load. 

3. The increasing of the angle of the bristles will improve the safety factor 
of buckling. There is an almost trigonometric relationship between the 
bristle’s angle and safety factor. 

Above three results provide a reference for modifying a single parameter in 
an engineering program. After further study, it can be found a further 
conclusion, 
1. When the length and angle of bristle change simultaneously, the change 

of angle will make a larger effect on safety factor than the change of 
length does. 

2. When the diameter and angle of bristle change simultaneously, the 
change of angle will make a larger effect on safety factor than the change 
of diameter does. 

3. When the diameter and length of bristle change simultaneously, the 
change of length will make a larger effect on safety factor than the change 
of diameter does. 

These three conclusions can be referred when the bristle design can modify 
all three geometrical variables in an engineering program. The influence of 
three geometrical variables to the safety factor of buckling from obvious to 
rare is the vertical angle, the length of bristle and the diameter of bristle. The 
higher level of safety factor can bring better buckling performance to brush 
seal. 
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Part II. Fluid-Solid Coupling 
Analysis 

7 Analysis Breakdown for Brush Seal 

In this part, the structural and fluid interactions of a brush seal are discussed. 
The brush seal during performance under goes two types of loads, one being 
displacement by the rotor eccentric motion and the other being pressure load 
applied by the fluid. These loads are studied individually to understand their 
significance on a brush seal.  

Further in the report, investigation of the effects of fluid flow on the brush 
seal is conducted. For understanding of a brush seal behaviour and its effect 
on fluid flow, the problem is further broken down into basic concepts. The 
analysis performed are structural analysis and fluid analysis respectfully i.e. 
the analysis of a bristle under pressure applied by flowing fluid and the fluid 
profile after coming in contact with a set of bristles. The structural analysis 
provides a better understanding of the deflection of a bristle under pressure 
load factors. The fluid analysis is carried out to understand the fluid dynamics 
around a bristle and a set of bristles. These studies give a better understanding 
of the fundamental problems which might influence the brush seal. 

In the further sections, different methods like Fluid-structural interaction and 
pressure and displacement loads on brush seal are discussed in detail. These 
studies will give an understanding of deformations and stresses occurring in 
a brush seal. 

 

Figure 7-1 A typical brush seal [9] 
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7.1 Structural Analysis of Bristle  

In this section, structural analysis is performed to study the effects of fluid 
pressure on the brush seal structures and its components. Structural analysis 
is a key part of the engineering design of structures for a brush seal. As the 
brush seals consists number of bristles, it is natural to understand the 
behaviour of a single bristle. Therefore, the deformation of a bristle is 
calculated under uniform pressure loading conditions. The bristle is being 
represented as a simple cantilever beam with a circular cross-section, where 
the top is welded (fixed). The deformation of the bristle caused due to the 
fluid pressure will give a general idea about the behaviour of a bristle in the 
brush seal. Further sections show comparisons of analytical and simulation 
results, and how the deflection could affect the performance behaviour of a 
brush seal. 

7.1.1 Analysing Deformation 

In this section, a simplified design of the brush seal is considered for analysis. 
Here the bristle is a cantilever beam of a circular cross section. The top of the 
beam is constrained as it is the fixed end. The fluid pressure is applied on the 
upper surface (surface facing the fluid flow) of the beam.  

The analysis of the bristle deformation has been carried out theoretically and 
is verified using simulation results. The Euler-Bernoulli theory is used to find 
the deflection of the beam. The theoretical result follows the equation,  

(7.1) 

The simulation has been carried out in ABAQUS. There are different ways 
to simulate the deformation when ABAQUS is considered for the job. A 3D 
solid model is selected for analysing the deflection. 
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7.1.1.1 3D Solid Model in ABAQUS 
In this model, the length of the bristle is set as 12mm, and the pressure is 
0.2MPa. The simulation is carried out in ABAQUS. 

 

Figure 7-2 Analysis of 3D Beam Model 

From the figure, it can be found that the maximum displacement of the bristle 
is -80.72mm. Then the theoretical method will be used to verify this result. 
Firstly, the force factor is calculated, 

   (7.2) 

Then, the theoretical result can be calculated as, 

 mm   (7.3) 

And the error can be calculated as, 

  (7.4) 

These result from ABAQUS 3D method show a small-error result when 
compared with the 2D method while simulating the deformation of the 
bristle. The accuracy of the result is acceptable. 
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7.1.1.2 Effect of deflection on leakage factor  
 

 

                 

                           

 

   

Figure 7-3 Deflected Beam [27] 

The structural parameters affect the leakage performance of a brush seal, and 
the above-mentioned deformation of bristle is used to investigate it further. 
When the uniform load q is applied on a beam of length l, the displacement 
in the y direction is wb. Considering the figure 7.3, two points on the beam 
with a distance of dx between them. The same points on the deflected beam 
make an angle dθ creating an arc dl with radius ρ. Using the length of arc 
theory, a relation between dθ, dl and ρ is formulated as follows  

    (7.5) 
The curvature is given by 

    (7.6) 

When the θ is very small, it can be concluded that dl is essentially equal to 
the distance dx. Thus, the above equation can be rewritten as   

      (7.7) 
As θ is small, it can be said that θ ≈ tan θ, also tan θ=dw/dx from the figure 
7.3. Thus, θ is almost equivalent to the slope.  

    (7.8) 
According to hooks law, curvature is equated as follows, 

      (7.9) 
After equating equation 7.8 with 7.9, and applying Euler Bernoulli theorem 
for a cantilever beam, bending moment with respect to x is: 
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      (7.10) 
Combining the above equations and integrating them, it can be concluded 
that at the end of the beam, 

    (7.11) 
The formulation of leakage by Proctor and Delgado [27] gives 

   (7.12) 

During the bristle deflection, the leakage area AL is influenced by θB 
(7.13)

 
Thus, from the above formula it is concluded that the parameters effecting 
the bristle deflection angle inversely effect the leakage factor of a brush seal. 
Hence, it can be concluded that the leakage is affected by the parameters such 
as the length and diameter of the bristle, pressure load acting on the bristle, 
and the material of the bristle used in the brush seal. Changing any of these 
factors will affect the leakage area, overall influencing the leakage. 
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7.2 Fluid flow around bristles 

7.2.1 Computational Fluid Dynamics 

In this section, the flow around bristles has been analysed. As the fluid comes 
in contact with the brush seal during operation, it is important to understand 
the behaviour of the fluid around the bristles of the brush seal. The pressure 
could vary on each row of bristles; thus, it is important that a fluid analysis 
is carried out. To achieve a good CFD analysis, it is critical to simulate the 
interaction of fluid with surface defined by boundary conditions. The steps 
involved to perform a CFD analysis are demonstrated in a flow chart, 

 

Figure 7-4 Steps involved in a CFD analysis 

7.2.2 Key Factors 

7.2.2.1 Reynolds Number 
The Reynolds number is an important dimensionless quantity in fluid 
mechanics as it is utilised to predict flow patterns in different types of fluid 
flow situations. Thus, the Reynolds number is important to understand the 
fluid behaviours, as mixing increases and shearing occur in turbulent flow, 
which effects in increased viscous losses which affects the efficiency of 
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sealing. Thus, it is regarded as one of the most vital contributions in the field 
of fluid mechanics. 

