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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 
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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 
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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: 

 

NON-LINEARITIES: IDENTIFICATION AND MODELLING 2189



             
Figure 2: (
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Figure 4: Schematic of the Leaf Seal and the boundary conditions 
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3.2 Kinematic and operating envelope 

 
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) 
2. Effect of excitation force 
3. Effect of liner displacement only 
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Figure 7
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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 (Kn), the 
resonant frequencies are higher as the system is stiffer. 
 

 
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 
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Figure 11b: Nonlinear response for the vertical leaf seal with static liner configuration (1st harmonic)  
(blue 
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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 

 
Figure 15: Contact pressure distribution and contact status of the upper and lower contact patch 
corresponding to the data point 4 of Figure 11 

 
Figure 16: Contact pressure distribution and contact status of the upper and lower contact patch 
corresponding to the data point 5 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 (Kspring). 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. 
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