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Experimental identification of the force and moment
characteristic of symmetrically and non-symmetrically
profiled annular seals
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Abstract. In modern turbomachinery, the performance and reliability is often limited by shaft vibrations induced by fluid film forces and
moments of (i) plain or (ii) profiled annular seals. Therefore, these narrow annuli are mainly responsible for the overall system behaviour, i.e.
safe operation and maintenance intervals. However, many studies focus only on the characteristics from the forces due to the translational motion,
although the influence of the rotordynamic tilt and moment coefficients is well known. Therefore, these additional coefficients are much less
researched. Especially, for profiled seals, the availability of reliable experimental data for validation purpose is rare. To overcome this fact, a
test rig is operated at the Chair of Fluid Systems at the Technische Universitdt Darmstadt. The generic experiments presented here investigate
the force and moment characteristic of plain, symmetrically profiled and non-symmetrically profiled annular seals within the relevant parameter
range for turbulent flows in pumps. The investigations focus on the influence of the annulus length as well as the pressure difference across the
annulus.
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1. INTRODUCTION

The overall system behaviour of turbomachinery, i.e. the am- Fx K k —Keo  keq X
plitudes at resonance and the location of the natural frequen- Fy _F )74 —Feq —Keq 4
cies, is, in general, highly influenced by the dynamic character- i = 7 i _F i o
istics of fluid-filled narrow annular gaps such as journal bear- X Joe o Lo « X
ings or annular seals. In particular, the dynamic characteristics My —kae —Kae —ka —Ka| [PBr
of seals, which are often manufactured with a profiled surface, - B -
such as labyrinth seals, pose a challenge for fast and reliable c ¢ Cea  Cea {(
prediction of their dynamic properties. One reason for this is —c C —Ceq Cea Y
the limited availability of reliable experimental data for val- + _C é é Z Gy
oE e o o
idation purposes, cf. Kuhr er al. [1]. Typically, the dynamic . ~ . ~ x
characteristics of narrow annuli are modelled by using classical | ~Cae —Cae —Ca Ca] [Py
mechanical elements, namely springs, dampers and masses, cf. - T ra
Hagg [2], Hagg & Sankey [3] and Childs [4]. Accordingly, the M (2 0 —ieq {(
system is 9haracterised~by using the r9t0rdynamic coefficients: n 0 M Meq 0 Y )
stiffness K, damping C and inertia M. Throughout the paper, —Me 0 My 0 Gy
the tilde [ ] characterises dimensional variables. According to 0 My 0 M, ﬁy

Childs [5], the generalised equation of motion, including forces - -
and moments of the annular gap flow yields

Here, Fy, Fy and My, My are the induced forces and moments
of the seal acting on the rotor. The translational motion, veloc-
ity and acceleration of the rotor is given by X, X, X and ¥,Y.Y,
whereas oy, &X, Gy and By, By,By denotes the angular motion,
velocity and acceleration of the rotor around the X and ¥ axis.
Equation 1 can be written in an alternative form with the defi-
nition of the individual sub-matrices based on the four different
combinations: (I) induced forces on the rotor from translational
motion, (IT) induced forces on the rotor from angular motion,
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The geometries of the sealing gaps are manifold and depend
on different boundary conditions. In accordance with the re-
quirements, plain or profiled seals, cf. Fig. 1, are used. Typi-
cally, the rotordynamic coefficients depend on three different
characteristics of the annulus: (i) the geometry of the annular
gap, i.e. the gap length L, the shaft radius R, the mean gap clear-
ance & and the gap function /2 = & (¢, 7,7) with the circumferen-
tial and axial coordinate ¢,Z and the surface profiling; (ii) the
operating conditions, i.e. the eccentric and angular position of
the shaft &, oy, By, the distance of the centre of rotation Z7 from
the annulus entrance, the mean axial velocity C,, the angular
velocity of the shaft Q and the pre-swirl velocity at the annulus
inlet C'(p|z:0; (iii) the lubricant characteristics, i.e. the dynamic
viscosity f) and the fluid density p. On dimensional ground,
cf. Kuhr [7-9], the dimensionless rotordynamic coefficients are
only a function of 8 dimensionless measures and the surface
profiling: (i) the dimensionless annulus length L := L / R, (ii) the
relative eccentricity € := &/h, (iii, iv + v) the normalised angular
displacements & := Loty /h and 8 := L By /h around the dimen-
sionless fulcrum z7 := %7 /L, (vi) the modified Reynolds num-
ber in circumferential direction WRej, := (h/R) (QRh/V)",
(vii) the flow number ¢ := C,/(QR), (viii) the dimensionless
pre-swirl Cy|,— := Cy|.—0/(QR). Here, y := h/R is the gap
clearance and ny is an empirical constant describing an arbitrary
line within the double logarithmic Moody diagram, cf. Lang [6]
and Kubhr et al. [8, 10]