 (7.14) 

7.2.2.2 Types of flow 
When a fluid is flowing past a circular cylinder, either of two types of flow 
may occur depending on the velocity and viscosity of the fluid: laminar flow 
or turbulent flow. Laminar flow is where the fluid movement is in smooth 
path, where flow over a horizontal surface consists of thin layers parallel to 
each other, all the other layers slide over each other. Laminar flow has no 
perpendicular currents or swirls. Laminar flow happens at lower velocities, 
beneath a verge at which it converts to turbulent. Turbulent flow is a less 
orderly flow where lateral mixing occurs when compared to laminar flow. 
To simplify further, it can be said that, laminar flow leads to smooth flow 
while turbulent flow leads to rough flow. The laminar flow has smooth 
motion where there isn’t any gross mixing of fluid. 

 

Figure 7-5 Types of flow [21] 

7.2.2.3 Boundary layers 
Boundary layer is known as the layer of fluid in the immediate proximity of 
a bounding surface where the effects of viscosity are significant. The 
Reynolds number plays a significant role on boundary layer which may cause 
it to be laminar or turbulent, thus it affects engineering quantities of interest 
like drag on bodies, wall shear stresses, pressure drops, and flow separation. 
As fluids moves past the cylinder, the molecules of fluid which are in close 
proximity to the surface of the surface tend to stick to it to the surface. The 
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molecules just above the surface are slowed down in their collisions with the 
molecules sticking to the surface. Thus, near the surface a thin layer of fluid 
whose velocity changes from zero at the surface to the free stream value away 
from the surface. Delaying the onset of flow separation is a design challenge 
[28].  
 
7.2.3 CFD around Bristles 

In this section, the flow around bristle structures is discussed. Here, a 
numerical method for analysing the potential flow around two-dimensional 
body i.e. single circular cylinder and two circular cylinders is presented. The 
understanding of the potential flow theory is critical for understanding fluid 
flows around cylindrical structures such as bristles.  

The numerical simulations are achieved by Computational Fluid Dynamics 
(CFD). A numerical method is used to analyse the results. The contours plots 
of pressure and velocity are produced in ABAQUS and their values are 
compared with numerical calculations. 

Later, using numerical calculations stream lines are produced for each of the 
cases which are then compared to the stream lines obtained from ABAQUS. 
The plots for stream function shows the features of potential flow. 

7.2.3.1 Case study introduction 
Potential flow around a circular cylinder(s) is a classical solution for the flow 
of an inviscid, incompressible fluid around a cylinder that is transverse to the 
flow. Far from the cylinder, the flow remains unidirectional and uniform. The 
flow has no vorticity and thus the velocity field is irrotational and can be 
modelled as a potential flow. The streamline is a pathway traced out by a 
massless element as it moves along with the flow and the streamlines do not 
intersect with one another as a fluid particle cannot have two different 
velocities at the same point.  

 The potential flow is studied and streamlines are produced for 

1. Flow around a circular cylinder 

2. Flow around a circular cylinder pair. 

The method is first checked by computing the flow around a single cylinder, 
and thus modifying it to study the flow around cylinder pairs. 
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7.2.3.1.1 Flow around a rigid circular  
Flow around a rigid circular cylinder is often used as a CFD benchmark case. 
The flow around a rigid cylinder is complex as numerous factors such as 
Reynolds number, body rotation, freestream, turbulence, and velocity and so 
on affect it.  

Once the fluid passes the cylinder, moments and forces are applied on it and 
a boundary layer is developed on the sides of the cylinder. Later, two shear 
layers are formed as the pressure gradient influences the boundary layer, 
giving rise to vortices. Vortices shredding, occurs periodically, causes 
alternating low-pressure regions would lead to cylinder vibration and noise. 
As the vibration approaches natural frequency, it will lead to structural failure. 
Thus, it is important to study flow around cylinders [21]. 

In this section, a rigid cylinder with the unit diameter ‘d’ is considered to be 
in the path of fluid flow with a unit velocity of ‘U’. The fluid is modelled in 
3-D but the front and back faces are given symmetric boundary conditions 
and the thickness is modelled with one element all through, thus enforcing a 
2-D like condition. 

The material properties of air are considered for the fluid. A tetrahedral 
(FC3D4) element type is used to mesh the fluid domain, where a fine mesh 
is used near the no-slip surfaces of the cylinder and coarsens away from the 
walls.  
 

 

 

 

 

 

 
Figure 7-6 Flow around a rigid cylinder model 
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4 d 

d U 
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Figure 7-7 Velocity component along the circumference 
for a single cylinder. 

In the above plot, the maximum value of velocity value is found at point on 
the circumference that are at an angle of 900 and 2700. While the minimum 
value of velocity is found at point that are at an angle of 00 and 1800.   

Velocity Components are calculated by using the relation   

  (7.15) 

 (7.16) 

But here the term K is replaced by following equation where a equals r in 
this case. 

   (7.17) 

The velocity components on the surface of the cylinder are given by the 
following expression. 

    (7.18) 
 (7.19) 

Using basic trigonometry theory, it is calculated that sin(θ) has a zero at 
stagnation points which are 00 and 1800, and a maximum of one at 900 and 
2700.  
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Figure 7-8  Velocity component along the circumference 
for a single cylinder. 

The velocity component calculated analytical is equal to 2m/s whereas 
simulation is equal to 1.8m/s. The analytical results and simulation results 
are in good agreement with each other. 

The Pressure Coefficient Cp is given by 

  (7.20) 

Using the above expression, a graph of pressure coefficient can be made with 
respect to θ, which is compared to the simulation results showing pressure 
distribution on the circumference of the cylinder. 

