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Abstract

The leaf seals are one of the typical sealing systems in gas turbine and jet engines. In Baker Hughes LT
family gas turbines, they are used to create sealing between the combustion chamber and the first stage
nozzle. The leaf seals are thin metallic plates and subjected to dynamic loads and high temperatures. They
have curved contacts, and depending on the inclination, they can experience partial contact. Furthermore,
when excited by dynamic loads, the leaf seal can be subject to intermittent contact, possibly triggering wear
out or vibratory phenomena. Due to its flexibility and its partial seating, it exhibits a complex nonlinear
dynamic behaviour, strongly variable with the operating conditions. This study presents a numerical
investigation using coupled static/dynamic harmonic balance method (HBM) frequency-based solution
technique. The reported solutions include nonlinear forced response and contact studies for various
operating and kinematic conditions along with brief insights.

1 Introduction

Gas turbine engines are widely used in aviation to propel aircraft, electric power generation, pumping natural
gas through pipelines, oil refining process and other applications given their very high power to weight ratio,
small size and efficiency. Hence, these powerhouses are designed to perform at its structural limits to
maximise the output and increase the efficiency and of course, to have high reliability. In the present study,
one such component of the engine is analysed for its complex dynamic behaviour and reliability.

Leaf seals are located in the annulus of the combustor section of a Gas Turbine Engine (GTE). Two sets of
inner and outer leaf seals provide sealing and prevent the leakage of the combustion mixture from the
combustor section to the surroundings. The leaf seals have two curved contact patches, as shown in Figure
1 — between the nozzle and leaf seal, and the liner and the leaf seal. Given the location between the end of
the combustor section and high-pressure turbine section, they experience high dynamic forces and acoustic
pulsation. These seals work at high operating temperatures. They are designed to withstand a range of
operating and kinematic envelopes and provide the sealing. Due to the curved contact nature, the two
contacts on the leaf seal experience partial contact either at the edges or at the centre given the positive or
negative inclination of the leaf seal and the dynamic behaviour. The leaf seal is mounted to the nozzle via
two pins and two spiral springs surrounding the pins to allow sufficient play during the operation. However,
the leaf seal may look simplistic in geometry, but their complex dynamic behaviour is primarily governed
by the contact conditions and dynamic excitation. From the field tests, it is found the leaf seal experience
dominant wear at the contact zones. The wear is caused due to partial intermittent contact at the contact
zones. The wear pattern is also random sometimes concentrated at the centre or the edges of the contact
patch, meaning the leaf seal experiences different intermittent contact behaviour for different operating
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conditions. Hence, it is of high importance to investigate the complex nonlinear dynamic behaviour of the
leaf seal when subject to various operating and kinematic envelopes.

Figure 1: Combustor Leaf Seal

The current study is a numerical work to investigate the nonlinear dynamic behaviour of leaf seal
experiencing intermittent contact using a proven static/dynamic coupled approach with multi-harmonic
balance method (HBM) ([1], [2]). Concerning the previous works existing in the literature ([3], [4]), the
current approach allows the automatic update of the static pre-load distribution over the contact area during
the nonlinear dynamic analysis, without any need for a separate static analysis. This is particularly helpful
to model the intermittent contact behaviour where the static analysis is highly dependent on the contact
condition. The current study presents linear analysis, nonlinear forced response and contact behaviour for
various operating and kinematic envelopes along with the sensitivity study of other parameters.

2 Methodology

The contact interface introduces non-linearity to the system of equations. Two ways to solve the nonlinear
differential equation is using time domain and frequency domain methods. A time-domain method such as
Direct Time Integration (DTI) provides the transient as well as steady-state response but is computationally
very demanding and is not a feasible solution for practical scenarios and large systems. The state-of-the-art
frequency-domain method to compute the nonlinear response is the Harmonic Balance Method (HBM). This
method assumes a periodic response under periodic excitation. Krack and Gross’s book [5] provides a
detailed description of the method and examples of nonlinear vibration problems. This method offers speedy
solution times assuming steady-state response and much less computationally demanding relative to the
time domain methods. In our case, this is better as we are looking only for the steady-state response of the
system.