Kij,Cij, Mij =
f(L,e,a,B,zr,Re},¢,Cyl:=0, PROFILING) . (3)
L
- o )
bit.2.0

~ 1073

| S

The dimensionless rotordynamic coefficients are separately
defined for the forces and moments acting on the rotor due to
translational and angular motions

L 2/:1[2,']' _ 2;1[?11
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Here, the first two stiffness coefficients represent dynamic
force coefficients due to translational and angular motion,
whereas the later ones represent the moment coefficients. The
indices represent the corresponding sub-matrices of equation 1.
The damping and inertia terms are defined accordingly

2k 20y
pORL T PRI .
_ 2]3611[ _ 2]7lélv
I - ~QR3Z2’ v - pﬂﬁ3i37
kM, 20y
1 _ﬁRggza 1 -— ﬁR3Z427 (Sb)
a2 _ 2hMyy
1l -— ﬁR:;iza v -— ﬁR:;iB’

Although at some point, especially for long seals, all 48 ro-
tordynamic coefficients have to be considered during the de-
sign process of modern turbomachinery, cf. Childs [11] and
Kuhr et al. [8], most of the experimental and analytical stud-
ies only focus on the dynamic characteristics resulting from the
forces on the rotor due to its translational motion. Therefore,
the additional rotordynamic tilt and moment coefficients, es-
pecially for the use of profiled seal geometries, are much less
researched. Furthermore, even if there is a variety of models
capable of predicting not only the dynamic forces but also the
moments on the rotor, cf. Childs [5], Simon & Fréne [12, 13],
San Andrés [14—16], Storteig [17], Gibbons et al. [18], Gib-
bons & Goyne [19], it is difficult to validate the prediction
quality of the developed methods due to the non-availability of

Fy

Fig. 1. Generic annular seal geometry, cf. Lang [6], Kuhr [7] and Kuhr ez al. [8]
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experimental validation data, especially for profiled seals. For
plain annular seals, however, there are a few publications ex-
perimentally identifying also the tilt and moment coefficients.
One of the first publications including the experimental inves-
tigation including the tilt and moment coefficients is the infa-
mous work of Kanemori & Iwatsubo [20,21]. Thanks to a spe-
cially constructed test rig, consisting of two rotors mounted and
driven in each other, small translational as well as rotational
movements around the static rest position induce frequency-
dependent forces and moments on the rotor. Kanemori & Iwat-
subo, essentially, investigate the influence of the axial pres-
sure difference as well as the influence of the angular fre-
quency of the rotor and the influence of the pre-swirl. In par-
allel, Neumer [22] and Matros et al. [23] use active magnetic
bearings to position and excite the rotor. Here, mainly the influ-
ence of the angular frequency of the rotor and the influence of
the axial pressure difference on the rotordynamic coefficients
is investigated. To date, these papers represent the most widely
used experimental validation basis. However, as stated before,
none of them investigated the influence of typical surface pro-
files like boreholes or saw-tooth patterns on the dynamic tilt and
moment characteristics. To overcome this fact, a test rig is op-
erated at the Chair of Fluid Systems at the Technische Univer-
sitdt Darmstadt and briefly described in the following section.
The generic experiments presented later on then investigate the
force and moment characteristics not only of plain, but also of
symmetrically profiled and non-symmetrically profiled annular
seals.