  

Figure 7-9 Cp distribution along the circumference of the 
cylinder 

The simulation and analytical graph is comparable. 
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As the simulation is validated, now the streamlines are calculated using the 
potential flow theory with the help of Laplace Equation, Navier–Stokes 
equation, Bernoulli Equation and Helmholtz's theorem. Potential Flow 
around a cylinder for polar coordinates. 

 (7.21) 

(7.22) 

The equations represent Stream function and the velocity potential 
respectively. 

The complex potential function for a uniform flow past a single cylinder 
could be written in the following form: 

   (7.23) 

Here z is a complex variable and V is flow velocity. Thus, the streamlines 
along a cylinder using complex potential function is given by 

)  (7.24) 

Matlab is used to calculate the stream lines around a cylinder using the above 
formula and are compared with the simulation from ABAQUS.  

  

Figure 7-10 Stream lines for flow around a cylinder 
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7.2.3.1.2 Flow around a Cylinder pair  
Flow around a circular cylinder was extensively studied in the past century 
but then, it still has unsolved queries in this area, one of which is the flow 
around two circular cylinders. Flow past a cylinder and two circular cylinders 
in tandem configuration are common occurrences in many engineering 
applications. Many engineering applications face challenges in field of fluid 
flow past cylinder pair. The cylinder pair are arranged in the following 
arrangements tandem, side-by-side, or staggered configurations. 
 
 

 

 

 
 

 

 

Figure 7-11 Fluid dynamics of multiple cylinders in 
cross-flow 

As the bristles in the brush seal are parallel to each other in this paper, the 
study of flow past cylinder pair helps understand flow around bristles, and 
how the stream lines and velocity profile affects the neighbouring bristles.  

The flow past a cylinder pair is much more complicated than the flow around 
a cylinder. Numerical simulations obtained from CFD analysis have been 
implemented to calculate and study the behaviour of the flow field. Potential 
flow theory is used to determine the streamlines around cylinder pairs.  

Here, the previous geometry was modified to accommodate two cylinders 
with a distanced ‘L’ between their centres. Tandem arrangement is when the 
cylinder pair is arranged in-line and parallel to the flow. In this section, a 
tandem configuration is considered, it is required to figure out how the 
distance between two immediate bristle may change the streamlines and 
velocity profile.  

Velocity and Pressure contour have been plotted. Simulation of various 
models with varying ‘L’ values is done to conclude the effect of distance 
between the cylinders and its impact on the flow profile. 
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Figure 7-12 Arrangement of two cylinders across flow 

The complex potential function for a uniform flow past a single cylinder is 

   (7.25) 

The complex potentials for flow past a single circular cylinder is represented 
as the resultant of a uniform flow and a rotating vortex element and thus can 
be written as 

  (7.26) 

The resultant complex potential ( ) for two tandem cylinders with an equal 
diameter in a steady flow is given as  

  (7.27) 

The velocity function  and velocity potential  for two tandem cylinders 
are obtained as 

   (7.28) 

(7.29) 
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Figure 7-13 Streamlines for cylinder pairs  

The streamlines around a cylinder pair are shown in the figure 7.12. 
Generally, when the flow passes a cylinder pair, each of the cylinders 
produce vortices. As the simulations are carried out for the configurations 
shown in figure 7.11, it is observed that vortices shedding from the first 
cylinder engulfs the second cylinder as the distance between them is small, 
and thus the cylinder pair behaves as a single body for vortices shedding. 
When the ‘L/d’ ratio was increased, each of the cylinder begin to have its 
very own vortices shedding. 

Here the upstream cylinder shields the downstream cylinder from the 
advancing fluid flow. Here the wake from the upstream cylinder affects the 
inward flow for the downstream cylinder, the affect varies with the L/d ratio 
of the cylinder pair. The shear layers from the upstream cylinder become 
considerably elongated compared to the case of a single cylinder. 

 

Figure 7-14 Types of wake for various Re and L/d [21] 
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Thus, it can be concluded that the Reynolds number and the arrangement 
among the cylinders has a great impact on the flow patterns, aerodynamic 
forces, vortex shedding, and other parameter.  

The wake is divided into three types [21]  

(i) Single bluff-body behaviour 

(ii) Shear layer reattachment behaviour 

(iii) Co-shedding regime 

 

 

Figure 7-15 Classification of flow patterns for tandem 
cylinder pairs as a function of the L/d ratio [21] 

As the brush seal that is analysed in thesis have an in-line arrangement, thus 
more significance is given to understanding the behaviour of the fluid around 
tandem cylinders. The flow around a cylinder undergoes substantial changes 
when it is a member of a group of cylinders in close proximity. 

It can be concluded that, as bristles in the brush seal are so densely packed 
and are in close proximity to each other, which translates to ‘L/d’ ratios being 
small. Thus, our case deals with the first kind of wake which is single bluff-
body behaviour, where the L/d ratio between the bristles is 1.2. Thus, flow 
over two in-line bristle is successfully analysed where pressure gradually 
drops from left to right is observed. 

 

  



 

 
60 

8 Fluid Analysis in ABAQUS 

In this section, the different types of analysis performed on the brush seal are 
discussed. In the initial approach, FSI analysis is performed on the brush 
seals where both the fluid part and the solid part are modelled separately and 
are coupled for analysis to understand the behaviour of the brush seal. Where 
as in the second approach, the analysis is carried out for both pressure on 
bristles, displacement on the bristle tip and later both are applied 
simultaneously for a realistic analysis. The method and restrictions of the FSI 
analysis is discussed in the further in this section, and the analysis is carried 
out using the second simulation procedure as it is produces similar results 
when compared with the experimental results. Further the various settings 
used in the methods are specified and the simulation results are discussed for 
understanding the effect of the loads on the brush seal.  

 
8.1 FSI 

In this section, the FSI procedure is discussed. The FSI stands for fluid-
structural interaction which represents a class of multi physics problems in 
which the fluid flows affect a structure, which in turn affects the fluid flow. 
In this case, it can be known as the interaction of deformable bristle structure 
with surrounding fluid flow. The fluid is modelled with air properties while 
the bristles are modelled with haynes25 properties. In this process both the 
fluid part and the solid part are modelled separately, i.e. in CFD model 
database and Standard/Explicit model database in ABAQUS, then these 
models are coupled with one another for analysis to understand the behaviour 
of the brush seal. The bristles are fixed at the top nodes while the fluid is 
given inlet, outlet and wall conditions at various surfaces. 
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Figure 8-1 FSI modelling of brush seal 

The simulation is carried out in ABAQUS using a partitioned approach 
where the fluid and solid equations are solved independently, where an 
iterative staggered scheme is utilized which interface loads and boundary 
conditions exchanged after a converged increment. The simulations in 
ABAQUS runs successfully for small pressure loads. The results show 
agreeable fluid pressure distribution, but these pressure values cannot be 
justified due to lack of experimental results at small pressure loads.  
 

