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ABSTRACT

This dissertation investigates evaporation and molecular transport of liquid lubricants in
vacuum conditions relevant to space and translates the findings into practical guidance for
labyrinth seal design. A series of custom experimental platforms was developed to generate
time resolved evaporation data and to study vapor transmission through labyrinth type
passages under controlled thermal and vacuum conditions. These measurements were
combined with analytical modelling and high-fidelity molecular flow simulations to quantify
how geometry, surface condition, and operating state influence vapor retention. Classical
Langmuir predictions, using vapor pressure fits from the Clausius—Clapeyron equation,
consistently overpredicted mass loss under the tested conditions. Lubricant specific
correction factors were derived to match models with experiment, enabling calibrated use of
simple analytical formulas in design. Experiments and simulations showed that longer and
stepped labyrinth seals reduce transmission probability, that increased surface roughness
lowers leakage by enhancing molecular scattering, and that rotation of seal walls further
suppresses molecular flow for elongated passages. A compact, simulation-based correction
model was introduced to account for surface roughness using a single amplitude metric and
was validated against measurements within the studied range. The outcomes improve the
predictive accuracy of evaporation estimates and provide test supported guidance on
labyrinth geometry, surface roughness, and operating conditions, supporting cleaner and
more reliable liquid lubricated mechanisms for space applications.

KEYWORDS

Space tribology, Vacuum evaporation, Labyrinth seals, Molecular flow, Liquid lubricants
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ABSTRAKT

Tato disertacni prace zkouma vypatrovani a molekulérni transport kapalnych maziv ve vakuu
odpovidajicim podminkdm vesmirného prostfedi a prevadi tato zjisténi do praktickych
doporuceni pro navrh labyrintovych t€snéni. Byla vyvinuta fada vlastnich experimentalnich
platforem pro ziskani ¢asove rozliSenych dat o vypafovani a pro studium prenosu par skrze
labyrintové tésnéni za fizenych teplotnich a vakuovych podminek. Namétené hodnoty byly
spojeny s analytickym modelovanim a simulacemi molekularniho proudéni, aby bylo
kvantifikovano, jak geometrie labyrintu, struktura jeho povrchu a provozni rezim ovliviiuji
zadrzeni par. Klasické predikce zalozené na Langmuirove pfistupu, vyuZzivajici aproximaci
tlaku par pomoci Clausius—Clapeyronovy rovnice, systematicky nadhodnocovaly tbytek
hmoty v testovanych podminkach. Pro korelaci modelll s experimentem byly odvozeny
korekéni faktory specifické pro dané mazivo, coz umoziuje kalibrované vyuziti
jednoduchych analytickych vztahti pfi navrhu. Experimenty i simulace ukézaly, ze delsi a
stupiiovité labyrintové tésnéni snizuji pravdépodobnost prichodu vypafenych molekul
labyrintem, ze zvySend drsnost povrchu omezuje Gnik diky silnéjSimu rozptylu molekul a Ze
rotace stén tésnéni dale potlacuje pritok u protahlych kanald. Byl predstaven kompaktni,
simula¢né odvozeny korekéni model vlivu drsnosti povrchu, vyuZzivajici jeden amplitudovy
parametr a validovany na zédkladé¢ méteni v rdmci studovaného rozsahu. Vysledky zvySuji
ptesnost odhadl vypatovani a poskytuji testy podlozena doporuceni pro geometrii labyrintu,
upravu povrchu a provozni podminky, coz podporuje Cistsi a spolehlivéjsi mechanismy
mazané kapalinami pro kosmické aplikace.

