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ABSTRACT

This study evaluates labyrinth seals for space
mechanisms to enhance lubricant retention and reduce
contamination under vacuum conditions. It examines the
influence of seal geometry including length, width,
surface roughness, and stepped features through
analytical models, numerical simulations, and
experimental validation. Surface roughness and
geometric complexity strongly affect molecular
transmission, while electrostatic fields and rotational
dynamics further improve sealing performance.
Experimental evaporation measurements align closely
with simulations and validate correction models that
incorporate surface roughness effects. These results
guide the design of labyrinth seals for space applications.

1 INTRODUCTION

Space mechanisms face extreme conditions such as ultra-
high vacuum, temperature extremes, vibrations, and long
inactivity, challenging the reliability of lubricated
components. Liquid lubricants like perfluoropolyether
(PFPE) and multiply alkylated cyclopentane (MAC) are
commonly used, but lubricant loss through vacuum
evaporation can cause contamination and wear.
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Figure 1. Ball bearing system with integrated straight
labyrinth seal between stator and rotor [1]

Non-contact labyrinth seals restrict evaporated lubricant
migration without frictional wear by creating narrow
flow paths that reduce molecular transmission under free
molecular flow conditions (see Fig. 1). Previous research
[2] shows that seal effectiveness depends mainly on
corridor width and length, with the ESTL analytical
model predicting lubricant mass loss in vacuum.

However, analytical models often overestimate mass loss
[2,3] because they overlook factors such as surface
roughness, geometric complexity, local shape variations,
dynamic rotation effects, and electrostatic fields
generated inside the labyrinth seal [1,2].

This study compares analytical, numerical, and
experimental approaches to evaluate how labyrinth seal
geometry, surface topography, electrostatic fields, and
rotation influence the transmission of evaporated
lubricant molecules. Understanding these effects
improves labyrinth seal design to reduce lubricant loss
and contamination, enhancing mission reliability and
extending operational lifetime.

2 EXPERIMENTAL MEASUREMENTS
2.1  Evaporation test rig (ETR)

To quantify lubricant mass loss due to vacuum
evaporation, a custom-designed evaporation test rig
(ETR) was developed and employed (see Fig. 2) [2,3]. It
enables continuous, high-precision measurement of mass
loss under high and ultra-high vacuum conditions,
providing critical experimental validation for analytical
and numerical evaporation models.

The ETR is based on a modified balance-scale
mechanism [3] operating within a vacuum chamber.
Displacement resulting from lubricant evaporation is
measured using a capacitive proximity sensor. As
evaporation causes the sample pan to lose mass, the beam
tilts to maintain equilibrium. This displacement is being
measured and further converted into a mass loss value
using a calibrated sensitivity of 10.0 um per 1.0 mg.
Under stabilized thermo-vacuum conditions, the system
achieves a weighing precision of £0.04 mg [3].
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Figure 2. Evaporation test rig (ETR) description [3]

The modular design of the ETR allows for flexible
adaptation to various test configurations. Components
such as the weighing pan, counterweights, and test
platforms are interchangeable, supporting a wide range
of experimental scenarios including evaporation
behaviour, outgassing phenomena or the labyrinth seal
performance testing (see Fig. 3) [2].

Figure 3. ETR with labyrinth seal platform [2]

For labyrinth seal testing, a dedicated modular platform
is attached to the weighing pan. This platform houses an
annular reservoir into which the test lubricant is applied
and accommodates interchangeable seal geometries for
comparative evaluation (see Fig. 4). All platform
components are made of aluminium alloy 6061 to ensure
thermal stability and vacuum compatibility. The low-
outgassing lubricant Fomblin Y LVAC 25/6 was selected
for testing due to its known vacuum performance

characteristics. The amount of lubricant applied is
carefully controlled to maintain a uniform liquid film
across the reservoir while avoiding excess that could lead
to uncontrolled creep through the seal geometry.
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Figure 4. Labyrinth seal platform setup breakdown [2]

Three labyrinth seal configurations were experimentally
tested (see Fig. 5 and Tab. 1) [2], chosen to match the
analytical and simulation models in geometry and
dimensions. The LONG configuration was additionally
tested in two surface roughness variants to assess the
influence of wall texture on molecular transmission.
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Figure 5. Labyrinth seal geometries and their
experimental setup
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Table 1. Labyrinth seal geometry dimensions [2]