 

Figure 8-2 FSI analysis of brush seal 

If the model is simulated for bigger pressure loads, this causes stability issues. 
The stability issues occur since the stability is dependent on mass density 
ratio. Also as the pressure load is increased it causes the decreasing of time 
step size which in turn leads to earlier occurrence of instabilities. These are 
the main factors for restricting further study of FSI of brush seals. This can 
be countered by using multiple external programs simultaneously, which 
lead to increasing complexity, increasing iteration cost, time and robustness.  

DEFLECTIONS 

LOADS 
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In this work, a progressive step towards understanding the FSI analysis of 
the fluid over brush seals is achieved where the simulations for low pressure 
loads are simulated successfully. The present analysis results show good flow 
distribution and the pressure distribution along the fluid model and its impact 
on the bristles.  The further studies will be implemented which will include 
coupling ABAQUS with external programs for more accurate simulations. 
In the next chapter, an alternate structural method is implemented to 
understand the effect of fluid on the structure of the brush seal. 
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8.2 Design and Analysis for Brush Seal under Fluid 
Pressure 

In this section, a brush seal is designed and analysed for loads acting on it 
during operation. In this study, a brush seal is designed in INVENTOR and 
this model is used to perform numerical simulation in ABAQUS. 

During operation, the brush seal experiences deflection in radial plane caused 
by the rotor eccentric motion, also bends axially under pressure load by fluid. 
Thus, to perform a proper analysis a 3D solution is required. The components 
of a brush seal are bristle bundle, rotor surface and backing plate. The main 
design parameters for the brush seal is defined by Seal 8, because it is more 
accurate when compared to others parameter [2]. 

The bristles are defined as single 3D solid elements. The backing plate as 
well as the rotor are represented as rigid surfaces. The backing plate is placed 
behind the first bristle. The analysis requires information on design of bristles, 
properties of materials, bristle diameter and coefficient of friction for 
different contact settings which are discussed in the further sections. 

 

Figure 8-3 Brush seal [9] 

8.2.1 Modelling 

An accurate modelling of the brush seal is important for the efficiency of a 
simulation. Provided the complex nature of bristle deflection, pressure load 
and inter-bristle effects does not advance itself to full analytical formulation, 
thus here a 3D model is necessary to understand its behaviour.  

The brush seal in this paper is modelled based on Seal 8 [2]. The brush seal 
modelled in this part comprises of component namely Bristles, Rotor, and 
the Back plate. 
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As the brush seal is densely packed with a number of bristles with close 
proximity, this provides two types of bristle layouts which is considered in 
the circumferential plane, in-line and staggered arrangement. The real 
typography of the brush seal is a combination of these two arrangements. 
Microscopic assessments assessed that classic seal consists of the bristles 
which mostly tendency to stay in a staggered configuration [23].  

In this analysis, a model of five bristles in line is opted as a good 
approximation to simulate the brush seal with reduced computational time. 

8.2.2 Material properties 

The brush seal modelled in this paper have three components, bristles are 
assigned the material Haynes 25 while the rotor surface and back plate are 
assigned steel. 

 

 Density 
(kg/mm2) 

Young's modulus 
(GPa) 

Poisson's 
ratio 

Haynes25 9.13*10-9 2.07*105 0.3 

Steel 7.85*10-9 2.1*105 0.3 

 

8.2.3 Element Type 

In this section, the element type of the various components of the brush seal 
are discussed. Choosing the correct element type in ABAQUS has a great 
significance in accomplishing a dependable FE simulations. A variety of 
elements are found in element library of ABAQUS which provide flexibility 
in modelling the geometries and structures used for a brush seal. The family 
of elements consists of solid, shell, beam, membrane, truss and spring 
elements [11]. 

For the analysis of the brush seal, the use of element types like membrane, 
truss elements are not likely due to bristle’s geometry and stress formulation. 
Thus, the element type for the rotor and wall is chosen as homogeneous shell, 
and for bristles the homogenous solid is chosen. The solid element is chosen 
for bristles in ABAQUS as this element type can be used for linear analysis 
and for complex nonlinear analyses involving contact, plasticity, and large 
deformations.  
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The solid element library comprises of first order, second order interpolation 
elements in one, two, three-dimensions. Tetrahedral, triangular prisms, 
hexahedra, second-order triangular and tetrahedral elements are provided in 
three dimensions. In first-order plane strain, generalized plane strain, 
axisymmetric quadrilateral, hexahedral solid elements, and cylindrical 
elements, the strain operator provides constant volumetric strain throughout 
the element. This constant strain prevents mesh “locking” when the material 
response is approximately incompressible. Second-order elements provide 
higher accuracy in Abaqus/Standard than first-order elements for “smooth” 
problems that do not involve severe element distortions. They capture stress 
concentrations more effectively and are better for modelling geometric 
features: they can model a curved surface with fewer elements. Finally, 
second-order elements are very effective in bending-dominated problems. 
First-order triangular and tetrahedral elements should be avoided as much as 
possible in stress analysis problems; the elements are overly stiff and exhibit 
slow convergence with mesh refinement, which is especially a problem with 
first-order tetrahedral elements. If they are required, an extremely fine mesh 
may be needed to obtain results of sufficient accuracy [11].  
 
8.2.4 Contact 

Contact interactions between different parts play a key role when simulating 
a brush seal. Accurately capturing these interactions is considered critical for 
resolving analysis of brush seal. Contacts between the brush seal components 
is important to perform a good analysis.  

The model presented in this part is modelled with three kinds of contact. The 
first interaction discussed is between the bristle and rotor as shown in figure 
8.4. The tip of the bristle comes in contact with the rotor when in operation. 
The bristle is allowed to deform when the rotor eccentric movement occurs, 
thus it is important to perform a contact between the rotor surfaces and bristle 
tip. Hence, to perform a contact, the rotor is selected as the master surface 
while the tip of the bristles is selected as slave surface. In this interaction, 
contact loads are transferred just as the bristle tip comes in contact with the 
rotor surface. The rotor is represented as a rigid surface and is the master 
surface in the bristle-rotor contact pairs. The element at the bristle’s tip is 
represented as slave surfaces which are coupled with the rotor surface. The 
bristle tip is not allowed to penetrate the rotor surface.  

