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ABSTRACT
The stiffness of contacting shaft seals such as brush seals

and leaf seals is a required characteristic to accurately predict
their performance and life in the gas turbine engine. This paper
describes the results of a test campaign in which a series of ec-
centric rotor excursions are applied at low rotational speed and
engine representative pressure differences to characterise the be-
haviour of a prototype leaf seal. A phenomenon that may best be
described as negative seal stiffness is reported. Here, the dis-
placement of the seal rotor to an eccentric position causes a re-
sultant force, which, rather than trying to return the rotor to a
central position, acts to amplify its displacement. These data
were used to develop an empirical model of the seal behaviour.
It was possible to model the negative stiffness phenomenon and
show that it is caused by a combination of two effects: the inher-
ent mechanical stiffness of the leaf pack, and the aerodynamic
stiffness of the seal. The latter is caused by the pressure distri-
bution and changes in the flow field through the leaf pack as a
result of the displacement of the rotor.

∗Corresponding authors.

NOMENCLATURE
δ rotor eccentricity, mm
FInertia, FI inertia force, N
FNet net force acting on rotor, N
FPressure, FP pressure force, N
FSti f f ness, FS stiffness force, N
FT total force, N
N number of elements
PD gauge downstream pressure, MPa
PU gauge upstream pressure, MPa
p1 mechanical stiffness coefficient
q0, q1 pressure force coefficient
r0, r1 inertia force coefficient
t time, s
θ angular position, rad
xg local gap, mm
x0 mean gap, mm

INTRODUCTION
The need for improved secondary air-system sealing in gas

turbines is well known. A detailed discussion of this was pre-
sented by Ferguson et al. [1] and Hendricks et al. [2] amongst
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Figure 1. Leaf Seal

others. A number of potential sealing solutions can be grouped
as compliant contacting seals. Here a compliant barrier is created
between the stator and rotor, which generally is in contact with
the rotor. During growth or excursions of the rotor, this compli-
ant barrier is able to move with the rotor, thereby ensuring that
the leakage remains low and that neither the rotor nor the barrier
elements are significantly abraded. The typical seals that fit into
this group are brush seals, finger seals and leaf seals (Fig. 1).

In order for compliant filament seals to be viable technolo-
gies in gas turbines, they need to exhibit a low leakage which
must be maintained throughout their operational life. To achieve
the life requirement, the seals need to exhibit a low wear rate
for all operating conditions they may be subjected to. Wear, es-
pecially during incursions, can be very damaging to seal perfor-
mance, since excessive wear during these periods of operation
can cause the seal to operate with a clearance. This results in
increased leakage, which is a performance loss.

A tool to investigate seal behaviour during rotor growth and
rotor incursions is the Slow-Speed Stiffness Test Facility at the
University of Oxford. This test rig has been described in detail
by Franceschini et al. [3] and results from testing brush seals and
a leaf seal on this test rig have been reported previously by Jahn
et al. [4]. As a reference, a schematic of the facility is given in
Fig. 2 and Fig. 3. On this rig, a rotor rotating at 3 RPM, a speed
sufficient to overcome static friction, is incurred into a pair of
seals. By measuring the force required for a given incursion, it is
possible to characterise how a seal performs during rotor growth
or rotor incursions. In an ideal seal the contact force between the
sealing elements and the rotor would not increase significantly
during such an event.

Herein some results from tests on a leaf seal (Fig. 1) are
described. These tests showed a phenomenon that can be termed
Negative Stiffness. First the experimental results are presented
and then the cause of this phenomenon is explained by the means
of modelling the individual effects that contribute to the leaf-to-
rotor contact force.

EXPERIMENT DESCRIPTION
For the experiment a pair of leaf seals is pressurised in the

Slow-Speed Stiffness Test Facility and then the rotor is moved to
an eccentric position. During such a movement, the seal leakage

Figure 2. Facility cross section

Figure 3. Facility operation

and the force exerted on the housing by the rotor is measured.
These two measurements are used to characterise the seal.

