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ABSTRACT

A computational framework to study the dynamic response
of a dry gas seal (DGS) during multi-axis rotor vibrations is de-
scribed in this work. The DGS comprises Rayleigh pads grooved
in the primary ring and a pumping volume, and is used to explore
the gas film behaviour for different rotor speeds and air supply
pressures. Steady-state CFD simulations are conducted to deter-
mine the stiffness coefficients at various primary ring positions
while the non-linear damping coefficients are computed from
transient analyses. A novel methodology that allows the complete
primary ring’s movement is developed by specifying a wall motion
through a transfer function. A mesh deformation strategy is estab-
lished in which the grid is controlled using a Laplacian equation
along with smoothing iterations, and differential, gradual steps
of wall motion enable high-quality "real-time" simulations.

The gas film flow field is characterised by the generation of
dynamic pressure from the Rayleigh pads and the flow entrapment
in the pumping volume. The gas film thickness reduces circum-
ferentially to reduce leakages thus improving the film stiffness.
Higher gas film pressure is generated at higher air inlet pressures
and rotor speeds, leading to an increase in stiffness coefficients.
During the translational motion, the stiffness reduces as the film
thickness increases while the damping response improves with
the air inlet pressure. When the primary ring tilts, the stiffness
and damping effects from the induced force in the radial direc-
tion are negligible. Negative stiffness and damping coefficients
are also obtained, which have important implications for stable
rotor operation. The computed opening forces depend on the
primary ring’s position and the effects of rotational speed and air
supply pressure are highlighted. Finally, the calculated dynamic
coefficients are utilised in a rotordynamics model to determine
its dynamic response characteristics. This study proposes a nu-
merical framework to accurately study the dynamic stability of
DGSs that are working under harsh dynamic conditions, leading
to better performance calculations and initial designs.
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NOMENCLATURE

Roman letters

Cij Damping Coefficient [Ns/m]

f Frequency [Hz]

F; Spring force on mesh node [N]

Fx,p, Fy,p Fluid force on perturbed position in x and y

directions [N]
Fx.eq> Fy,eq Fluid force on equilibrium position in x and y
directions [N]
K;; Stiffness Coefficient [N/m]
kij Spring stiffness of mesh node [N/m]
kfac  Spring factor of mesh node [-]
L Connecting rod length [m]
N Shaft speed [% of max. rpm]
P Air supply pressure [Pa]
Prey Reference pressure [Pa]
re Crank radius [m]
Tin» Your Inner and outer seal radii [m]
x;,x;  Position of mesh nodes i,j [m]
Xoffser Primary wall offset [m]
Xp Position of primary wall [m]

Greek letters

Ax;, Ax; Displacement of nodes i and j [m]

Ax Primary wall displacement [m]

Ax  Primary wall velocity [m/s]

0. Crank angle [degree]

f4eo  Deviation angle from vertical plane [degree]
Omax Maximum deviation angle [degree]

w Angular frequency [Hz]

Q Angular Velocity [rad/s]

Abbreviations
CFD Computational Fluid Dynamics
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DGS Dry Gas Seal

FSI  Fluid-Structure Interaction
S-DGS  Spiral-Grooved Dry Gas Seal
GCI  Grid Convergence Index

1. INTRODUCTION

A Dry Gas Seal (DGS) is a mechanical seal commonly used
for turbomachinery applications to reduce gas leakage under ex-
treme conditions with a high degree of safety and reliability. Un-
like the traditional oil film seals, DGS offer reduced friction and
wear, increased efficiency, and are fitted to the majority of new
compressors [1], [2]. This type of sealing system relies on a thin
layer of gas to create a contactless, non-wearing barrier between
a stationary primary ring and a rotating mating ring. The primary
ring is typically manufactured using a carbon graphite material
and is allowed to move axially where the opening force generated
by the fluid film acts against the closing force of springs, which
are connected to the primary ring. The mating ring is made of
a harder material, namely silicon carbide or silicon nitride, and
is mounted on a shaft sleeve that is constrained axially. At static
conditions, the air supply creates a hydrostatic pressure that re-
sults in low startup torque and less parasitic power. When the
shaft is rotating, a hydrodynamic pressure is induced that forces
the primary ring to lift thus creating a running film gap. Conven-
tional film gap values vary between 2.5 to 10 um and depend on
the seal pressure, the rotational speed of the mating ring, and the
DGS configuration.