KLIiCOVA SLOVA

Kosmické tribologie, Vakuové vypatrovani, Labyrintova tésnéni, Molekularni proudéni,
Kapalnd maziva
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conditions. The results confirm significant discrepancies between experimentally measured
evaporation rates and those predicted by commonly used analytical models based on vapor
pressure data. These findings support the application of correction factors to improve the
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1 INTRODUCTION

1.1 BACKGROUND

Space technology operates under extremely demanding conditions such as intense
vibrations, extreme operating temperatures, ultrahigh (UHV) to extreme vacuum, and
prolonged periods of inactivity [5—7]. Most mechanisms and mechanical components in
space systems are non-redundant, primarily due to strict mass and size limitations imposed
by the requirements for launching objects into orbit. As a result, every mechanism represents
a potential single point of failure that can compromise the entire space mission [8].

Over the past several decades, the role of tribology in space mechanisms has grown in
importance as space missions have become more complex, long-lasting, and reliant on
moving mechanical assemblies [9-11]. From antenna deployment systems and reaction
wheels to robotic arms and planetary landers, space hardware relies on precise mechanical
motion that must operate reliably without the possibility of maintenance or re-lubrication
[12—-16]. Unlike terrestrial applications, space mechanisms must function reliably in
environments with no atmospheric pressure, which precludes convective heat transfer and
allows volatile components to escape easily through evaporation [17-22]. Moreover, the
effects of radiation, micrometeoroid impacts, and outgassing further complicate the long-
term stability of lubricant performance [10,23,24].
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Fig. 5 Space environment factors affecting lubrication

A major contributor to premature mission failure involves tribological problems [5,9,25,26].
These typically stem from catalytic degradation of lubricants, wear of contact surfaces, and
vacuum-induced evaporation of liquid lubricants [5,24-30]. Addressing these issues is
critical not only for improving reliability but also for reducing economic and environmental
costs and minimizing the generation of additional space debris [23,31].



To ensure the reliable operation of mechanical systems in space, friction between contact
surfaces must be carefully controlled, typically using solid or liquid lubricants [13,32-35].
These lubricants may be applied individually or in hybrid configurations, where a liquid
lubricant is layered over a thin film of solid lubricant to combine the advantages of both
approaches [36,37]. The use of lubricants in space systems is inherently constrained by the
extreme and multifaceted conditions encountered in orbit [13,38]. Solid lubricants are
thermally stable and non-volatile, but their use is limited by finite lifespans and unsuitability
for high cycle or continuous motion components [13,33-35,39,40]. In contrast, liquid
lubricants offer replenishable films, lower friction in hydrodynamic regimes, and better
thermal conductivity [34,41-47], but they are prone to degradation, especially under vacuum
and temperature extremes [5,29,32].

Vacuum induced evaporation is among the most critical limitations [48—50], occurring when
ambient pressure falls below the lubricant’s vapor pressure. Elevated temperatures accelerate
this effect through molecular decomposition [30], while low temperatures increase viscosity
and impair lubricant function [25,32,38,51]. These phenomena degrade mechanical
performance and elevate failure risk. Though several analytical models aim to predict
evaporation rates [27,32,49], many rely on idealized assumptions. Therefore, experimental
validation is crucial to refine their accuracy and applicability [48,52,53].

Evaporated molecules may also contaminate sensitive components unless restrained. To
prevent this, non-contact sealing methods, particularly labyrinth seals, are widely used in
space mechanisms [5,12,25,27,53—57]. These complex, narrow channels hinder molecular
escape, reducing contamination risk in nearby subsystems such as optics, thermal radiators,
and precision actuators [58,59]. The seal’s effectiveness depends not only on geometric
complexity but also on surface roughness, molecular flow regime, and operating conditions
[27,32,48,57]. Both analytical and numerical tools are used to model these interactions and
design more effective sealing systems [32,49,53].

1.2 MOTIVATION OF RESEARCH

Despite extensive operational experience and several theoretical studies, many aspects of
lubricant evaporation in space remain insufficiently characterized. Existing analytical
models provide helpful approximations but often diverge from observed behavior under
vacuum, especially in realistic environmental conditions.