The current study uses a more recent formulation of the HBM, which allows performing a coupled static
and dynamic analysis of the system. This coupled method is proven to provide better results in terms of
accuracy with respect to classical uncoupled approaches [3]. It is comparable to the accuracy of direct time
integration results with sufficient harmonics.
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2.1  Governing equations

The governing equation of motion of a system with contact interfaces undergoing periodic vibrations is
written as:

mq(t) + cq(t) + kq(t) = £(¢) +f.(q,q, 1) @
where m, ¢ and k are the mass, viscous damping and stiffness matrices, q(t) is a displacement vector;
f(t) is the excitation force vector; f.(q, q, t) are nonlinear contact force vectors. To solve the equation (1)

for periodic excitation using HBM, the periodic quantities with an angular frequency of w are expressed as
truncated series of harmonic terms:

a(t) = T =o@Me; £() = B o f Ve £.(a,4.0) = THoofe "@e™ (@)
The time-domain nonlinear differential equation (1) is transformed into a nonlinear algebraic equation using
Galerkin projection with Fourier coefficients as defined in equation (2) and written as:

DWG® = £® 4 £ ™ (@ withh = 0..H ©)

where D = (kM — h2w?m™ + jhwc™). The equation (3) consists of the static (h = 0) and dynamic
(h = 1.. H) equations of the system coupled to each other by Fourier coefficients of the nonlinear contact
force f. depending on the Fourier coefficients of the displacement . The number of harmonics H is
determined by the accuracy of the results needed.

The residual equation is given by:

RES™® = DWG® — §® —§ ™ (@) withh = 0..H 4)

As the nonlinear solvers to be used to solve the above equation accepts only real values, the complex form
residual equation is split into its real and imaginary components to minimize the residual to an acceptable
tolerance as:

RES = [RES®,R(RES™), 3(RES(V) .. R(RES™), S(RES™)]" (5)
2.2  Contact Model

A contact model is necessary to compute the nonlinear contact forces mentioned in the previous section.
There are various node-to-node and patch-to-patch contact models available in the literature ([6]-[15]) such
as Coulomb slider, Jenkins element — 2D and 3D with constant and variable normal load, lwan model and
its variations, Bouc-Wen model, Valanis model, LuGre model etc. In our study, we chose the state-of-the-
art node-to-node 2D Jenkins element with a variable normal load to compute the contact forces, as shown
in Figure 2(a). A typical hysteresis loop generated for the given input force and displacements is shown in
Figure 2(b). The solution of equation (3) requires the contact forces f, on the contact interface as input. The
contact element is characterized by two linear springs in the tangential and normal direction with tangential
(k;) and normal (k,,) contact stiffness, at each node pair over the contact interface. The contact model allows
to characterize and simulate three possible contact states — stick, slip and lift-off. Due to space constraints,
the contact model and the governing equations are not mentioned here in detail. Refer [4] for a detailed
working principle.

The governing equation (3) is solved in the frequency domain using HBM, whereas the accurate contact
forces are possible to compute only in the time domain. Hence an Alternate Frequency/Time (AFT) method
([16], [17]) is employed. The relative displacements are converted from the frequency domain to the time
domain by applying Inverse Fast Fourier Transform and then run through the contact model. The contact
forces are obtained in the time domain. Then applying Fast Fourier Transform to the contact forces to
convert to the Fourier coefficients, as shown in Figure 3.
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Figure 2: (a) Jenkin’s element contact model with variable normal load, (b) A typical hysteresis loop
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Figure 3: Alternating Frequency Time (AFT) method

Trust-region based algorithm is implemented for the iterative procedure in MATLAB to solve the nonlinear
equations. The Jacobian matrix needed to solve the set of nonlinear equations is computationally intensive
if using MATLAB built-in finite difference method (FDM) for large systems. Hence an analytical Jacobian is
implemented based on the works of [18], [19]. This dramatically increases the speed of the solution by many
folds. The contact forces and computation of the dynamic response are primarily based on the accurate input
of the normal and tangential contact stiffness. The closed-form solutions needed to compute the accurate
tangential (k;) and normal (k,,) contact stiffness to provide the contact model is provided based on the
analytical equations as mentioned in Ref [20]-[23]. The contact stiffnesses of elastic bodies can also be
computed using numerical method as shown in Ref [24]. Then, the resulting contact stiffnesses are
distributed over the contact area according to the individual elemental contribution.