The contact of the backing plate and the first bristle is discussed as shown in 
figure 8.5. The standard surface-to-surface contact is chosen with finite 
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sliding. Here the backing plate surface is selected at master surface and the 
surface facing the backing plate is selected as slave surface. The inter bristle 
contact occurs between the bristle surfaces facing each other between 
consecutive bristles as shown in figure 8.6.  

   

Figure 8-4 Contact between rotor and bristle tip 

 
Figure 8-5 Contact between backing plate and bristle 
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Figure 8-6 Contact between two bristles 

8.2.5 Interactions 

The contact properties describe the mechanical surface interaction that 
manage the behaviour of surfaces when contact occurs, here the mechanical 
interaction contact properties are defined for tangential behaviour and normal 
behaviour. 

In tangential behaviour, Penalty is chosen for the frictional formulation as it 
is better suited for “pinched” contact of shells and contact involving rigid 
bodies than kinematic methods. The penalty contact algorithm provides less 
stringent enforcement of contact constraints than the kinematic algorithm. 
The penalty algorithm allows for treatment of more general types of contact 
like the contact between two rigid bodies. Penalty method is a stiff 
approximation of hard contact [11]. 

 

Figure 8-7 Penalty [11] 



 

 
68 

Isotropic material uses a uniform friction coefficient. Penalty uses a stiffness 
technique that allows nearly relative motion of the surfaces (elastic slip) 
when they should be sticking. However, as the surfaces are sticking, the 
magnitude of sliding is narrowed to this elastic slip. ABAQUS will 
persistently regulate the amount of the penalty constraint to enforce this 
condition.  

In normal behaviour, in the Pressure-Overclosure field, ‘Hard Contact’ is 
selected as it uses the classical Lagrange multiplier method of constraint 
implementation in an Abaqus/Standard analysis. Hard kinematic contact will 
lessen the penetration of the surfaces while also utilising an appropriately 
refined mesh on the slave surface will reduce such penetrations. The ‘allow 
separation after contact’ toggle is toggled on as the bristles are allowed to 
separate once they have come in contact with the rotor surface as the rotor 
moves towards its initial position. 

8.2.6 Friction  

Friction plays a significant part as it affects the simulation results, thus it is 
important to understand its role. The analysis carried out embodies isotropic 
coulomb friction model for the contacts. When two bodies are in-contact, the 
normal forces and shear forces are spread through the interface [26]. The 
incorporated coulomb friction model adopts no relative motion occurrences 
until the corresponding frictional shear stress extents a threshold value which 
is dependent on the friction coefficient which has been defined for the 
particular contact. The Coulomb friction model relates the maximum 
allowable frictional stress through a boundary to the contact pressure among 
the contacting bodies.  

In a classic Coulomb friction model, the interrelating surfaces might carry 
shear stresses till a definite magnitude through their shared boundary afore 
sliding starts, which is thus recognized as sticking [11]. This model defines 
critical shear stress where sliding starts between the interface as a fraction of 
contact pressure. The contact pressure (p) is proportional to the critical stress, 
as represented here 

    (8.1) 

Where μ is the friction coefficient. This standard isotropic constant friction 
model facilitates an easier solution to the complicated frictional contact 
problems. The reported friction coefficient values for Haynes 25 fibres 
extensively vary from 0.08 to 0.47 under diverse test conditions [26]. 
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8.2.7 Loads and Boundary Conditions 

Accurate analysis is carried out only when the realistic boundary conditions 
are applied, thus loads and boundary conditions play a major role in the 
analysis. The boundary conditions are studied by understanding the loading 
sequence of the brush seal. There are two loading sequences, one is when the 
pressure is applied after the radial interference and two is when pressure is 
applied before the radial interference. Pressure is applied before the radial 
interference in realistic cases thus the latter case is selected for the present 
analysis. The pressure is applied all along as the displacement of the rotor 
increases and decreases during a cycle. 

As the bristle is welded to the top of the brush seal structure, thus all the 6 
degrees of freedom which include rotations as well as translations for the top 
node of the bristles are constrained. 

The axial motion of the bristle is restricted by the contact defined at the 
backing plate, thus the bristles slide on the backing plate and begins bending 
below the height of the fence when the pressure is applied. The bristle tips of 
the bristle allow them to slide tangentially on the rotor surface and also bend 
axially during rotor’s eccentric movement.  
The seal and rotor interference is simulated by applying radial displacements 
to the rigid body node representing the rotor surface. Rotor surface is 
assigned an amplitude to its displacement to simulate actual rotor eccentric 
movement in practical usage. 

Pressure distribution in and around the bristle pack defines the axial and 
radial pressure loads on bristle providing accurate boundary conditions. The 
model includes a constant pressure differential on bristles. 

    

Figure 8-8 Boundary conditions of a brush seal 
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8.2.8 Mesh  

Meshing effects the calculation of stress and deformation of brush seal, as it 
has an impact on the precision of these values. Element quality and Jacobian 
criteria affect the accuracy, thus the utmost suitable element type for the 
bristle in this paper is considered as hexahedral type element.  The bristles 
are modelled based on C3D8R where the bristle circumference has 16 nodes, 
while the rotor and backing plate are developed as rigid models as they have 
a larger stiffness in contrast to the bristles. A good C3D8R (Continuum, 3-D, 
8-node, Reduced integration) mesh is chosen as it provides a solution of great 
accuracy at less cost and time [11]. 

 

Figure 8-9 Mesh at top and bottom of a bristle 

In this paper, C3D8R is used, where the bending is modelled using first-order 
reduced integrated elements. An improved coarse mesh accuracy may be 
obtained using the enhanced hourglass control method, Hour glass is 
propagated easily through a mesh of first ordered reduced integration 
elements. 

8.3 Analysis 

Three different analyses have been conducted on above mentioned CAE 
model. Here different cases have been considered  

 Eccentric rotor interference 

 Pressurized but no Eccentric rotor interference  

 Pressurized with Eccentric rotor interference  
Analyses is carried out where the friction coefficient of 0.21 used during 
analyses for all contacts. Rotor eccentric interference simulations are 
considered up to 0.64 mm. Brush seal structural analyses using C3D8R 
elements have also been conducted up to 0.3MPa pressure load which are 
discussed in the further chapter. 
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9 Results 

9.1 Eccentric rotor interference   

This section discusses the analysis of the brush seal under rotor loading 
conditions. Before investigating the pressure and displacement on the brush 
seal, the brush seal is investigated for stress and deformation by rotor 
eccentric interference. Thus, in this analysis, rotor eccentric interference 
considered up to 0.64 mm and is verified with the experimental data [2] to 
validate the simulation results. The frictional co-efficient for Rotor-bristle, 
inter-bristle and bristle-backing plate are considered as 0.21. 