The spiral-grooved DGS (S-DGS) has been the focus of re-
search for many years. Its performance and behaviour have been
explored through computational methods and experimental cam-
paigns. In detail, the influence of sealing pressure on key per-
formance parameters has been investigated and it is reported that
the leakage, opening force and gas film stiffness increase with the
sealing pressure [3], [4], [S]. The fluid flow characteristics for
various film thicknesses and flow regimes have been explored us-
ing computational models, and results indicated that the opening
force decreases as the film thickness increases [6], [7], [8]. More-
over, the effect of groove ring rotation on sealing performance
was examined by a thermal-fluid-structure interaction coupling
method and results demonstrated that the gas film pressure and
temperature values are higher in the grooved rotating ring than in
the grooved stationary ring.

The self-regulation of the film gap in all operating conditions
is a main characteristic of the DGS technology. Therefore, when
designing dry gas seals, special attention is paid to ensuring that
the required dynamic characteristics are provided. The dynamic
response of seals plays a critical role in sealing performance and
equipment reliability as airflow excitation, severe vibrations, and
grinding can lead to gas film instabilities and friction-induced
failures [9]. The stiffness and damping coeflicients for different
gas films and operating conditions have been calculated numeri-
cally by recent studies. The axial vibration of a seal was analysed
under various operating points and the impact of the damping on
the dynamic response of the DGS was obtained [10]. The gas film
disturbance characteristics were studied by Yang et al. [11] in a
high-speed, high-pressure S-DGS and results showed that large
excitation amplitude and frequency strongly affect the leakage,

while smaller gas film thickness oscillations are beneficial for a
mating ring in a specific range of material densities. Moreover,
the transient sealing performance of a hyperelliptic curve groove
DGS was investigated and the influence of dynamic coefficients
on dynamic tracking property was obtained [12]. However, the
gas film is treated as a mass-spring-damper system in all previ-
ous studies where the Reynolds equation is utilised to obtain the
pressure distribution with fixed stiffness and damping properties.
Also, CFD investigations [13], [14] are focused on steady-state
approaches that are sufficient for fixed operating conditions but
neglect transient effects. The transient non-linear dynamic re-
sponse of a DGS was studied using a transient CFD-FSI model
and the importance of fluid gas modelling without the need to
include analytical models is highlighted [15].

Therefore, the time-varying flow field effects computed by
a transient CFD model, which cause the non-linear behaviour
of dynamic coeflicients, while the DGS is displaced both posi-
tional (translation) and angular (tilt) are described in this work.
The motion of the primary walls in the film gap is achieved by
implementing a computational method that uses a wall transfer
function to mimic the translational and tilting movements along
with a mesh deformation technique. The evolution of pressure,
opening force, stiffness and damping coefficients are quantified
and discussed in the paper. The hitherto unexplored behaviour of
dynamic coefficients as computed by taking into account transient
gas effects in this study, provides a computational framework to
examine the dynamic response of DGS which can be used as a
valuable tool during the design phase for investigating potential
improvements in performance and seal stability.

2. MODEL DESCRIPTION

The dynamic coefficients are characterised using a DGS with
Rayleigh pad configurations grooved in the primary ring. Air is
supplied through a drilling orifice to a pumping volume sur-
rounded by walls, which are named channel walls, and Rayleigh
pads are grooved to the primary ring to provide greater film stift-
ness. Radial leakage is minimised by placing a small film gap,
which acts as a circumferential dam, at the inner and outer radii.
The model is shown in Figure 1.

3. COMPUTATIONAL SETUP

A 30-degree section is simulated to minimise computational
cost, and a hybrid discretisation procedure is followed in which
a structured mesh, which allows better control of points, is gen-
erated in key geometric areas such as sharp edges. The mesh
is dominated by hexahedral elements and the addition of high-
quality prismatic cells completes it. A rigorous grid sensitivity
study was conducted in which three grids of different sizes were
tested and the number of mesh points in the film gap was varied
by keeping the maximum aspect ratio below 300. The grid re-
finement is based on the total element number and the refinement
ratio is set to 1.5, while the largest surface element edge is deter-
mined from the maximum aspect ratio value. A total mesh of 13
million elements with 16 elements in the gas film and 30 in the
pumping volume is finalised after a grid convergence study, based
on the approach suggested by Roache [[16], indicated that the so-
lution of local and global parameters is well within the asymptotic
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FIGURE 1: SCHEMATICS OF OF ENTIRE GEOMETRY (A) AND A 30°
SECTOR SHOWING COMPONENT DETAILS, AND THE COMPUTA-
TIONAL DOMAIN AND BOUNDARY CONDITIONS (B)