3 Results

3.1 Leaf Seal system description

Figure 4 shows the schematic of the leaf seal system along with the boundary conditions. The leaf is held
on to the nozzle via two pins and two encasing spiral springs. The front leg of the nozzle acts as a stopper
for the leaf with the compression of the springs and makes contact between the leaf and the nozzle. On the
bottom half of the leaf, there is a liner which mates the leaf seal and making it a lower contact patch. Hence,
there are two curved contact patches. The liner can be stationary or have an independent harmonic
displacement. For the dynamic analysis, modelling of the nozzle and the liner can be omitted as they act as
a fixed ground at the nozzle and moving ground at the liner contact. The right-side figure shows the
simplified schematic with the necessary boundary conditions to model the system for dynamic analysis. The
contact is assumed by equivalent springs with normal contact stiffness. The dynamic excitation is applied
on one side and static pressure on the other side of the leaf as shown.
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Figure 4: Schematic of the Leaf Seal and the boundary conditions — side view (left),Simplified schematic
used for the dynamic analysis (right)

Figure 5 shows the 3D FE mesh of the leaf seal. The FE mesh is generated using ANSYS. The upper and
lower contact patch is highlighted in green colour. Each contact patch is discretized using three rows of 21
node-to-node contact elements as described in the previous section. In total, 126 contact elements for the
leaf seal. This is a sufficient number of contact elements to track the dynamics accurately and to see the
change in the contact conditions for various scenarios.

Figure 5: 3D FE Mesh of the Leaf Seal with highlighted upper and lower contact patches (in green)

The material properties of standard Steel at room temperature are considered. Though the operating
temperature is higher, it is omitted for this study. Also, the dimensions of the leaf seal are academic version.
They do not correspond to the actual dimensions out in service in a typical GTE. As the intermittent contact
is modelled in normal direction alone, any slip in radial direction and friction is omitted. The contact is
modelled using a unilateral contact in the normal direction with an assumed normal contact stiffness. As
mentioned in the methodology, considering the full size of the leaf seal with all DOFs for dynamic analysis
is prohibitively expensive with computation burden and is unnecessary. Hence, a Craig-Bampton
Component Mode Synthesis Reduced Order Modelling (CB-CMS ROM) is performed retaining the contact
nodes, excitation and response nodes as master nodes, the rest as slave nodes. With 142 contact nodes giving
284 DOFs and 20 retained modes, the size of the dynamic system is 304 DOFs. One harmonic is considered
along with the 0" harmonic for the solution procedure. Figure 6 shows the range of kinematic envelope seen
in actual operating conditions.
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3.2 Kinematic and operating envelope

P dynamic
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Figure 6: Kinematic envelope showing the inward and outward leaf seal inclination driven by the liner
displacement. [Note the partial contact area (edges or centre) when the leaf seal is not in vertical position
due to the nature of curved contact]

A parametrised sensitivity analysis is performed to study the effect of various encompassed operating and
kinematic envelope. This would help to study the effect of the individual parameter has on the dynamics of
the leaf seal and the contact status conditions. The parameters considered for the analysis are:
1. Effect of Liner displacement (see Table 1)
Effect of excitation force
Effect of liner displacement only — without excitation force
Effect of normal contact stiffness (K,)
Effect of pin spring stiffness (Kspring)

a koo

Table 1: Tabular representation of various normalized liner displacement conditions

Condition Normalized liner displacement
# Static Harmonic
(0™ harmonic) | (1% harmonic)
1 0 0
2 1 0
3 -1 0
4 0 1
5 0 1i
6 1 1
7 -1 1

3.3 Interpretation of the scheme of results presented using sample plots

Figure 7 shows two response curves corresponding to the ‘linear free’ and ‘linear stick’ case for the two
configurations shown in the boxes, respectively. The nonlinear response is then overlapped on these linear
base curves, which aids to compare the response and to see whether the behaviour is closer to the free or
stick case.