The test campaign used a leaf seal, similar to the one de-
scribed by Jahn et al. [4], a schematic for which is given in Fig. 1.
The seal contained approximately 4400 superalloy leaves, which
were attached at an angle of 62◦ relative to the radial so that
a seal bore diameter of 280mm was obtained. The seals used
the same coverplate arrangement settings for all tests. While the
incursions were carried out, the seal pressure drop was main-
tained constant. The aim of this is to generate a number of force-
displacement graphs, which give an insight in seal stiffness and
can be used for seal comparison.

An incursion cycle, as used during the tests, is shown in Fig.
4. The movements were repeated 3 times to ensure that any hys-
teresis effects are captured and also to demonstrate that the mea-
sured data were repeatable.

In total 13 tests were carried out at 9 pressure levels, includ-
ing several repeats. Table 1 lists the tests in the order they were
performed.

RESULTS
Figure 5 shows the force versus displacement graph for the

case with no air flow. Force has been normalised so that the dif-
ference between the maximum and minimum measure of force
equals 2. The maximum positive force is slightly larger than the
maximum negative force, which can be attributed to the seal be-
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Figure 4. Displacement cycles used to characterise seal

Table 1. Incursion tests performed.

Test Index PU PD Incursion

MPa MPa mm

1 ambient ambient ±0.8

2 0.04 ambient ±0.8

3 0.08 ambient ±0.8

4 0.12 ambient ±0.8

5 0.16 ambient ±0.8

6 0.20 ambient ±0.8

7 0.30 ambient ±0.8

8 0.40 ambient ±0.8

9 0.47 ambient ±0.8

10 0.30 ambient ±0.8

11 0.12 ambient ±0.8

12 0.04 ambient ±0.8

13 ambient ambient ±0.8

ing installed at a slightly eccentric position in the positive direc-
tion. The forces measured here correspond to the leaf mechanical
stiffness of the seal. The gradient of the resulting line (force di-
vided by displacement) can be defined as seal stiffness. For small
incursions (less than ±0.4mm), the seal stiffness is constant. For
larger incursions the stiffness starts to increase, as the compli-
ance limit of the leaf pack is approached.

Figure 6 shows an overlay of some force versus displace-
ment plots obtained from the tests listed in Tab. 1. This graph
shows two unexpected phenomena. First, seal stiffness reduces
as a pressure drop is applied (0.08MPa compared to no air flow).
This is opposite to the pressure stiffening effects that are typically
seen in brush seals. Secondly, at higher pressures (> 0.08MPa )
the stiffness actually becomes negative, meaning that once the
rotor has been displaced from its central position, forces act on
it in such a direction as to to pull it to a more eccentric position.

Figure 5. Force displacement cycle for case without air flow.

During each test the upstream pressure was constant and only
small changes in mass flow rate were seen.

Figure 7 shows the force versus displacement graph corre-
sponding to test 6 conducted at 0.20MPa. It is evident that for
small incursions (±0.4mm), the seals exhibit a negative but con-
stant stiffness. Only for larger incursions (> ±0.6mm) does the
stiffness become positive. Comparing Fig. 5 and Fig. 7, it is
evident that the change in stiffness seen for large incursions at
0.20MPa corresponds to the stiffening also seen in the no air flow
case for large incursions. This means that this effect can be at-
tributed to a change in mechanical compliance of the leaf pack at
large incursions.

Consequently, in order to obtain the negative stiffness, a
force is required to act on the rotor and casing in addition to the
mechanical leaf stiffness force. The graphs suggest that this force
increases with pressure and also increases linearly with rotor-to-
seal eccentricity.

Figures 8 and 9 show the displacement and force against
time traces respectively. From these it is evident that there is
a discontinuity in the force plots prior to the maximum excur-
sions being reached (t = 239, 244, 251...s). This is caused by
the spring like properties of the load cell used in the test rig. At
an eccentric point (e.g. t = 242s in Fig. 9), the load cell is loaded
as the negative stiffness force pulls the rotor to an eccentric po-
sition. Subsequently, as the casing is moved toward the opposite
extreme, the concentric position is traversed. At this point the
load cell is unloaded and loaded in the opposite direction, result-
ing in a casing movement due to the spring like characteristic of
the load cell. This sudden movement causes the discontinuities
in the force trace. This could also be viewed as the backlash of
the load cell.