This dissertation addresses these limitations by developing a dedicated experimental
methodology for quantifying lubricant mass loss under UHV conditions. By systematically
comparing experimental results with theoretical predictions and numerical simulations, the
study supports the refinement and validation of existing evaporation models. Furthermore,
the research examines the influence of system design parameters and environmental factors
on evaporation behavior, with particular emphasis on molecular transport through sealing
structures.



A significant focus of this research is placed on labyrinth seals, which are commonly
employed in space systems to restrict the migration of lubricant vapors. Despite their
widespread use, a comprehensive understanding of how geometric configuration, surface
roughness, and the molecular flow regime influence their performance remains limited. This
work integrates experimental measurements, numerical simulations, and analytical
modelling to advance insight into the governing mechanisms and to support the development
of more effective sealing solutions for space missions of extended duration.
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Fig. 6 Integrated approach to evaporation control and seal performance

The outcomes of this research contribute to broader objectives in space system engineering,
including improved mission reliability and sustainability. These aspects are increasingly
critical given the rapid expansion of satellite constellations and the growing need for long-
life, maintenance-free mechanical subsystems.

1.3 SCOPE AND DELIMITATIONS

The primary focus of this dissertation is the evaporation of liquid lubricants under vacuum
conditions and the methods available to reduce the resulting mass loss. Solid lubrication
strategies are not explored in detail, nor is molecular transport examined under transitional
or viscous flow regimes. Instead, the work centers on the development of a custom
experimental setup for precise evaporation measurements in a vacuum environment, the
validation and refinement of analytical evaporation models, and the simulation of molecular
transport through labyrinth seal geometries. Attention is given to how surface roughness,
geometric configuration, channel width and length influence the transmission probability of
evaporated molecules through these seals. Although the findings aim to inform the design
and optimization of vacuum-compatible tribological components, particularly non-contact
sealing strategies for space applications, both the simulations and experiments were
conducted at the component level rather than on complete assemblies or operational satellite
configurations. As such, further extrapolation will be required to apply the results to more
complex, integrated space mechanisms.






2 STATE OF THE ART

Reliable operation of space mechanisms depends heavily on effective tribological
performance in vacuum, under radiation and across wide temperature ranges. Liquid
lubricants are adopted in high cycle and precision space applications, but their behaviour
under space relevant conditions differs from those in terrestrial systems. In particular,
volatility, chemical degradation and uncontrolled migration can compromise performance
and increase the risk of failure.

To mitigate mass loss and contamination, non-contact sealing methods such as labyrinth
seals are often integrated into rotating subsystems. These seals restrict molecular transport
through narrow and tortuous gaps, and their performance is coupled with flow regime,
surface structure and operating conditions. Classical evaporation models and molecular flow
relations are used together to estimate lubricant loss and its transport through confined
passages.

This chapter summarizes the theoretical and methodological background. It introduces the
basic tribological and physicochemical behavior of liquid lubricants in space environments,
outlines the main lubricant classes, describes the mechanisms of creep and vacuum
evaporation, and presents the fundamentals of testing methods and labyrinth seal modelling.

2.1 LIQUID LUBRICANTS FOR SPACE APPLICATIONS

The use of liquid lubricants in space mechanisms is a fundamental, yet highly demanding
aspect of spacecraft design [7,60]. In contrast to terrestrial systems, space environments
introduce extreme constraints, including high vacuum, large thermal gradients, radiation
exposure, atomic oxygen interactions, and microgravity [6,61-63]. These factors have a
significant impact on the physical and chemical behavior of lubricants, making space
tribology a technically complex and multidisciplinary field [5,20,25,33].

Reliable lubrication requires an understanding of both tribo-physical and tribo-chemical
phenomena that govern friction and wear at the molecular level [22,32,62]. Lubricants must
provide sufficient film thickness and load carrying capacity while maintaining chemical
stability and compatibility with materials and the external environment [41,42,62]. If
lubrication is lost or degraded, mechanisms can suffer increased friction, wear and
temperature, and contaminants may be transported to sensitive areas [7,60,64,65].