NON-LINEARITIES: IDENTIFICATION AND MODELLING 2193

Linear “Free” Linear “Stick”

k

spring

k

spring

[XI/F|

10°
Normalized Frequency

Figure 7: Sample response curve showing “linear free” and “linear stick” cases corresponding to an arbitrary
node DOF in order to compare the nonlinear response

Figure 8 shows the response plots corresponding to the three nodes of the leaf as highlighted — top figure at
the centre node of the upper contact patch, the middle figure at the geometric centre of the leaf seal and the
bottom figure corresponding to the bottom corner of the leaf seal. This is in the hope to capture most of the
dynamics with the help of these three graphs (as minimum as possible). Ideally, there exists data to plot
similar graphs for all the master nodes selected.

The response has two linear free and linear stick cases in blue and green coloured lines, respectively. The
red coloured line is the nonlinear dynamic response of the system for a set of boundary conditions.
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Figure 8: Sample response curves pattern showing the corresponding nodes of the leaf seal to follow the
pattern in the results section

The above plots show the response amplitude versus frequency for a range of frequencies. However, it does
not provide any information on the contact status, contact pressure, etc. Hence, Figure 9 provides the
complementing information for a choice of frequency from the response plots. In this figure, the two contact
pressure plots are shown corresponding to the upper and lower contact patch. Similarly, the contact status
plots for the upper and lower contact patch are shown indicating whether the contact status at each contact
node is in stick, separation-stick or full separation during one vibration cycle at that particular frequency.
The contact patch is discretized with three rows of 21 contact elements, which is 63 contact elements for
each patch.
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Figure 9: Sample contact pressure plots and contact status plots corresponding to the upper and lower contact
patches to follow the pattern in the results section

3.4 Modal analysis and forced excitation results

Figure 10 shows the different configurations of leaf seal with just the leaf, free, and stick conditions at the
contact patches. Table 2 lists the natural frequencies of the first 10 modes for the given three conditions. In
just the leaf seal configuration, there are two rigid body modes for the given kinematic envelope after
imposing the displacement constraints. By imposing the two springs at the pin and spring configuration, we
arrive at the second configuration. Now the rigid body modes are eliminated, but the natural frequencies are
very low because the imposed springs are very soft in nature. In the first two modes, the dynamics are
entirely governed by the springs, and the leaf acts as a rigid body. Of course, in the third configuration,
where the contact is fully constrained by the imposed linear springs with normal contact stiffness (K,), the
resonant frequencies are higher as the system is stiffer.

k

spring

k

spring

Figure 10: (a) Leaf Seal (free condition), (b) Leaf Seal with springs (free condition),(c) Leaf Seal with
springs and grounded contacts (stick condition)
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Table 2: Linear Modal analysis of the Flat Leaf Seal with free and fully stuck contact configurations

Leaf Seal — Leaf Seal with springs — Leaf Seal —
Free condition Free condition Fully Stuck condition
Mode # Normalized Mode # Normalized Mode # Normalized
Frequency Frequency Frequency
1 0.00 1 0.01 1 1.17
2 0.00 2 0.19 2 1.54
3 1.00 3 1.35 3 1.59
4 1.71 4 1.53 4 2.29
5 2.44 5 2.43 5 2.73
6 3.96 6 3.96 6 4.15
7 4.78 7 4.78 7 4.95
8 5.73 8 5.73 8 5.81
9 6.00 9 6.00 9 6.11
10 7.11 10 7.11 10 7.24

3.4.1 Forced response results

This section presents the complex nonlinear dynamic response plots for a vertical leaf seal with static liner
configuration. Due to space constraints, only one set of results is shown. The normalized stiffnesses of
mounting spring stiffness (Ksping) and the normal contact stiffness (K,) is assumed to be 1 and 25,
respectively.