The repeat tests (10 to 13) demonstrated very good repeata-
bility of the observed force versus displacement traces.

LEAF SEAL MODEL
To understand the cause of the negative stiffness effect, a

simplified seal model has been created. For this model, the leaf-
rotor contact force is split into three main components. First
there is the mechanical leaf stiffness; this is the force required
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Figure 6. Composition of force-displacement cycles at different pres-
sures (intermediate pressures have been omitted for clarity).

Figure 7. Force versus displacement plot at 0.2MPa (test 6).

Figure 8. Incursion cycle applied at 0.2MPa.

Figure 9. Measured force corresponding to movement cycle in figure 8.

Figure 10. Eccentric rotor schematic.

to overcome the mechanical stiffness of the leaf pack, which is
measured during incursions without air flow. Secondly there is a
contribution from the pressure distribution within the leaf pack,
which generally results in a blow-down force which increases
with pressure drop. Finally there is a contribution due to the in-
ertia change taking place as the flow enters the leaf pack. This is
usually a lift-up force as described by Jahn et al. [4] and Frances-
chini et al. [5]. The magnitude of this third force is dependent on
the coverplate geometry and the mass flow rate through the seal.

For small displacements (|δ| ≤ 0.5mm) these forces can be
represented by linear approximations given as:

FSti f f ness = FS = p1δ (1)
FPressure = FP = q1xg +q0 (2)

FInertia = FI = r1xg + r0 (3)

where δ and xg are the rotor eccentricity and coverplate to rotor
gap and the remaining variables are the respective constants (see
Fig. 10).

These forces either vary with rotor eccentricity δ or are
linked to the coverplate to rotor gap, which depends on the lo-
cal incursion. For a generic case, in which the rotor is displaced
by the distance δ as shown in Fig. 10, the resulting coverplate to
leaf gap is described by

xg = x0−δcos(θ), (4)

where x0 is the coverplate to rotor gap corresponding to a central
rotor.

Similarly by resolving in the direction of the eccentricity it
can be shown that the net force contribution per leaf from the
contact force is given by

Fθ = F cos(θ), (5)
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which can be summed to give the net force

FNet =
2π

∑
θ=0, 2π

N ,2 2π
N ,...

Fθ

=
N

∑
i=1

F cos(
i2π

N
) (6)

where N is the total number of leaves and F is the contact force
per leaf.

As the stiffness of the seal can be determined empirically,
the stiffness force is included as a total force per seal ring rather
than a force per leaf. Hence the total force acting on a seal can
be given as

FT = FS +FNet

= FS +
N

∑
i=1

F cos(
i2π

N
)

= FS +
N

∑
i=1

(FP +FI)cos(
i2π

N
), (7)

Substituting the expressions for FS, FI and FP from Eqns. 1, 2
and 3 and by eliminating xg with the expression in Eqn. 4 yields:

FT = p1δ+
N

∑
i=1

[
q1

(
x0−δcos

(
i2π

N

))
+q0

+r1

(
x0−δcos

(
i2π

N

))
+ r0

]
cos

(
i2π

N

)
(8)

This can be simplified to give:

FT = p1δ

+
N

∑
i=1

(q1x0 + r1x0 +q0 + r0)cos
(

i2π

N

)
−

N

∑
i=1

(q1δ+ r1δ)cos2
(

i2π

N

)
(9)

Inspection of Eqn. 9 shows that the first summation term tends
towards zero, as ∑

N
i=1 cos

( i2π

N

)
= 0 for large N. Similarly it can

be shown that ∑
N
i=1 cos2

( i2π

N

)
= N

2 , if N is large.
Hence the stiffness relationship can be simplified to:

FT

δ
= p1−

N
2

(q1 + r1) (10)

Figure 11. Difference in mean forces.