2. ANNULAR SEAL AND BEARING TEST RIG

The experimental identification of the dynamic characteristics
is carried out by using the annular seal and bearing test rig op-
erated at the chair of fluid systems at the Technische Univer-
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~
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sitdt Darmstadt, cf. Kuhr [7, 9] and Kuhr et al. [10]. As illus-
trated in Fig. 2, the main components of the test rig are the gap
module as well as the two active magnetic bearings (AMB) to
support and excite the rotor. Compared to conventional bear-
ings such as ball or journal bearings used by several authors, cf.
Childs [11, 24], Kanemori & Iwatsubo [20, 21] and Moreland
et al. [25], magnetic bearings have the advantage of bearing the
rotor completely contactless and thus frictionless. In addition,
the AMBs are an inherent force and displacement measuring
system, making them ideal for identifying the dynamic char-
acteristics of rotating machinery and components like annular
seals and journal bearings. The test rig is capable of measur-
ing both concentric and off-centred, i.e. eccentric, as well as
misaligned rotor positions in an eccentricity and misalignment
range of € =0..0.9, o, By = 0.15°. By using a ten-stage cen-
trifugal pump to supply the test rig, the axial pressure difference
across the annuls Ap can be varied continuously in the range
of Ap = 0..20bar, whereas the pre-swirl at the seal entrance
can be controlled in the range of C‘P}zzo = 0..1.4. For further
information on the capabilities, calibration and uncertainty of
the test rig, please refer to the work of Kuhr [7,9] and Kuhr et
al. [10].

2.1. Ildentification procedure

Since the rotordynamic force and moment characteristics can-
not be measured directly, they must be determined by using
parameter identification methods, i.e. linear and quadratic re-
gressions. Kuhr [7, 9] extended the formerly presented test rig
to include excitation of the shaft in the four degrees of free-
dom X,Y and ay, By. To do so, four linear independent user-
defined whirling motions at different whirling frequencies with
and against the rotation of the rotor are used and the induced
dynamic forces and torques on the rotor are measured using
the active magnetic bearings. Based on the work of Childs &

MAGNETIC BEARING

" AXIAL BEARING

Fig. 2. The annular seal and bearing test rig at the Chair of Fluid Systems at the Technische Universitit Darmstadt,
cf. Kuhr [7,9] and Kuhr et al. [10]
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Hale [24], the equation of motion 1 is transformed into the fre-
quency domain to identify the rotordynamic coefficients using
linear and quadratic regression techniques. The complex equa-
tion of motion in the frequency domain yields

Tx Hxx  Hxy  Hxa Hxg] [ Dx
Ty | |y Sy e e%;yﬁ Dy
j//X a e%;aX %Y Ji;aa Jj}aﬁ @ax
My Hpx Ay Hpa Hppl |7,

Here, %, j are the complex stiffness coefficients depending
on the user-defined whirling frequency @..% = §(F) and .4 =
&(M) are the Fourier transformations of the induces forces and
moments, whereas &; = §(i) are the Fourier transforms of the
translational and angular excitation amplitudes. The real part
of the complex stiffness coefficients R ( ) contains the stiff-
ness and inertia coefficient, whereas the imaginary part 3 ( f ,)
contains the damping coefficients

Hij=Kij— M & —|—1C,,co with ©
( ): M y and S(%j)zéud)

By examining equation 6, it becomes clear, that the rotordy-
namic coefficients can be determined by a linear or quadratic
least mean square fit if the system is excited with at least two
independent user-defined whirling frequencies. To improve the
accuracy of the regression, at least five whirling frequencies
were used during the experiments. With the independent mo-
tions necessary for identification, this results in a number of
20 individual measurements for the identification of all rotor-
dynamic coefficients. For further information on the identifica-
tion procedure and its uncertainty, please refer to the work of
Kuhr [7,9].

3. RESULTS AND DISCUSSION
3.1. Seal geometries and steady-state operating
conditions

The experimental investigations are carried out using three
different seal geometries at four and two lengths respec-
tively. Figure 3 shows the three investigated geometries. The
seal geometries are chosen to represent typical geometries
in modern turbomachinery. In addition to plain, non-profiled
seals, two surface-profiled annuli are investigated: (i) seals
with symmetrical profiles, i.e. sawtooth patterns, and (ii) non-
symmetrical profiles, i.e. borehole-profiled annuli. The dimen-
sionless lengths of the seals investigated are L = 0.216, 0.4, 0.6
and 1.6 for the plain and non-symmetrically profiled ones,
whereas the symmetrically profiled seals are only investigated
for L = 0.6 and 1.6. All experiments are conducted using wa-
ter at a temperature of 35°C with a concentric, non-tilted rotor
inside the annulus, i.e. € = ax = By = 0. The centre of rota-
tion is placed in the middle of each annulus, i.e. z7 = 0.5 and
the pre-swirl at the seal entrance Cy|.—o as well as the mod-
ified Reynolds number Rej, are kept constant at Copl;=0 = 0.5