Width Diameter Length
Labyrinth ]

SHORT b=0.5 d=86.5 L=15
LONG b=05 d=86.5 L=10
STEP b=05 di1=86.5 L1=8.25

d2=92.5 L2=3.00
L3=1.75

2.2 Electrostatic labyrinth test rig (ELTR)

To evaluate the influence of electrostatic fields on
molecular transport through labyrinth seals, a dedicated
electrostatic labyrinth test rig (ELTR) was developed.
The system comprises a vacuum-compatible seal housing
fitted with embedded electrodes, allowing the generation
of a controllable electric field across the labyrinth
corridor (see Fig. 6).

Figure 6. Electrostatic field configuration in a LONG-
type straight labyrinth seal

Electrostatic fields are generated by applying voltages in
the range of 0-50V across the cavity, simulating
triboelectric charging or polarization effects. The system
enables systematic investigation of field strength,
polarity, and geometry on transmission probability under
free molecular flow conditions. To assess the lubricant
specific sensitivity to electrostatic fields, four lubricants
with distinct chemical and physical properties were
selected for testing, as summarized in Tab. 2.

Table 2. Tested lubricants for labyrinth electrostatic
field sensitivity evaluation

Lubricant Type
Fomblin YLVAC  Perfluoropolyether (PFPE)

Nye 2001 Multiply-alkylated cyclopentane (MAC)
EMIM-TFSI lonic liquid (IL1)
OMIM-TFSI lonic liquid (1L2)

lonic liquids were included in the test matrix due to their
expected higher sensitivity to electric fields compared to
conventional lubricants. Their ionic nature and high
polarizability may promote stronger interactions with
electrostatic potentials within the labyrinth structure,
potentially altering evaporation behaviour and
transmission probability. These comparisons aim to
reveal whether electrostatic field can enhance seal
performance for polar or ionically active lubricants.

2.3 Dynamic labyrinth test rig (DLTR)

To study the effect of rotational motion on lubricant
migration, a dynamic labyrinth seal test rig was
developed (see Fig. 7). This setup includes a rotating
shaft embedded within a stationary housing that contains
the labyrinth seal geometry. A motorized spindle enables
precise control of angular velocity, while temperature
and pressure are maintained within the operating range of
space-relevant environments. This configuration allows
assessment of centrifugal effects and flow perturbations
induced by rotation, offering insights into the dynamic
modulation of seal effectiveness.
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Figure 7. Dynamic test rig with integrated labyrinth
seal between stator and rotor



3 ANALYTICAL MODEL

Predicting lubricant loss through labyrinth seals in space
requires understanding molecular behaviour under high
vacuum. This study uses an analytical model based on a
modified Langmuir equation refined by the European
Space Tribology Laboratory (ESTL), which assumes free
molecular flow where intermolecular collisions are
negligible and surface interactions dominate.

In this regime, the evaporation rate follows a zero-order
Langmuir formulation, depending on vapor pressure,
molecular mass, and temperature. While idealized, it
omits effects like adsorption, re-condensation, or wall
interactions.

To analytically evaluate molecular transport through a
labyrinth seal, the complex geometry is simplified using
a linearized representation, allowing for controllable
calculation of mass flow rate as a function of geometry
and molecular dynamics. Based on extensive
experimental data, particularly from the ETSL, a more
practical and empirically validated formulation was
developed [4]:
0,5
Qm — 0,0436 . Pmbarndcmbcm(M/T) (1)
140,375 Loy /bem
This expression assumes steady-state, isothermal flow
through smooth and static geometries, and does not
explicitly incorporate effects such as surface roughness,
electrostatic interactions, or dynamic rotation.

While the ESTL model provides an essential foundation
for early-stage design evaluations and benchmarking,
real-world applications may involve additional factors
that influence molecular transport. In such cases, further
refinements or complementary simulations can enhance
predictive accuracy.

Therefore, this study compares its predictions with
experimental data from the ETR and numerical
simulations to identify discrepancies and support
development of more comprehensive models for space-
relevant conditions.