The rotor eccentric movement is implemented in such a way that it comes 
back to its original position to simulate the loading step and the unloading 
step. 

 

Figure 9-1 VM Stress Profile Δr=0.64mm, Δp=0MPa 

Δr [mm] Max VM stress 
[MPa] 

0 0 
0.128 1.5 
0.256 39 
0.38.4 75 
0.51 110 
0.64 143 
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The stress contour of the brush seal gives a better understanding of the stress 
profile of the bristles under eccentric rotor interference. The maximum VM 
stress is observed at the pinch point which are located at the fixed end of the 
bristles. These stresses increase with the loading and decrease with the 
unloading of the rotor interference. The VM stress at various radial 
interference is tabulated below. 

 

Figure 9-2 Displacement Profile at Δr=0.64, Δp=0MPa 

The figure represents a contour plot for the displacement of the unpressurised 
brush seal with rotor displacement of 0.64 mm, it is observed that the 
magnitude of the maximum bristle tip deflection is 1.019 mm. The bristles 
deflect both tangentially and radially. 

 

Figure 9-3 Hysteresis Loop 
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9.2 Pressurized but no Eccentric rotor interference  

After the analysis of tests without pressure load on the brush seal and 
validation, next challenge is to analyse the effects of pressure load on the 
brush seal. To get a proper understanding of the stress caused during the 
application of pressure load, the analysis is carried out for a brush seal which 
is pressurized but without any eccentric rotor interference. Hence, when the 
pressure load is applied axial bending of the bristles occurs. As the pressure 
load by the fluid is applied on the brush seal, the axial spacing between each 
of the bristle set is being reduced which engages the inter-bristle contact. The 
simulation results confirm the axial bending of the bristles below the backing 
plate. 

 

Figure 9-4 VM Stress at Δp=0.3, Δr=0 

In this case, the pressure (Δp) from 0.02 MPa to 0.3 MPa is applied on the 
brush seal causing increase in stresses at various locations in the brush seal. 
When the pressure is applied, the inter-bristle contact is initiated as the axial 
spacing reduces and the bristles began to deflect in the direction of the flow. 
The contact by the overhanging bristles at the fence at backing plate causes 
stresses to concentrate. Here, the maximum stress is found on the bristle 
which engages contact with the backing plate whereas high stress values 
were found at the pinch point of the first bristles. 
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Figure 9-5 Displacement at Δp=0.3, Δr=0 

However, the maximum displacement occurs at the tip of the first bristle.  
The analysis is summarised in the following table. 

Stress at fence 190 MPa 

Max Displacement 0.09 mm 

Pack thickness 0.59 mm 

Deformed pack thickness 0.56 mm 

Decrease % 5.3% 
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9.3 Pressurized with Eccentric rotor interference  

In this section, the brush seal is analysed for pressure load and rotor eccentric 
interference. After understanding the effects of rotor eccentric motion and 
fluid pressure separately, now both the loads are applied simultaneously on 
the brush seal and the stresses and deformation is studied in detail. The 
pressure load is applied on the bristles and then the rotor displacement is 
initiated, the pressure load is active in both loading and unloading step of 
rotor displacement. 

  

Figure 9-6 Stress at Δp=0.3, Δr=0.64 

Δr [mm] Max VM stress 
[MPa] 

0 0 
0.128 1.8 
0.256 45 
0.38.4 90 
0.51 150 
0.64  230 

As the pressure load is applied before the radial eccentric motion initiation, 
this causes the bristle to compress against each other where inter bristle 
contact is established, and then bending begins in the brush seal as the bristles 
come in contact with the backing plate. This analysis gives an estimation of 
stresses at various locations in the brush seal. As there is contact between the 
last bristle and backing plate, thus high stress is found at this location as the 
backing plate bristle caries the pressure load on the seal. The maximum Von 
misses stress is attained at the area of bristles which have contact at the 
backing plate. 
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As the rotor interference rises, its directly influences the bristle’s contact with 
the backing plate to grow severely, and the stress levels of the backing plate 
and side bristles at fence height region increase up as well. 

 

Figure 9-7 Hysteresis Loop 

This graph shows the hysteresis loop obtained from the simulation, this 
shows the behaviour of a typical brush seal. This analysis successfully 
simulates loading and unloading steps of the brush seal, this is due to good 
application of contacts between the various elements in this design of seal 8. 
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10  Conclusion of the Fluid Analysis 

Brush seals are being used in very challenging conditions, thus it is important 
that the brush seal is capable of withstanding such conditions. The stresses 
and deformation of the brush seal play a significant role in determining the 
seal performance, durability, wear and heat generation. The CAE simulates 
calculations of tip force, and stresses at various locations. The obtainable 
ABAQUS results provides a dependable means to understand the brush seal 
behaviour to different type of loads. Understanding the contact forces under 
pressure-interference load arrangements is very essential for the success of 
the CAE results.  

The amount of bristle deflection affects the leakage area of a brush seal. The 
deflection can be reduced by reducing the length, diameter, magnitude of 
load and material of the bristles but changing any one of these parameters 
has an impact on other parameters of performance like the bristle tip force, 
bending stresses, stress concentration. 

The flow around a cylinder and cylinder pair gives an estimate of the pressure 
distribution and streamlines around them. The Reynolds number and the ratio 
of distance between the centres of cylinders by the diameter (L/d) helps us 
predict the behaviour of the flow. The simulation model confirms the trend 
of pressure drop across the inline bristle. 

The bristle tip force calculated under the influence of eccentric rotor 
displacement shows good agreement with the experimental data. Contact 
loads remains constant with rotor eccentric motion, this effects seal stiffness 
to be lessened with increasing increments of interference. The CAE results 
match the data for loading and the unloading of the brush seal. The stress 
concentration is found at the top of the bristles.  

The analysis of the pressurised brush seal shows that the stress is 
concentrated at two different locations in the brush seal. The contact between 
backing plate and the bristles shows the maximum stress level and the stress 
at top of the bristle increases as the flow induced pressure is applied on the 
brush seal. The bristles begin to deform even at a very low-pressure value of 
0.02 MPa thus reducing the axial distance between bristles. 