NON-SYMMETRICALLY
PROFILED SEAL

SYMMETRICALLY PROFILED

¢ 3 SEAL

Fig. 3. Physical image of the plain, symmetrically profiled and
non-symmetrically profiled seal

and Refp = 0.017. Here, the chosen modified Reynolds num-
ber corresponds to a relative seal clearance of W = 2.6%0 and
a Reynolds number of Re, = 2800, indicating fully turbulent
flow inside the annulus. For the investigations regarding the in-
fluence of the seal length, the dimensionless axial pressure dif-
ference Ap :=2Ap /(PQ*R?) is kept constant Ap = const = 9.0,
whereas for the experiments dealing with the influence of Ap,
the pressure difference is varied on a range of Ap =4.8..16 at a
constant seal length L = 1.6.

3.2. Leakage characteristic

Before discussing the dynamic force and moment characteris-
tics of the seals, the influence of the length L and the pressure
difference Ap on the leakage, i.e. the flow number ¢

¢ :=C./(QR), )

is initially investigated. Figure 4 shows the influence of the
seal length L (left) and the axial pressure difference Ap (right)
on the flow number ¢. Within the picture, the circles repre-
sent the measurement results of the plain seals, whereas the
triangles and diamonds represent the results for the symmet-
rically and non-symmetrically profiled geometries. First, exam-
ining the effects of surface profiling at different seal lengths,
a significant reduction of the seal leakage, i.e. the flow num-
ber, is observed when comparing the plain and profiled annuli.
Here, the non-symmetrically profiled seal has the lowest leak-
age, followed by the non-symmetrically and the plain annular
seal. As the gap length increases, the leakage of all three ge-
ometries decreases due to the increased friction within the an-
nulus. Remarkably, the difference between the symmetrically
and non-symmetrically profiled seals becomes smaller with in-
creasing length. Second, the influence of the axial pressure
difference is investigated. It exhibits that all three geometries
show the typical proportionality to the axial pressure differ-
ence, i.e ¢ ~ Ap®°. However, the non-symmetrically profiled
seal shows a better leakage characteristic, i.e. flow number ¢, at
lower axial pressure differences compared to the symmetrically
profiled one.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 6, p. 147062, 2023
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Fig. 4. Influence of the annulus length L (left) and pressure difference Ap (right) on the leakage characteristic, i.e. the flow number ¢,
of the plain, symmetric and non-symmetric profiled annulus

3.3. Influence of the annulus length on the dynamic
characteristics

Subsequently, to the investigations regarding the static leakage
characteristic, the dynamic force and moment characteristics of
the plain and profiled seals are examined. Figures 5 to 7 show
the dimensionless stiffness K, damping C and inertia M co-
efficients. The individual diagrams in the figures are arranged
according to the sub-matrices I to IV, cf. equation 1, begin-
ning with the first sub-matrix I, i.e. the coefficients from the
forces due to translational motion. The left-hand side of each
figure shows the direct coefficients, whereas the cross-coupled
coefficients are located on the right-hand side. The definition
of the different markers for plain, symmetrically and non-
symmetrically profiled seals remains unchanged. It should be
noted that for the sub-matrices II to IV only lengths L > 0.4 are
displayed. This is because of the shortest length investigated,
L = 0.216, the angular motion of the rotor could not be mea-
sured properly.