0th Harmonic

T T T T T T T T T T

IXI/IF]
3

0.2

IX|/IF|
3

0.2

IXI/IF|

1 L i 1 L L i i 1 |
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Figure 11a: Nonlinear response for the vertical leaf seal with static liner configuration (0™ harmonic)
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Figure 11b: Nonlinear response for the vertical leaf seal with static liner configuration (1 harmonic)
(blue — linear free state, — linear stick state, red — nonlinear response)

The dynamic response (red line) can be classified into a linear regime and nonlinear regime. The nonlinear
regime corresponds to the frequency range where the ‘jump phenomena’ ([10], [25]) or the softening
behaviour is exhibited and deviates from the linear response. The rest is the linear regime.

Generalizing for various cases performed on the sensitivity study, the leaf seal system exhibits softening
behaviour non-linearity due to intermittent contact behaviour at the two contact patches. This softening
behaviour tends to have multiple solutions at a given frequency as seen in the figure in the nonlinear
frequency range. The peak response amplitudes are dominantly higher in the resonance zone and can be
destructive if the system continued to operate in this range for a longer period. The partial or full loss of
contact on the leaf seal in one vibration period, leads to impact behaviour and loss of material, thereby
creating wear phenomena. For reference, an experimental investigation of fretting wear behaviour at high
temperatures provides insights on the relationship of contact loads and wear properties [26]. The length of
the ‘softening branch’ and peak amplitude for each case is dependent on the placement and excitation of the
liner.

3.4.2 Contact status insights corresponding to forced response plots

The below contact status and contact pressure plots corresponding to the frequencies in response plot Figure
11 indicate the general trend of contact behaviour such as fully stuck region, partial separation-stick region
and/or full separation region. The frequencies corresponding to the linear regime, i.e., in plots numbered ‘1’
and ‘5’ the contact nodes at the curved contact patches are fully stuck. In other words, when the leaf seal is
subject to operation in these frequencies, the contact between the leaf seal and nozzle, and between liner
and leaf seal are fully adherent. So, there is no separation, and likely no wear occurs. However, in the
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nonlinear regime exhibiting jump phenomenon, in plots numbered ‘2, ‘3” and ‘4’ partial contact elements
exhibit separation behaviour. The vibration amplitudes are also higher. With the partial separation in one
vibration cycle, leads to chattering, hence, creating wear. This wear can be amplified with increase in
operation cycles. Also, the partial separation behaviour could trigger and enhance the complex nonlinear
behaviour creating a snowball effect, hence leading to higher vibration amplitudes and branch switching.
Especially in the plots numbered ‘3’ and ‘4’, where almost all the contact elements experience separation
stick behaviour in a given vibration period. This is detrimental to the designed service life and maximum

vibration amplitudes. Hence it is vital to mitigate and control the high amplitude and jump phenomena
behaviour beforehand.

Normalized Normal Pressure Plots
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0 10 20 30 40 50 60 70 80 90 100
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Figure 12: Contact pressure distribution and contact status of the upper and lower contact patch
corresponding to the data point 1 of Figure 11
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Figure 13: Contact pressure distribution and contact status of the upper and lower contact patch
corresponding to the data point 2 of Figure 11
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Figure 14: Contact pressure distribution and contact status of the upper and lower contact patch
corresponding to the data point 3 of Figure 11
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Figure 15: Contact pressure distribution and contact status of the upper and lower contact patch
corresponding to the data point 4 of Figure 11
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Effect of excitation:

It was interesting to see how the leaf seal responds when subjected to different excitation forces. For all the
analyses, the normalized static force was fixed at 3, and the dynamic excitation was varied from 0.1, 0.2,
0.5 and 1. The plots are not shown here due to space constraints. However, the observations are - with low
excitation forces, the response tends to follow the linear stick response for the most part with a small
softening branch at the resonance like the one showed in the previous section. With increasing excitation
force, the peak amplitude and the length of the softening branch increase with increasing the range of
nonlinear frequency response giving more chance to have the jump behaviour. Higher excitation forces
could cause the premature failure of the leaf seal because of larger separation-stick behaviour of contact
nodes at the upper and lower contact patches for wide frequency range.