A key challenge is the volatility of liquid lubricants [48,50,52]. Under vacuum, molecules
can leave the liquid phase once the ambient pressure drops below the vapor pressure. This
process removes base oil and additives [32,49,66], alters viscosity, changes frictional
behaviour, and accelerates wear. Evaporated molecules can re-condense on colder surfaces,
including optical or thermal control elements, where even thin films can affect performance
[58,59,66].



In addition to evaporation, lubricant migration or creep poses another important issue
[23,44,67,68]. Creep refers to capillary driven redistribution of lubricant along surfaces and
interfaces. It is influenced by surface tension, viscosity, film thickness, temperature
gradients, and surface roughness [67,69]. It may result in lubricant starvation in the contact
interface or contamination of surrounding components. To mitigate these risks, lubricants
must combine low volatility with stable viscosity across temperature ranges, high surface
tension, and resistance to oxidation and radiation, particularly in Low Earth Orbit (LEO)
where atomic oxygen is prevalent.

Tribologically, space grade lubricants must operate across multiple lubrication regimes
[5,32,38,51]. While elastohydrodynamic (EHD) lubrication is desirable for continuous
motion components, such as bearings and gears, many space mechanisms operate
intermittently or at low speeds [29,68]. In these conditions, mixed and boundary lubrication
regimes are more common. The Stribeck curve describes the transition between these
regimes based on the interplay between load, viscosity, and relative surface speed [32,45,51].
In boundary and mixed regimes, the formation of protective tribofilms is essential to reduce
friction and surface wear.

2.1.1 OVERVIEW OF TYPES OF LIQUID LUBRICANTS USED

Liquid lubricants for space applications can be broadly categorized into base oils, greases,
and advanced synthetic fluids such as ionic or silicic liquids [14,23,49]. Each category
exhibits distinct physicochemical and tribological characteristics that influence their
performance in vacuum environments, across wide temperature ranges, and under exposure
to radiation or atomic oxygen. Because no single lubricant meets all requirements, selection
is dictated by the mission profile, operating regime, and component design constraints
[41,42,45]. Liquid lubricants used in space tribology can be grouped into [34,42,45,62,70]:

e Mineral oils — typically used in fully sealed mechanisms

e Synthetic hydrocarbons — including polyalphaolefins (PAO) and multiply alkylated
cyclopentanes (MAC)

e Perfluoropolyethers (PFPE) — fully fluorinated synthetic oils with low volatility and high
chemical inertness

e Silicone oils — polysiloxane-based fluids with low vapor pressure and good low
temperature behavior

e lonic liquids (ILs) — salts that are liquid at or near room temperature, with very low
volatility and tunable chemistry

These fluids differ significantly in their molecular structure, volatility, viscosity-temperature
behavior, surface energy, and resistance to oxidation or radiation [13,43,45,62]. Their
suitability for specific applications depends on how well they perform under the lubrication
regime encountered (hydrodynamic, elastohydrodynamic, mixed, or boundary), as well as
their ability to maintain chemical and physical integrity under thermal, mechanical, and
vacuum stress [41,42,44,45].



a. Mineral oils

Mineral oils have been widely used in terrestrial applications due to their effective
boundary lubrication and good compatibility with additives [29,32,51]. In space systems,
their use is limited by relatively high vapor pressure, which restricts them to fully sealed
components [32,51,60]. Space grade mineral oils are typically super refined to remove
volatile fractions and impurities, improving their stability and reducing outgassing
[32,62]. They remain a viable option for sealed subsystems such as momentum wheels,
where their well characterized behavior and wide viscosity range offer reliable
performance [5,16,32,60].

b. Synthetic hydrocarbons (SHCs)