4  MODELLING AND SIMULATION

To assess molecular transport through labyrinth seals
under ultra-high vacuum, numerical models were
developed to complement analytical predictions and
experimental data. These simulations capture effects
difficult to address analytically, such as surface
roughness, rotation, and local geometry variations [1,2].

Simulation boundary conditions were based on
experimental ~ measurements, including  chamber
pressure, temperature, and lubricant vapor properties.
Since reservoir pressure could not be measured directly,
it was set equal to the lubricant’s vapor pressure.

Molecular transport was modelled using MolFlow+ and
COMSOL Multiphysics 6.3. MolFlow+ simulated
steady-state flux to assess the effect of corridor geometry
on transmission. COMSOL accounted for roughness,
time-dependent dynamics, and centrifugal forces via
spectrally generated wall profiles and a rotating reference
frame (see Fig. 8 and Fig. 9), enabling evaluation of
surface and rotational effects on molecular trajectories.

0.6[mm

0.55

INLET OUTLET

mm|

Figure 8. 2D labyrinth géomefry with surface roughness
profile modelled in COMSOL Multiphysics [1]
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Figure 9. Molecular trajectory variations with inner
wall rotation in the LONG seal configuration



All simulations were isothermal, using Fomblin Y LVAC
25/6 as the model lubricant. Inlet pressure was set to the
vapor pressure of the lubricant, and the outlet to vacuum.
The key output is transmission probability (TP):

=7,
where No denotes the number of molecules entering the
channel and N; those exiting. TP offers a dimensionless,

normalized metric for comparing seal efficiency across
conditions and configurations.

TP )

These simulations validate analytical models, explain
experimental deviations, and support design optimization
by capturing effects beyond classical models. This
integrated approach enhances understanding of
molecular transport in vacuum and guides advanced seal
design for space applications.

5 RESULTS AND DISCUSSION

5.1  Geometry effects on seal performance

The results presented in this section integrate analytical
calculations, experimental measurements, and numerical
simulations to comprehensively assess the performance
of various labyrinth seal geometries. The primary focus
is on three representative seal designs: SHORT, LONG,
and STEP (see Fig. 5). Experimental measurements were
conducted using the modified ETR setup, which records
lubricant mass loss due to vacuum evaporation as a
function of time.
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Figure 10. Experimental measurements comparison of
evaporated mass loss across various seal types [2]

The resulting data, converted from displacement signals
using calibration coefficients, demonstrate a clear
difference in sealing performance among the geometries
(see Fig. 10). Notably, the STEP geometry showed the
lowest mass loss, followed by the LONG and SHORT
geometries. These results were further validated through
before-and-after weighing of the test setup.

To provide a comparative baseline, the analytical model
and two simulation tools, were employed. The
comparison (see Fig. 11 and Tab. 3) shows that both the

analytical model and simulations tend to overestimate
mass loss for short labyrinth geometries by more than a
factor of two. For more complex labyrinth seals, the
analytical model slightly underestimates mass loss, while
simulation results closely match experimental data with
deviations typically between 5-15%. The STEP
configuration  consistently  yielded the  lowest
transmission probability and mass loss, confirming the
advantage of extended and redirected flow paths [2].
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Figure 11. Comparison of analytical, experimental and
simulation approaches of evaporation mass loss [2]

Table 3. Mass flow across seal types by all approaches

Mass loss [mg/h] SHORT LONG STEP
Experiment 4.35 341 2.73
Analytical 9.80 2.48 2.14
S  MolFlow+ 9.46 3.24 2.33
s
>
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Figure 12. Identification of key labyrinth geometry

parameters impacting transmission probability [2]

A deeper analysis using TP as a normalized metric
(see Fig. 12) reinforces the critical role of corridor length
and width. Longer and narrower seals reduce the
likelihood of direct molecular transmission, thereby
enhancing sealing performance [2].