Stiffness coefficients

Figure 5 shows the results for the stiffness coefficients K when
varying the seal length L, as well as the influence of the sur-
face profiles. First, the results for the sub-matrices I and 11, i.e.
the stiffness coefficients K,k and K¢q, ke, are examined. It ex-
hibits that the direct and cross-coupled stiffness K and k¢, de-
crease with increasing seal length, whereas the cross-coupled
stiffness k increases and the direct stiffness K¢, is independent
of the annular seal length. The results, namely the decrease in
direct and cross-coupled stiffness K and k¢, seem contradic-
tory at first. However, the decrease in stiffness results from the
chosen dimensionless form of the coefficients, cf. equations 4
and 5. Here, the rotordynamic coefficients are made dimension-
less by using the seal length L. This can result in a decreasing
value for the dimensionless stiffness coefficients, even if the di-
mensional stiffness coefficients K increase with the seal length.
Regarding the effect of symmetrical and non-symmetrical sur-
face profiles, it exhibits that the profiling mostly affects the di-
rect and cross-coupled stiffness K and k¢. Here, the symmetri-
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cally profiled seals exhibit the lowest stiffness values, followed
by the non-symmetrical ones and the plain annulus. The cross-
coupled stiffness k& and the direct stiffness K¢y appear to be
uninfluenced by the profiling except at the largest seal length
L = 1.6. Here, the cross-coupled stiffness k of the symmetri-
cally profiled seal is approximately half of the one from the
plain and non-symmetrically profiled seal. It should be noted
that even for small lengths, the coefficients from the second
sub-matrix II, i.e. the tilt coefficients K¢, ke are in the same
order of magnitude as the stiffness coefficients on sub-matrix
I. Second, the results for the sub-matrices III and IV, i.e. the
stiffness coefficients Kq¢,kqe and Ky, k¢, are examined. Here,
all stiffness coefficients exhibit a decreasing value with the seal
length being increased. In contrast, of the coefficients of sub-
matrix I and II, the influence of the surface profiling is only
visible within the direct stiffness K, of sub-matrix IV. Here,
the non-symmetrically profiled seal exhibits the highest stift-
ness values, followed by the symmetrically and plain seal ge-
ometry. It should be noted that the high stiffness values of the
direct coefficient Ky have to be interpreted with caution. Due
to the small length of the seal, e.g. L = 0.4, the dimensional in-
duced forces and moments F and M are small compared to the
ones at seal with length L = 1.6. This can lead to high uncer-
tainty in the identified rotordynamic coefficients, especially the
additional tilt and moment ones.

Damping coefficients

Figure 6 shows the results for the damping coefficients C when
varying the seal length L. Following the explanations of the
stiffness coefficients, the results for the first and second sub-
matrix I and II, i.e. the damping coefficients C,c and Cegq,Ceq,
are examined first. In contrast to the stiffness coefficients, the
damping coefficients increase with increasing seal length. How-
ever, similar to the stiffness coefficients, the influence of the sur-
face profiling is mainly visible in the direct and cross-coupled
damping coefficients C and cgy. Here, the non-symmetrically
profiled seal exhibits the highest damping values, followed by
the plain and the symmetrically profiled seal. It should be noted
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Fig. 5. Influence of the annulus length L on the stiffness coefficients K of the plain, symmetric and non-symmetric
profiled seal
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that, in contrast to the stiffness coefficients, the shortest seals
actually have the smallest dimensional damping values. Focus-
ing now on the damping coefficients of the sub-matrices III and
IV, it becomes obvious that the whole damping of the seal is
dominated by the direct damping coefficients of sub-matrix I,
i.e. C. Although both the change in the annulus length and the
profiling of the surfaces are clearly visible in the damping co-
efficients of sub-matrix I and II, neither the length nor the pro-
filing has a major influence on the damping coefficients of the
sub-matrices III and I'V. Only at short lengths, the coefficients
show a slight influence of the surface profiling.

Inertia coefficients

Finally, Fig. 7 shows the results for the inertia coefficients M
when varying the seal length L. In contrast to the stiffness and
damping coefficients, only the non-zero inertia coefficients, cf.
equation 1, are shown. It exhibits that the direct inertia coef-
ficients of sub-matrix I M are increasing with increasing seal
length, whereas the remaining coefficients of sub-matrix II to
IV, i.e. mgg, Mge and M, are decreasing. Furthermore, only the
direct inertia coefficients of sub-matrix I M exhibit a linear be-
haviour, whereas the remaining ones decrease non-linearly. Re-
garding the influence of the symmetrical and non-symmetrical
surface profiling, it is shown that mainly the direct inertia co-
efficients of sub-matrix III, i.e. Mye, exhibit a significant im-
pact on the profiling. Here, the symmetrically profiled seal has
the highest values and is followed by the plain and the non-
symmetrically profiled geometry. Regarding the remaining co-
efficient of sub-matrix I, IT and IV, the effect of the surface pro-
filing is visible, but less pronounced.
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3.4. Influence of the axial pressure difference
on the dynamic characteristics

Subsequently, the investigations regarding the influence of the
seal length L, the influence of the axial pressure difference Ap
on the dynamic force and moment characteristics of the plain
and profiled seals are examined, cf. Figs. 5 to 7. In contrast to
the results shown so far, only the coefficients that experience
the most significant changes due to the variation of the pressure
difference Ap are shown.