The study of Pressurized with Eccentric rotor interference study reveals that 
the bristle tip force magnitude is influenced by the pressure load. Once the 
pressure is applied to the brush seal, the change in radial interference doesn’t 
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affect the rotor contact forces. Whereas, when the pressure load rises it in 
turn increase the contact forces. The analysis carried out in this paper 
simulates the hysteresis phenomenon and also the bristle hang-up behaviour 
for loads up to 0.3 MPa with rotor interference of 0.64 mm. As the brush seal 
is under the influence of pressure, then if the rotor eccentric interference is 
lessened then this causes the bristle tip forces to promptly drop signifying a 
Brush seal hang up.   
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11  Conclusion and Future Work 

11.1 Conclusion 

In this project, the task has been divided into two separate parts. The 
previously available analytical and numerical models for bristle tip force is 
referred. In first part, more attention is paid on the buckling characteristic of 
bristle, which caused by the tip force. In second part, deformation and stress 
concentration of brush seal is analysed. 

In the solid part, the buckling characteristic of the bristle of brush seals, when 
it works under eccentric motion, is studied. It is found that, 

1. When the length and angle of bristle change simultaneously, the change 
of angle will make a larger effect on safety factor than the change of 
length does. 

2. When the diameter and angle of bristle change simultaneously, the 
change of angle will make a larger effect on safety factor than the change 
of diameter does. 

3. When the diameter and length of bristle change simultaneously, the 
change of length will make a larger effect on safety factor than the change 
of diameter does. 

These three conclusions can be referred when the bristle design can modify 
all three geometrical variables in an engineering program. The influence of 
three geometrical variables to the safety factor of buckling from obvious to 
rare is, vertical angle, the length of bristle and the diameter of bristle. The 
higher level of safety factor can bring better buckling performance to brush 
seal. 

In the fluid part, it studies the stress and the deformation of the brush seals. 
The stresses and deformation of the brush seal play a significant role in 
determining the seal performance, durability, wear and heat generation. The 
CAE simulates calculations of tip force, and stresses at various locations. The 
obtainable ABAQUS results provides a dependable means to understand the 
brush seal behaviour to different type of loads. Understanding the contact 
forces under pressure-interference load arrangements is very essential for the 
success of the CAE results.  
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The amount of bristle deflection affects the leakage area of a brush seal. The 
deflection can be reduced by reducing the length, diameter, magnitude of 
load and material of the bristles but changing any one of these parameters 
has an impact on other parameters of performance like the bristle tip force, 
bending stresses, stress concentration. 

The flow around a cylinder and cylinder pair give an estimate of the pressure 
distribution and streamlines around them. The Reynolds number and the ratio 
of distance between the centres of cylinders by the diameter (L/d) helps us 
predict the behaviour of the flow. The simulation model confirms the trend 
of pressure drop across the inline bristle. 

The bristle tip force calculated under the influence of eccentric rotor 
displacement shows good agreement with the experimental data. Contact 
loads remains constant with rotor eccentric motion, this effects seal stiffness 
to be lessened with increasing increments of interference. The CAE results 
match the data for loading and the unloading of the brush seal. The stress 
concentration is found at the top of the bristles.  

The analysis of the pressurised brush seal shows that the stress is 
concentrated at two different locations in the brush seal. The contact between 
backing plate and the bristles shows the maximum stress level and the stress 
at top of the bristle increases as the flow induced pressure is applied on the 
brush seal. The bristles begin to deform even at a very low-pressure value of 
0.02 MPa thus reducing the axial distance between bristles. 

The study of Pressurized with Eccentric rotor interference study reveals that 
the bristle tip force magnitude is influenced by the pressure load. Once the 
pressure is applied to the brush seal, the change in radial interference doesn’t 
affect the rotor contact forces. Whereas, when the pressure load rises it in 
turn increase the contact forces. The analysis carried out in this paper 
simulates the hysteresis phenomenon and also the bristle hang-up behaviour 
for loads up to 0.3 MPa with rotor interference of 0.64 mm. As the brush seal 
is under the influence of pressure, then if the rotor eccentric interference is 
lessened then this causes the bristle tip forces to promptly drop signifying a 
Brush seal hang up.   
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11.2  Future Work 

Due to the limitation of the experimental data, the results are only applicable 
for the small-scale brush seal. More various experimental data will be added 
in the later work to make the results more adaptable, such as different 
materials, shapes, structures and so on. 

Besides, the optimisation of the model and the simulation step will be studied 
again to get a more accurate and stable result to support the reliability of the 
thesis work.  

In this thesis, only one row of the bristles is studied, therefore several rows 
of the bristles will be considered in the future work. Whether the 
characteristic of the bristles keep the same with the one-row structure will be 
analysed. 

The Structural and Fluid leakage characteristic can further be investigated 
using the structural and fluid study presented in this paper as its basis. 

Fluid Structural interaction study and problems faced in the simulation will 
help in further understanding, modified and implemented further to avoid 
convergence errors. The convergence errors are caused due to density ratio 
of the fluid and solid, further investigation can be done to reduce the 
convergence errors by understanding the software parameters better. 

The learning from this thesis can be used to study the effect of heat caused 
due to contacts between elements of a brush seal.  
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Appendix 

ABAQUS Simulation Step 

*Heading 

** Job name: test1job1 Model name: Model-1 

** Generated by: Abaqus/CAE 6.14-1 

*Preprint, echo=NO, model=NO, history=NO, contact=NO 

** 

** PARTS 

** 

*Part, name=ass1bristle-1 

*Element, type=S4R 

*Nset, nset=Set-1, generate 

   1,  221,    1 

*Elset, elset=Set-1, generate 

   1,  192,    1 

** Section: steel 

*Shell Section, elset=Set-1, material=Steel, offset=SPOS 

0.1, 3 

*End Part 

**   

*Part, name=ass1bristle-2 

*Element, type=S4R 

*Nset, nset=Set-1, generate 

  1,  85,   1 

*Elset, elset=Set-1, generate 

  1,  64,   1 

** Section: steel 
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*Shell Section, elset=Set-1, material=Steel, offset=SPOS 