From this it can be seen that, depending on the magnitude and
sign of the sum (q1 + r1), the overall stiffness of the seal can
be increased or decreased. Ultimately if N

2 (q1 + r1) > p1, the
total force acting on the rotor for a positive displacement δ be-
comes negative. This is the requirement for negative stiffness.
Effectively q1 and/or r1 need to be large and positive for negative
stiffness to occur.

By putting positive values for q1 and r1 in Eqns. 2 and 3,

FPressure = FP = q1xg +q0

FInertia = FI = r1xg + r0,

it is evident that the forces FP and FI increase as the coverplate
to rotor gap xg increases. This means that the negative stiffness
is caused by FP and/or FI being larger on the side of the rotor
where the largest gap exists compared to the side with the smaller
gap, meaning that the leaves are pushed more strongly against
the rotor on the side with the large gap. This can be attributed
to either increased blow-down on the side with the larger gap or
increased lift-up on the side with the smaller gap. This means
that the force exerted by the leaves on the rotor is affected by
the local leaf pack geometry, the local coverplate to rotor gap
and also the local leakage flow as these are the three parameters
differing between the opposing sides of the seal.

This is in agreement with the models and the understanding
published by Nakane et al. [6] and Franceschini et al. [5]. They
show that the blow-down phenomenon is influenced by leaf pack
geometry, mass flow rate through the seal and coverplate geom-
etry.

Validation
The simple leaf seal model created previously suggests that

seal stiffness is a simple addition of mechanical stiffness and
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stiffness related to aerodynamic forces and that, when the pres-
sure is kept constant, the aerodynamic force is only a function
of eccentricity. This hypothesis can be confirmed by subtracting
the data given in Fig. 5 from the data given in Fig. 7. This is
equivalent to subtracting the p1δ term from Eqn. 10. The result-
ing graph is expected to show a straight line which corresponds
to the N

2 (q1 + r1)δ term. Figure 11 shows the graph obtained
by subtracting the mean stiffness of the no air flow graph (Fig.
5) from the graph obtained at 0.2MPa (Fig. 7). The resulting
straight line confirms that the composition of the model is cor-
rect.

The increase in negative stiffness with pressure drop that has
been observed in Fig. 6 suggests that the variables q1 and r1 are
dependent on seal pressure. By repeating the above analysis, a
relationship could be established.

DISCUSSION
The negative stiffness phenomenon described herein has

several impacts on seal and sealing system operation. The main
benefit of a seal with negative stiffness is that the leaf-rotor con-
tact force decreases when the rotor is pushed into the seal as hap-
pens during rotor excursions or rotor growth. Consequently seal
wear during these conditions is decreased.

A possible disadvantage is the force exerted on the rotor,
which may affect rotor dynamics as the rotor effectively sees a
force pushing it to a more eccentric position. Figure 6 shows
that negative stiffness, and hence the force experienced, increases
with pressure, meaning that this effect is likely to become signif-
icant at gas turbine operating conditions. A more in-depth study
of this seals interaction with a high speed rotor is desirable.

SUMMARY AND CONCLUSION
Experimental results describing a negative stiffness effect

seen in leaf seals have been presented. Under this effect a force
acts on the seal rotor pushing it to an eccentric position. This
force was observed to increase as the rotor eccentricity is in-
creased. To understand the cause of this force, a simplified em-
pirical leaf seal model was created in which the force was split
into three contributors: leaf stiffness, a pressure related force and
an inertia related force. The latter two and their interaction with
the gap between coverplate and the rotor has been identified as
the cause of the negative stiffness effect. Effectively the leaves
experience more blow-down on the side where the gap increases
and increased lift-up on the side where the gap decreases, re-
sulting in a net force on the rotor which tends to push it into an
eccentric position. Finally the experimental data have been used
to validate the relationship between the forces used in the empir-
ical model. It is possible that this negative stiffness effect could
be present under certain conditions with other similar compliant
filament seals such as brush seals. The condition that would be

required is that the pressure or inertia force coefficients are large
and positive as described.
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