range with the Grid Convergence Index (GCI) values being no
more than 1.5%. The computational model was also validated
against experimental data provided by John Crane UK, where a
DGS was examined in a test rig with thermocouples positioned at
critical locations. The results showed good agreement in terms of
leakage rates with the difference being within 4%. The dynamic

flow field solutions are computed by the transient Navier-Stokes
equations and the flow regime is considered to be laminar. This
is explained based on the flow regimes between a rotating plane
and a stationary disc that Brunetiere [17] highlighted in which
the computed Re. at the specified #/R fall within the laminar
zone with merged boundary layers (I), as seen in Figure 2.
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FIGURE 2: FLOW REGIMES BETWEEN A ROTATING AND A STA-
TIONARY DISC [17].

A commercial, finite volume solver [18] is used with second-
order schemes for the spatial discretisation of momentum and
density equations and a second-order implicit scheme for the tem-
poral derivatives. The PRESTO! scheme is used for the interpo-
lation of pressure and the pressure-velocity coupling is achieved
by the robust Coupled algorithm. Moreover, a temporal sensitiv-
ity analysis was conducted to finalise the timestep selection and
it was found that 100 timesteps per one complete mating ring
revolution satisfy all flow-induced features and solver-based nu-
merical requirements. Convergence is typically achieved within
each timestep after 50 iterations and residuals are reduced by at
least three orders of magnitude. Finally, steady-state converged
simulations act as initial conditions for the dynamic analyses al-
lowing transient simulations to start from a stable condition.

4. BOUNDARY CONDITIONS

The transient flow field is investigated for three rotational
speeds, 50%, 75% and 100% N and air supply pressures of
P/Prer 1, 1.5 and 2, where p,. s is the lowest pressure. There-
fore, a rotating wall is imposed on the mating wall interface
within the gas film while the rest of the walls are treated as no-
slip stationary walls. The air is modelled as an ideal gas and
pressure boundary conditions are used for the inlet and outlets,
where atmospheric pressure is prescribed to the latter. The flow
is adiabatic and the geometry is axisymmetric thus, a 30° sector
is modelled with conformal rotational periodicity being imposed
to the appropriate interfaces of the domain.

5. TRANSLATIONAL AND TILTING PERIODIC MOTION
MODELLING
The dynamic behaviour of the seal involves the movement
of the primary ring in both positional and angular directions.
Initially, the seal is at the equilibrium position and then an os-
cillatory motion is induced with an amplitude of 1 um for 15
complete periods. The capability to move the primary walls to
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explore realistic dynamic operations is developed using a novel
implementation of imposed wall motion. A transfer function that
controls the wall position is specified for the primary ring walls.
During the translational motion, the displacement of the primary
ring follows a cosine profile, as seen in Figure 3. Essentially, the
primary ring is considered to act as a reciprocating piston, where
its position is calculated using the following equation:

Xp = 4/(re + L)? —x(zlffset —recos(0;) — \/L2 = (resin(6.) +Xoffser)2 (1)

where x,, is the primary wall position, r. the equivalent crank
radius, L is the connecting rod length, 6, is the crank angle and
Xof fser 1s the piston offset. The primary walls’ location is updated
every timestep in differential, gradual steps that correspond to
0.5 deg of crank angle step size. The frequency of this periodic
motion follows a typical realistic oscillatory behaviour based on
the investigated conditions.
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FIGURE 3: FILM THICKNESS DURING TRANSLATIONAL MOTION
OF PRIMARY RING WALLS.