The STEP geometry reveals the molecular beaming
effect, where narrow, elongated channels bias molecular
trajectories along the corridor, reducing sidewall
interactions. Introducing abrupt direction changes helps
disrupt this beaming effect. A parametric study
(see Fig. 13) showed that placing the step at the corridor
midpoint yields the lowest mass loss. Off-centre
placements lead to increased loss, underscoring the
importance of precise geometric design to counteract
molecular beaming and improve sealing efficiency [2].
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Figure 13. Evaporative mass loss vs. step position [2]
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Further optimization targeted the step corner geometry.
Conventional rounded corners, a by-product of
manufacturing limitations, were found to facilitate
molecular propagation [2]. Several modified corner
designs were simulated (see Fig. 14) to assess their
influence on lubricant retention. Incorporating features
such as relief grooves, sharp dead-end channels, or 1SO-
standard grooves led to modest but meaningful
reductions in mass loss (see Tab. 4). These findings
suggest that even small geometric modifications, can
enhance long-term sealing efficiency.
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Figure 14. Corner designs in step labyrinth seals [2]

Table 4. Corner geometry vs. lubricant loss reduction

Characteristic

Corner geometry Loss reduction

parameter
Classical - -
Circular arc r=b 3.8%
Relief groove type G~ 3.9%
Dead end I=2b 43 %

*1S0 18388:2016

Together, these results emphasize the significance of
labyrinth geometry in molecular flow control. Complex,
angular designs not only improve sealing performance
but also mitigate adverse effects like molecular beaming.
This highlights the value of incorporating detailed
geometric features in the design and manufacture of
vacuum seals for space applications.

5.2 Surface roughness influence

Surface roughness plays a significant role in molecular
flow through labyrinth seals. To investigate its effect,
both experimental tests and numerical simulations were
conducted [1,2]. Two LONG type labyrinth seals with
identical channel geometries but different surface
finishes were fabricated: one untreated (ROUGH) and
one polished (SMOOTH). A 3D optical profilometer
(Bruker Contour GTX) was used to characterize surface
roughness parameters (see Fig. 15 and Tab. 5).
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Figure 15. Surface roughness of LONG seal
components measured by optical profilometer [2]

The experimental results showed a decrease in lubricant
mass loss for the ROUGH seal compared to the
SMOOTH seal (see Tab. 6), indicating improved sealing
due to surface irregularities. This observation was further
confirmed by COMSOL Multiphysics simulations
incorporating the measured topographies. Simulations
predicted a similar mass loss reduction, closely matching
the experimental trend. The findings suggest that rougher
surfaces improve sealing efficiency [1,2].



Table 5. Surface roughness of labyrinth seal walls [2]

ROUGH SMOOTH
Surface roughness
Inner Quter Inner Quter
Ra [um]* 3.88 1.30 0.13 0.56
Sa [um] 3.70 1.30 0.14 0.56
Sq [um] 4.34 1.60 0.16 0.67

Sdr [um] 1.99% 556%  0.01%  4.14%

*In the direction of highlighted mid-planes shown in Figure 15

Table 6. Surface roughness effects on labyrinth seal
evaporative mass loss (experiment and simulation) [2]

SMOOTH | ROUGH | Roughness

influence

Experiment 3.8 mg/h 3.3 mg/h -132%
Simulation 3.5mg/h 3.1 mg/h -114%

To generalize these observations, synthetic rough surface
profiles were implemented in COMSOL and applied to a
broad range of seal geometries with channel widths from
0.2 to 1 mm and lengths from 1 to 10 mm [1]. Each rough
profile was benchmarked against a smooth-wall
reference (Ra = 0 pm), revealing a consistent decrease in
transmission  probability with increasing surface
roughness (see Fig. 16).
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Figure 16. TP vs. surface roughness [1]

To capture these dependencies, a correction model was
developed by fitting second order polynomialsto TP as a
function of surface roughness (Ra) for each combination
of width and length:

TPy = A(W,L)-Ra® + B(W,L) - Ra + C(W,L) (3)

where coefficients A, B, and C are geometry specific and
derived from simulation data, provided together with our

recent work [1]. This offers a rapid way to estimate
transmission probability for seals with known surface
roughness without the need for full simulations.

The correction model was validated using experimental
data from the ROUGH and SMOOTH seals. For both
cases, the predicted transmission probability ratios
normalized to an ideal smooth reference showed a
maximum error of only 5.1% compared to the measured
mass loss. This close agreement confirms the model’s
reliability for early-stage design evaluations and
tolerance analyses.