Effect of normal contact stiffness (Kn):

Similarly, the curiosity of the effect of assumed normal contact stiffness led us to span the numerical
experiments on the system. What was seen is, when the system is modelled with higher normal contact
stiffness, the overall system tends to get stiffer and vice versa. Because the dynamics of the system in this
type of system are highly sensitive to the contact conditions such as contact state and contact stiffness, as
this is a numerical investigation at this stage, we make an educated guess of contact stiffness from the prior
experience. The usual way to obtain accurate values is through the experiments.

Effect of pin spring stiffness (Kspring):

Similarly, it is found that the dynamics of the system are extremely sensitive to the pin spring stiffness
values (Ksping). In the current system, two soft springs are used to keep the leaf seal in place by resting on
the nozzle contact surface in static condition. Hence, the stiffness of these springs plays a major role in
governing the dynamics of the leaf. The softer the springs, the dynamic response has high amplitudes and
longer softening branches, as the leaf is free to vibrate more than when the springs are stiffer. Hence, the
choice of spring is dependent on the trade-off of vibration amplitudes and the required sealing capacity for
the operating ranges.

4 Discussion

The nonlinear dynamic analysis is successfully performed on the given combustor leaf seal system and for
various operating and kinematic envelopes using the static/dynamic Harmonic Balance Method (HBM)
frequency-based method.

The general observations valid for all configurations presented in the results section is as below:

1. The contact elements experience intermittent contact (chattering) along with the upper and lower
contact patch at the resonance region. The resonance region is defined here as the frequencies falling
under the length of the branch of the softening curve and separating from the linear regime in the
dynamic response plots.

2. The ‘jump phenomena’ with softening behaviour is prevalent in the resonance region for all the
operating and kinematic envelopes. However, the length of the softening branch and peak
amplitudes are subject to the given configuration.

3. The contact status behaviour and contact pressure plots provide additional information visually,
such as the mode shapes in action depending on following the left or the right branch from the
resonance region perspective.

4. The response amplitudes outside the resonance region follow the linear stick solution branches, and
there is no contact separation (intermittent contact behaviour - chattering).

5. At the extreme configuration of positive inclination of the leaf seal, the contact occurs only at the
edges, thereby leaving the centre elements at the contact patch in full separation during a vibration
cycle and vice versa for the negative inclination of the leaf seal.
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6. For very low excitation forces, the leaf seal response tends towards the ‘stick state’ response as the
static force is three times larger and tries to keep the leaf seal in place. For very high excitation
forces, the leaf seal behaves closer to the ‘free state’ response.

7. The length of the softening response branch and peak response amplitude is qualitative as it depends
on the number of factors — frequency range discretization, number of harmonics, pin modelling, etc.
With higher harmonics, more accurate resonance amplitudes and length of the softening branch can
be obtained, however, at the increased cost of computation.

8. Effect of Ksying and Ky on the sensitivity of the results are briefly mentioned. These values greatly
affect the dynamic behaviour as the leaf dynamics are highly dependent on the contact conditions.

The computation time taken to obtain the solution for one configuration with a given frequency range is
under two minutes with a standard standalone PC. Thanks to the frequency domain solver — HBM. If
performing a time-domain analysis to get even the solution at one frequency on the FRF would take hours
and sometimes would fail to capture the nonlinear behaviour due to changing contact conditions. The state-
of-the-art HBM solver facilitates to model and visualizes complex dynamic behaviour for highly contact
nonlinear problems with the underlying assumption of steady-state condition.

5 Conclusions

The current research work successfully presented the nonlinear dynamic analysis performed on the given
leaf seal system for various operating and kinematic envelopes using the static/dynamic Harmonic Balance
Method (HBM) frequency-based method. The contact is modelled as a unilateral contact in the normal
direction to the contact surface. Analysing response plots, it is found that the leaf seal experiences
intermittent contact behaviour (chattering) at the resonance region and experiences jump phenomena with
softening behaviour causing the leaf to wear at the contact regions and high vibrational amplitudes. In almost
all configurations, the leaf seal experience high amplitudes and intermittent contact. These results can be
interpreted as a qualitative study to give an overall idea of the complex dynamic behaviour and sensitiveness
to the boundary conditions. To validate the numerical results, a test bench is necessary to capture the
dynamics experimentally and perform a refined analysis and validation.
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