Apart from axial displacements, the DGS motion involves
angular moments where the primary ring rotates causing the film
gap to take different shapes as the primary ring and mating ring
walls are not parallel. The angular displacement is prescribed to
a fixed pivot point, which is located above the channel walls, and
the motion of the walls is controlled based on the deviation angle
created when the walls are not parallel. A maximum deviation
angle is determined so that the entanglement of walls is avoided.
The tilting motion of the geometry is seen in Figure 4 and the
displacement of the primary walls, which follows a similar cosine
profile, is implemented by the following equation:

Odev = Omax W COS((A)t) (2)

In both displacement operations, the updated location of the
walls is dealt with by the surface mesh elements of the discretized
domain. After the walls’ movement, the motion is transferred to
the internal volume mesh. The motion of mesh nodes is controlled
by a spring-based mesh deformation method in which mesh nodes
are connected to each other with idealised springs. Before any
boundary motion, the initial node spacings are assumed to be in
equilibrium and a displacement at the wall nodes will generate a
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FIGURE 4: SCHEMATICS SHOWING THE ANGULAR MOTION OF
THE PRIMARY WALLS.

force proportional to the displacement of all connected springs.
The spring force is calculated by Hook’s law and the spring
stiffness, which is a constant, has been calibrated using a factor
of 0.05.

n;
ﬁi:zkij (AX; — Ax;) 3)
J
k actor
I - ]

Additionally, boundary layer smoothing iterations are ap-
plied to improve the mesh quality and aggressive quality criteria
thresholds, representative of rotating flows, are met. This ap-
proach allows the nodes of the first cells of the moving walls to
have the same displacement vector as the ones on the wall. The
effect of the combined approach is seen in Figure 5 highlighting
the preservation of grid quality at three axial displacements.

(a) compressed po- (b) equilibrium po- (c) extended posi-
sition sition tion

FIGURE 5: GRID EVOLUTION SHOWING THE MESH DEFORMA-
TION DEPICTED AT THREE AXIAL LOCATIONS DURING TRANS-
LATIONAL MOTION.

The developed mesh deformation strategy was implemented
after a mesh tracking routine, in which mesh quality criteria
were probed and examined at each timestep, showed that the grid
quality remains high for the entire period in both motions. The
sufficient number of elements along with the small gradual step
deformation eliminate the need to remesh the domain during the
transient calculations while mesh folding is avoided too. This
leads to ensuring that the mesh quality remains high throughout
the calculations and that non-physical numerical artifacts ema-
nating from the grid motion are removed.
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FIGURE 6: TOTAL PRESSURE CONTOURS AT THE MIDDLE OF THE GAS FILM FOR THREE DIFFERENT AIR SUPPLY PRESSURES IN A FIXED

ROTATIONAL SPEED.

6. RESULTS & DISCUSSION

To completely characterise the dynamic behaviour of the
DGS during the positional and angular displacement, the results
are discussed in the following order:

1. The flow field in the gas film is characterised for differ-
ent air supply pressures and rotational speeds using the
Rayleigh pad configuration. At these conditions, the calcu-
lation of stiffness coeflicients, which are strongly affected
by the mating ring’s rotational speeds and inlet pressure, is
undertaken.

2. The effect of the primary ring’s periodic axial displacement
is described for a specified frequency at different rotor
speeds and air supply pressures. Such axial vibrations are
ubiquitous in non-contacting seals and have a detrimental
effect on the operating stability of the seal. Therefore, the
dynamic response of the investigated DGS is determined in
terms of axial stiffness and damping coefficients. Transient
analyses are conducted to provide the values of dynamic
coeflicients.

3. The effect of the primary ring’s angular displacement is
discussed for the same frequency at different rotor speeds
and air supply pressures. This type of oscillation shows
the response of the seal when a force is induced radially
and cross stiffness and damping coefficients are computed
based on a pivot point that is located closer to the outer
radius. The dynamic coefficients are obtained for all inves-
tigated conditions and indicate the dynamic behaviour of
the seal.

4. A rotordynamics model is developed to study the dynamic
response of the system using the obtained linearised coeffi-
cients from CFD simulations. The vibration characteristics
of the system are identified from a modal analysis.

6.1 Gas film flow field

The periodic motions of the primary ring are investigated at
different air supply pressures and rotor speeds. The effects of
these variables on the gas film flow field are described in this
section. Figure 6 shows the total pressure contours in the middle

of the gas film at three air supply pressures and a fixed rotational
speed of 75% N. The black arrows show the direction of the flow,
which is predominantly circumferential following the mating ring
rotation. In all cases, the air is supplied through the orifice and
expands on a pumping volume surrounded by the channel walls.
The total pressure is high in this volume due to the higher mass
flows and it decreases as the fluid moves radially into the film
gap and out of the domain at atmospheric pressure. This shows
that the channel walls entrap most of the air and the role of the
smaller film gap is to decrease the mass flow in these regions,
thus providing lower leakages and increasing the film stiffness.
An increase in total pressure is noticed in the left Rayleigh pad
as the flow moves into the small film gap creating a higher local
pressure zone. The opposite phenomenon is noticed in the right
Rayleigh pad where the total pressure decreases as the flow leaves
from the film gap and expands, making it lose momentum. As
expected, the total pressure increases with the air supply pressure
causing a larger mass flow of air into the DGS along with a higher
opening force and axial stiffness.