Stiffness coefficients

Figure 8 shows the results for the stiffness coefficients K when
varying the axial pressure difference Ap. It exhibits that mainly
the direct and cross-coupled coefficients of the first and second
sub-matrix I and II, i.e. K, k and K¢y, ke are affected by the
variation of Ap. Furthermore, the stiffness coefficients indicate
a linear dependence on the axial pressure difference. Regarding
the influence of the symmetrical and non-symmetrical surface
profiling, the difference between the geometries increases with
increasing Ap. Similar to the results concerning the influence
of the seal length, the plain seal geometry exhibits the highest
stiffness values followed by the non-symmetrically profiled and
the symmetrically profiled one. It should be noted that the sym-
metrically profiled seal has negative direct stiffness values for
high axial pressure differences Ap > 10.

Damping coefficients

Subsequently, for the stiffness coefficients, Fig. 9 shows the in-
fluence of the axial pressure difference Ap on the direct and
cross-coupled damping coefficients of sub-matrix I and 1II, i.e.
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Fig. 7. Influence of the annulus length L on the inertia coefficients M of the plain, symmetric and non-symmetric profiled seal
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C,c and Cgq, Cgq. It is shown that mainly the direct damping
C as well as the cross-coupled damping c¢¢ is affected by both
the axial pressure difference Ap and the surface profiling with
symmetrical and non-symmetrical patterns. The effect of the
surface profiling, i.e. the order of the highest damping values
ranging from non-symmetrically profiled to plain and symmet-
rically profiled geometries, remains untouched. In contrast to
the damping coefficients C and cgg, the cross-coupled and di-
rect damping coefficients ¢ and Cg(, are independent of the axial
pressure difference.

Inertia coefficients

Finally, the influence of the axial pressure difference on the in-
ertia coefficients is shown in Fig. 10. Here, only the direct iner-
tia coefficients of the first sub-matrix M and the cross-coupled
inertia coefficients of the second sub-matrix mg, are shown. It
exhibits that both the direct and cross-coupled inertia M and
mgq are almost independent of the axial pressure difference.
This is in good agreement with the latest findings of Kuhr [7],
indicating that the inertia coefficients mainly depend on the
geometrical parameters of the seal. However, the influence of
the symmetrical and non-symmetrical surface profiling is vis-
ible in both coefficient. Here, the symmetrically profiled seal
exhibits the highest values for the direct inertia M, followed
by the plain and non-symmetrically profiled seal. Regarding
the cross-coupled inertia coefficients mg(, the order reverses,
leading to the highest values in the non-symmetrically pro-
filed seal.

4. CONCLUSION
In summary, the following statements can be made:

e A significant reduction of the seal leakage, i.e. the flow
number @, is observed when comparing the plain and pro-
filed seal geometries. As the gap length increases, the leak-
age decreases due to the increased friction within the an-
nulus. However, the difference between the symmetrically
and asymmetrically profiled gaps becomes smaller with in-
creasing seal length.
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e The symmetrically profiled seal geometry is superior to the
non-symmetrically profiled one and the plain seal geometry
in terms of leakage.

e The use of surface profiled annular seals such as borehole
and saw-tooth pattern leads to a significant change not only
in the dynamic force characteristic but also in the additional
tilt and moment characteristic.

e The use of non-symmetrically profiled seals leads to a re-
duction of the stiffness coefficients of sub-matrix I to III,
i.e. K, k, Kegr, kears Kae, kae, Wwhereas the stiffness coeffi-
cients of sub-matrix IV Ky, k¢ are increased. Regarding the
damping coefficients, the use of non-symmetrically profiled
seals increases the direct damping coefficients of the first
sub-matrix, i.e. C, which are the dominant coefficients for
the whole damping matrix C.

e The use of symmetrically profiled seals leads to a further
reduction of the stiffness coefficients of sub-matrix I to III,
i.e. K, k, Keg,, ke, Kae, koe, Whereas the stiffness coef-
ficients of sub-matrix IV Ky, ko are located between the
ones from the plain and the ones for the non-symmetrically
profiled seal. Regarding the damping coefficients, the use
of symmetrically profiled seals reduced the direct damping
coefficients of the first sub-matrix, i.e. C, significantly.

In conclusion, it can be stated that the use of profiled seal ge-
ometries both affect the static and dynamic characteristics of the
annulus. Regarding the dynamic force and moment character-
istics, it becomes clear that not only the well-researched force
characteristic is mainly influenced by the profiling, but also the
much less well-researched tilt and moment characteristics. This
leads to a need for further investigation, focusing especially on
the additional rotordynamic coefficients.
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