0.1, 3 

*End Part 

**   

*Part, name=ass1bristle-3 

*Element, type=C3D8R 

*Nset, nset=Set-1, generate 

    1,  7236,     1 

*Elset, elset=Set-1, generate 

    1,  5400,     1 

** Section: haynes25 

*Solid Section, elset=Set-1, material=Haynes25 

*End Part 

**   

** 

** ASSEMBLY 

** 

*Assembly, name=Assembly 
**   

*Instance, name=ass1bristle-1-1, part=ass1bristle-1 

*End Instance 

**   

*Instance, name=ass1bristle-2-1, part=ass1bristle-2 

*End Instance 

**   

*Instance, name=ass1bristle-3-1, part=ass1bristle-3 

*End Instance 

**   
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*Node 

      1,  -4.97623205,          8.5,   18.8815022 

*Node 

      2,          -6.,   13.8943195,   18.8815022 

*Nset, nset=Set-5, instance=ass1bristle-3-1, generate 

 7201,  7236,     1 

*Elset, elset=Set-5, instance=ass1bristle-3-1, generate 

 5374,  5400,     1 

*Nset, nset=Set-6 

 2, 

*Nset, nset=Set-7 

 1, 

*Nset, nset=b_Set-1, instance=ass1bristle-2-1, generate 

  1,  85,   1 

*Elset, elset=b_Set-1, instance=ass1bristle-2-1, generate 

  1,  64,   1 

*Nset, nset=b_Set-3, instance=ass1bristle-1-1, generate 

   1,  221,    1 
*Elset, elset=b_Set-3, instance=ass1bristle-1-1, generate 

   1,  192,    1 

*Nset, nset=_PickedSet15, internal 

 1, 

*Nset, nset=_PickedSet17, internal 

 2, 

*Elset, elset=_m_Surf-1_SPOS, internal, instance=ass1bristle-1-1, generate 

   1,  192,    1 

*Surface, type=ELEMENT, name=m_Surf-1 

_m_Surf-1_SPOS, SPOS 
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*Elset, elset=_m_Surf-3_SPOS, internal, instance=ass1bristle-2-1, generate 

  1,  64,   1 

*Surface, type=ELEMENT, name=m_Surf-3 

_m_Surf-3_SPOS, SPOS 

*Elset, elset=_s_Surf-1_S6, internal, instance=ass1bristle-3-1 

 

*Elset, elset=_s_Surf-1_S4, internal, instance=ass1bristle-3-1 

   26,  5399,    27 

*Surface, type=ELEMENT, name=s_Surf-1 

_s_Surf-1_S6, S6 

_s_Surf-1_S4, S4 

_s_Surf-1_S5, S5 

*Elset, elset=_s_Surf-3_S1, internal, instance=ass1bristle-3-1, generate 

  1,  27,   1 

*Surface, type=ELEMENT, name=s_Surf-3 

_s_Surf-3_S1, S1 

** Constraint: Constraint-1 

*Rigid Body, ref node=_PickedSet15, elset=b_Set-1 
** Constraint: Constraint-2 

*Rigid Body, ref node=_PickedSet17, elset=b_Set-3 

*End Assembly 

*Amplitude, name=Amp-1 

             0.,              0.,             0.1,            0.01,             0.5,              1.,              
1.,              0. 

**  

** MATERIALS 

**  

*Material, name=Haynes25 
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*Density 

 9.13e-09, 

*Elastic 

207000., 0.3 

*Material, name=Steel 

*Density 

 7.85e-09, 

*Elastic 

210000., 0.3 

**  

** INTERACTION PROPERTIES 

**  

*Surface Interaction, name=IntProp-1 

1., 

*Friction, slip tolerance=0.005 

 0.21, 

*Surface Behavior, pressure-overclosure=HARD 

**  
** INTERACTIONS 

**  

** Interaction: Int-1 

*Contact Pair, interaction=IntProp-1, type=SURFACE TO SURFACE 

s_Surf-1, m_Surf-1 

** Interaction: Int-2 

*Contact Pair, interaction=IntProp-1, type=SURFACE TO SURFACE 

s_Surf-3, m_Surf-3 

** ---------------------------------------------------------------- 

**  
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** STEP: Step-1 

**  

*Step, name=Step-1, nlgeom=YES 

*Static 

0.01, 1., 1e-05, 0.1 

**  

** BOUNDARY CONDITIONS 

**  

** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 

Set-5, ENCASTRE 

** Name: BC-2 Type: Symmetry/Antisymmetry/Encastre 

*Boundary 

Set-6, ENCASTRE 

** Name: BC-3 Type: Displacement/Rotation 

*Boundary 

Set-7, 2, 2, 0.64 

**  
** OUTPUT REQUESTS 

**  

*Restart, write, frequency=0 

**  

** FIELD OUTPUT: F-Output-1 

**  

*Output, field, time interval=0.05 

*Node Output 

RF, U 

*Element Output, directions=YES 
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S,  

*Output, history, frequency=0 

*End Step 

 

 

Figure A1 Velocity profile around a cylinder 

 

Figure A2 Pressure profile around a cylinder 

 

Figure A3 Velocity vectors around a cylinder 
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Figure A4 Velocity vectors around two cylinders 

 

 

Figure A5 Pressure around two cylinders 

 

Figure A6 Streamlines mixing for L/d=2 

 

Figure A7 Streamlines for cylinder pair acting as single 
buff body for L/d=1.2 
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Calculating streamlines  

clc 
clear all 
  
o=0.25; 
r = 0.051; %radius; 
T =0; %for our case its zero 
u=1; %vel 
l=.06; 
x = -o:.01:o; 
y = -o:.01:o; 
  
for m = 1:length(x) 
for n = 1:length(y) 
xx(m,n) = x(m); yy(m,n) = y(n); 
 
%single cylinder stream lines 
psis(m,n) = u * y(n) - r^2 * y(n)/(x(m)^2+(y(n))^2) - 
(T/4/pi)*log(x(m)^2+(y(n))^2); 
 
% cylinder pair stream lines 
psis2(m,n) = u * y(n) - u*r^2*(y(n)/((x(m)-
l)^2+(y(n))^2)+(y(n)/((x(m)+l)^2+(y(n))^2)))+(T/(4*pi))*log(((x(m)-
l)^2+(y(n))^2)/((x(m)+1)^2+(y(n))^2)); 
 end 
end 
 figure 
contour(xx,yy,psis,[-3:0.01:3],'k'), axis image 
title('Stream lines around a cylinder') 
xlabel('x') 
ylabel('y') 
  
  
figure 
contour(xx,yy,psis2,[-3:0.01:3],'k'), axis image 
title('Stream lines around a cylinder pair') 
xlabel('x') 
ylabel('y') 
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