The effect of the mating ring rotational speed is shown in
Figure 7 following a similar strategy. As the mating wall rotates
faster, the circumferential velocity of the flow increases thus the
velocity gradient inside the gas film is higher, leading to higher
shear stresses. This affects the dynamic behaviour of the DGS as
the opening force and film stiffness increase. The results show that
the increase in total pressure is an order of magnitude higher when
the air supply pressure rises compared to the increase in shaft
rotational speed. During the tilting motion, in which the primary
walls are rotated at a fixed pivot point, a similar flow topology
is present with the pressure fields exhibiting local discrepancies
in magnitude at the minimum and maximum deviation angles.
Therefore, the flow field description in these conditions follows
identical trends and is not included in the discussion.

6.2 Periodic Translational Motion

The dynamic response of the DGS as it is displaced axially
for different rotational speeds and air supply pressures is dis-
cussed in detail in this section. Firstly, the axial stiffness (K,)
coeflicients are computed by steady-state simulations for various
film thicknesses based on an equilibrium position at all investi-
gated conditions. Figure 8 shows the variation of opening force
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FIGURE 7: TOTAL PRESSURE CONTOURS AT THE MIDDLE OF THE GAS FILM FOR THREE DIFFERENT ROTATIONAL SPEEDS IN A FIXED

AIR SUPPLY PRESSURE.

Film thickness

(a) opening force
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®  plp,=15 - 75% N
® pp,=2 - 100% N

FIGURE 8: OPENING FORCE (A) AND AXIAL STIFFNESS COEFFI-
CIENT (B) FOR DIFFERENT FILM THICKNESS VALUES

and K, with film gap thickness at different rotational speeds
and air supply pressures. The values are normalised using the
maximum value of the corresponding variable and the axial stiff-
ness is computed using equation 5. The opening force and K
decrease as the film thickness increases with the latter exhibiting
a small increase when the film thickness increases from its min-
imum size to a higher value. The displacement magnitude from
the equilibrium location and the difference of Fy , — Fx .4 lead
to the obtained behaviour. The opening force drop as the film
thickness increases is calculated to be 60%, 40% and 30% for
an air supply pressure of p/p,.r 2, 1.5 and 1 respectively. Both
variables increase with the mating ring’s rotational speed due to
the higher dynamic pressure and shear stresses. A larger increase
is noticed when the air supply pressure rises because of the higher
air mass flow that is directed into the seal causing higher gas film
pressure values. A peak of film stiffness at the minimum film
thickness size is noticed at p/p,.y = 1 and 100% N. This sharp
35% increase is explained by the significant pressure rise at this
rotational speed, which is caused by the larger shear stresses in
combination with the small film thickness size.

Fx,p - Fx,eq = KyxAx &)

After the calculation of the axial stiffnesses, transient simu-
lations are utilised to compute the damping coefficients. The total
pressure flow field at three dynamic locations is seen in Figure
9 in a meridional plane showing the region that comprises the
film gap and the channel walls. As expected, the total pressure
drops when the gas film thickness increases for the same rota-
tional speed and air supply pressure. This occurs because the
flow expands and the effective pressure decreases causing a drop
in the opening force.

The primary ring motion is the key driving factor to the
damping response of the DGS. During the dynamic positional
displacement, the primary walls move with varying speed ac-
cording to their prescribed position, as shown in Figure 3. This
motion yields damping forces and when the primary ring passes
through the equilibrium position, the axial stiffness is zero. The
damping coefficients were calculated using eq. 6 and the K,
values at different film thicknesses other than the equilibrium one
come from the steady-state simulations. Figure 10 shows the
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FIGURE 9: TOTAL PRESSURE FLOW FIELD AT THREE DYNAMIC
PRIMARY WALL LOCATIONS FOR A FIXED ROTATIONAL SPEED
AND AIR SUPPLY PRESSURE.

axial damping coefficient at the equilibrium location for different
rotational speeds and air inlet pressures. The first observed trend
is that the damping coefficient increases with the air supply pres-
sure. The seal accommodates higher air mass flow rates from the
larger inlet pressure leading to an increase in Cyx. Moreover, it is
noticed that the damping coefficient decreases at the two lowest
pressures as the rotational speed gets higher, agreeing with the
findings of [19]. The increased air inlet pressure in combination
with the higher rotational speed makes the damping of the system
larger, which leads to better energy dissipation characteristics.