5.3 Electrostatic field effects

The influence of electrostatic fields on molecular
transport through labyrinth seals was experimentally
investigated using four configurations of the Electrostatic
Labyrinth Test Rig (ELTR, see Fig. 6) and lubricants
listed in Tab. 2. Each lubricant was tested under both
neutral conditions and with a constant 50 V electric field
applied across the labyrinth corridor. All experiments
were performed under similar high-vacuum conditions,
though minor variations in pressure and temperature may
have occurred between test sessions.

The results in Tab. 8 show a slight reduction in mass loss
for Fomblin Y LVAC 25/6 and 1-Methyl-3-
octylimidazolium TFSI under an applied field,
suggesting electrostatic influence on molecular flow. In
contrast, Nye 2001 and 1-Ethyl-3-methylimidazolium
TFSI showed minimal change, indicating low sensitivity.

Table 7. Lubricant evaporative mass loss in 0-50V field

Mass loss [mg/h] Electrostatic
Y 50 V influence
PFPE 0.361 0.343 -50%
MAC 0.085 0.087 +2.0%
IL1 0.055 0.053 -21%
L2 0.040 0.037 -74%

The results suggest that electrostatic fields may enhance
sealing performance for high-molecular-weight or ionic
lubricants, although the observed effects were modest.
Further investigation with improved measurement
accuracy, tighter control of conditions, and higher field
strengths is needed to confirm these findings.

Applying electrostatic fields in seals carries inherent
risks; micro-arcing may cause material damage or
electronic interference. Thus, any sealing performance
benefits must be carefully considered against the hazards.
While the concept shows promise, further investigation
is needed to determine its practical viability for space
applications.



5.4  Dynamic effect of labyrinth wall rotation

The influence of inner ring rotation on labyrinth seal
performance was investigated using COMSOL
Multiphysics simulations for SHORT, LONG, and STEP
geometries (see Fig. 5). The rotational speed was applied
to the inner ring, and the transmission probability was
evaluated as a function of RPM (see Fig. 17).
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Figure 17. Transmission probability vs. rotor speed for
labyrinth seal geometries

For the LONG and STEP geometries, TP decreased
noticeably with increasing RPM, indicating that rotation
enhances molecular scattering and reduces molecular
transmission through the seal. In contrast, the SHORT
geometry showed a nearly constant TP across the RPM
range, consistent with static simulations. This behaviour
is likely due to the short labyrinth wall length in the
SHORT design, which allows molecules to pass through
easily without sufficient surface interactions.

Table 8. Simulation and experimental results for static
and rotating labyrinth seal (0 and 2000 rev. per minute)

0 RPM 2000 RPM | Spin influence
Simulation 0.178 mg/h | 0.161 mg/h -9.05%
Experiment 0.188 mg/h | 0.168 mg/h -10.6%

These simulation results were corroborated by
experimental measurements conducted on a rotational
vacuum test device. Evaporation of Fomblin Y LVAC
25/7 lubricant was measured under static conditions and
at 2000 revolutions per minute (RPM). The observed
mass loss reduction at higher rotational speed closely
match the simulation (see Tab. 8), confirming the impact
of rotational dynamics on molecular flow and labyrinth
seal effectiveness for high spinning applications. This
underscores the importance of considering dynamic
effects when evaluating and designing labyrinth seals for
space applications, where rotational motion is common.

6 CONCLUSION

This study provides a comprehensive analysis of
lubricant evaporation and molecular transport through
labyrinth seals under vacuum conditions. By integrating
analytical modelling, experimental data, and numerical
simulations, it assesses the influence of seal geometry,
surface roughness, electrostatic fields, and rotation on
sealing performance. Key findings highlight critical
design factors that enhance seal effectiveness:

e Stepped labyrinth seals improve sealing by
increasing effective length and reducing molecular
beaming effect.

e Increased surface roughness of labyrinth seal walls
lowers molecular transmission probability.

e Local geometric features, such as relief grooves, can
enhance sealing efficiency by up to 4%.

e Electrostatic fields have a modest impact on high
molecular weight and ionic lubricants, suggesting
the need for further studies at higher voltages and
under controlled conditions.

e Labyrinth seal rotation reduces transmission
probability, underscoring the importance of dynamic
effects in seal design.
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