Fyp—Fxeqg = KixAx + CixAx (6)
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FIGURE 10: AXIAL DAMPING COEFFICIENT FOR DIFFERENT RO-
TATIONAL SPEEDS AND AIR SUPPLY PRESSURES.

Figure 11 shows the opening force for different rotational
speeds and air supply pressures and is averaged over the last
several periods. The opening force is directly dependent on the
film thickness, hence its cosine profile, and increases with the
air supply pressure and the rotational speed. At 100% N, when
the film thickness is at its smallest size and starts expanding,
the force is at its maximum and starts dropping. However, a
small increase is noticed as the primary wall moves towards the
equilibrium position. This occurs because the entrapped flow
inside the pumping volume expands and moves radially outwards
creating high local pressure zones in the gas film. The biggest
force delta is approximately 60%, 50%and 40% at p/p,r of 2,
1.5 and 1, respectively.

= PP =1
[ Plp,=1.5
—— PIp =2
50% N
75%N
100% N

Fx / Fx,max

Time

FIGURE 11: DYNAMIC AVERAGED OPENING FORCE FOR DIFFER-
ENT ROTATIONAL SPEEDS AND AIR SUPPLY PRESSURES.

6.3 Periodic Tilting Motion

Angular oscillations are present during the dynamic opera-
tion of a DGS and the tilting motion around a fixed pivot point
is discussed in this section. The flow field features are similar
to the translational motion with local differences being noticed
due to the angular movement of the primary ring. This motion
induces forces in the vertical and horizontal directions and the
cross stiffness coefficients (Kyy, Ky ) are calculated from several
steady-state equations where the primary ring is pivoted between
the maximum and minimum deviation angle. Then, transient
analyses provide the means of calculating the cross damping coef-
ficients (Cxy, Cyy). The cross stiffness coefficients are calculated
based on the following equations:

(Fyp = Fx.eq) — KxxAx
ny: Xx,p er; xx 7

(Fy,p = Fy,eq) = KyyAy
Ax

The cross damping coefficients are computed using the following

ny = ®)
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expressions:

(Fx,p - Fx,eq) — Ky xAx - nyAy - CxxAx
Ay

ny = 9

(Fy,p = Fy,eq) = KyyAy — KyxAx — nyAy
Ax

where K,, and C,, are very close to zero because the induced
force in the y direction due to the small displacement in the same
direction is extremely low. Similarly, the fluid force on the x
axis when the primary ring tilts and moves on the y direction is
negligible leading to very low K and Cy coefficients. The con-
tribution of these coefficients are negligible and are not included
in the discussion.

Cyx = (10)
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FIGURE 12: CROSS STIFFNESS AND DAMPING COEFFICIENTS AT
DIFFERENT ROTATIONAL SPEEDS AND PRESSURES.

Figure 12 shows the normalised cross stiffness K, and
damping coefficient Cy, over three rotational speeds at different
air supply pressures and are normalised using the corresponding
maximum values. The negative values indicate that the induced
force is in the opposite direction to the displacement. In terms
of rotor dynamics, this is interpreted as the force being applied
to the direction of whirl and tangential to the whirl orbit. The
Ky reduces further as the air supply pressure increases while the
Cxy becomes positive for the two highest pressure values. The
rotational speed increase causes an increase in absolute values
where the cross stiffness coefficient decreases and the damping
coefficient increases. The negative K, values are disadvanta-
geous because film instabilities are encouraged leading to rotor
stability loss [20].

Figure 13 shows the normalised F, forces averaged for the
last few periods at different mating ring rotational speeds and air
supply pressures. The F is the predominant force and its profile
is directly dependent on the primary ring tilting movement where
it is maximum when the gas film thickness is minimum. At this
position, the forces converge to a similar value regardless the air
inlet pressure as the shear stresses drive the pressure rise in the gas
film. Following the same trends as in the translational motion, F
increases with the air supply pressure while the force difference
at a constant pressure increases during one period for higher
rotational speeds due to the higher leakages. It is highlighted
that the induced Fj, is very low and therefore, its contribution,
along with the associated damping coeflicients, is considered
negligible.
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FIGURE 13: DYNAMIC F, FOR DIFFERENT ROTATIONAL SPEEDS
AND AIR SUPPLY PRESSURES DURING THE TILTING MOTION.

6.4 Simplified Rotordynamics Model

After the determination of the dynamic characteristics of the
seal and the calculation of all linearised stiffness and damping
coefficients, a rotordynamics model is developed to obtain the
dynamic response of a system with the thin gas film providing
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the stiffness and damping forces. The simplified model is based
on the well-known Jeffcott rotor and comprises of a flexible shaft
and a rigid disc placed at the middle of the shaft. The mass of
the system is concentrated in the disc and bearings support the
two ends of the shaft. The dynamic gas film characteristics are
applied to the bearings and the system is not constrained in any
axis.

Figure 14 shows the Campbell diagram of the system for
the first eight modes. The first few modes in the rotordynamic
analysis correspond to rigid body motion, in which no rotor de-
formations are present. These modes typically have zero natural
frequencies because they represent movements like translation
and rotation of the entire rotor without any internal strain. As the
rotor speed increases, the centrifugal forces rise making the sys-
tem stiffer. Since stiffness is directly proportional to the natural
frequency of the system, higher modes have a higher frequency.
The excitation frequency is displayed by a dashed line and two
critical speeds are obtained, the first one being at 57% of N and
the second at 69%. Therefore, if the rotor operates above 55% N,
the DGS must provide sufficient stiffness and damping in order
to ensure that the system remains stable.

—&— Mode 4
08 —4— Mode 5
—@ — Mode 6
——l—— Mode 7
Mode 8
L 2 Critical Speed
0.6 -

it .

04 ="

02

N [%]

FIGURE 14: CAMPBELL DIAGRAM OF SIMPLIFIED MODEL.

7. CONCLUSION

A novel computational methodology that allows the physi-
cal movement of the primary ring inside the domain has been
developed and is utilised to characterise the dynamic response
of the seal during a positional and translational motion. The ef-
fects of the mating ring’s rotational speed and air supply pressure
have been investigated and the obtained linearised dynamic coef-
ficients have been applied to a simplified rotordynamics model to
capture its dynamic response. The key findings from this study
are:

1. The increase in air supply pressure and shaft speed is ob-
served to cause an increase in gas film total pressure mainly
in the pumping volume and Rayleigh pads regions, where

the air is entrapped. The role of Rayleigh pads in providing
dynamic pressure is highlighted where higher local pres-
sure zones are obtained when the flow moves to the smaller
film gap.

2. During the translational primary ring motion, the axial
stiffness and opening force reduce as the gas film thickness
increases. It is observed that the decrease is steeper at
higher air supply pressures, while higher stiffness values are
obtained for higher shaft speeds at a constant pressure. The
damping coefficient increases with the air inlet pressure but
decreases at higher rotational speeds for low pressures. The
transient opening force is directly dependent on the position
of the ring and an unsteady phenomenon is captured that
causes the local increase in force at a specific primary ring
position.

3. When the primary ring tilts, the induced force in the y
direction is extremely low and thus, the damping effect
is negligible. Negative coefficients are obtained that ad-
versely affect the stability of the seal and higher air supply
pressures exacerbate the K, stiffness but improve Cy,
damping coefficient. The averaged transient opening force
exhibits the same profile as in the translational motion and
the maximum opening forces converge to the same level
for different rotor speeds at a constant air supply pressure.
This occurs when the film gap size is the smallest and large
shear stresses drive the gas film behaviour.

4. All dynamic coefficients obtained from CFD simulations
are applied to a simplified rotordynamics model that pro-
vides insights into the dynamic characteristics of a rotor.
Two critical speeds were obtained and the DGS must pro-
vide sufficient stiffness and damping effects to ensure that
the rotor operates within enough stability margins if it is
desired to operate at higher shaft speeds passing through
these two modes.

This study addresses an important aspect of the operation
of non-contacting seals in capturing their dynamic characteris-
tics accurately without the need for taking into account analytical
approaches. Therefore, the work provides methodological ap-
proaches that can be used as a design aid and to determine seal
performance under dynamic condition. Moreover, investigations
of a hitherto unexplored angular motion of the stationary ring
provide useful insights into the realistic operating conditions that
seals are exposed to to ensure long-term stable operation.
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