This category includes polyalphaolefins (PAO) and multiply alkylated cyclopentanes
(MAC), both of which are designed to provide controlled viscosity—temperature
behaviour and lower vapor pressure than typical mineral oils [13,25,32,64,71]. PAOs are
synthesized through the oligomerization of alpha-olefins and provide good thermal
properties, chemical stability, and lower vapor pressure, but their use in space remains
limited, primarily to sealed systems or less demanding environments [5,13,32,62]. In
contrast, MAC lubricants are specifically engineered for space applications, synthesized
by alkylating cyclopentadiene followed by hydrogenation, allowing their molecular
structure to be tailored for desired viscosity, volatility, and oxidative resistance
[23,32,34,68]. Their high surface tension reduces creep risk, while low evaporation rates
ensure reliable performance in vacuum. MACs also provide good wear resistance and
maintain thermal and radiation stability in boundary or mixed lubrication regimes
[27,32,48,49].

c. Perfluoropolyethers (PFPE)

PFPEs, marketed under names like Fomblin™, Krytox™, or Brayco™, are widely
adopted due to their low vapor pressure, high viscosity index, and resistance to oxidation
and radiation [13,36,62,72]. They perform well under hydrodynamic and EHD regimes,
especially in continuous-motion bearings [14,32,37]. However, their low surface tension
makes them susceptible to creep migration. Mitigation strategies include surface
treatments or the addition of nanoparticles and fluorinated additives to suppress
unwanted spreading [10,36,40,67].

d. Silicone oils

Silicone oils were commonly used in early space applications due to their low vapor
pressure, excellent low temperature performance, and high viscosity index
[13,32,60,62,65]. Silicone oils may show poor creep resistance and can degrade under
boundary lubrication, leading to polymer like deposits on contact surfaces and
contamination of nearby components [22,32,62]. Additionally, silicone vapors can
condense on nearby components, contaminating sensitive elements such as optical
surfaces or electrical contacts [32,58,64,73]. They are considered for non-load bearing
applications, such as damping fluids.



e. lonic liquids (ILs)

ILs are composed entirely of cations and anions and remain liquid over wide temperature
ranges. Their ultra-low volatility, high thermal stability, and non-flammable nature make
them promising candidates for future space lubrication [43,45,68]. However, their
performance is highly sensitive to molecular structure, which can lead to unpredictable
crystallization or decomposition under certain conditions [43,45,70]. Tribochemically,
they can form low friction films, but their potential to induce corrosive wear must be
addressed through careful formulation [15,25,45,46]. Ionic liquids may not exhibit
thermally driven creep under temperature gradients, a behavior attributed to interfacial
ion ordering and strong Coulombic interactions [74].

In practice, lubricant selection for space mechanisms requires balancing competing
properties: low volatility, thermal and oxidative stability, surface tension, viscosity behavior,
and tribofilm formation potential. Hybrid lubrication strategies that combine liquid and solid
components (e.g., MAC or PFPE oils over MoS: or PTFE coatings) are often employed to
exploit complementary strengths [32,35,36,40]. As space missions extend in duration and
complexity, the development of tailored lubricants, particularly ILs and nanostructured
formulations, is becoming an increasingly active area of research [25,45,62,70].

2.1.2 CREEP AND SURFACE MIGRATION

In space applications, creep refers to the gradual migration of liquid lubricants along solid
surfaces, often away from the intended contact area. This phenomenon is driven by capillary
forces and occurs along material interfaces or surface topographies (see Fig. 7) [42,64,75].
Key parameters influencing creep behavior include surface tension, lubricant viscosity, film
thickness, temperature gradients, and surface roughness [38,67,69].
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Creep can severely affect the reliability of tribological systems in space by depleting the
lubricant at the contact interface, contaminating nearby components, and compromising
sealing performance. In sensitive systems, this may lead to increased wear, optical
degradation, or electrical failures [38,41,42,75]. Various measures are used to limit
migration, including [41,69,75]:

e Surface barriers such as grooves or steps near the lubricated area
o Coatings with lower surface energy applied to adjacent regions to reduce wetting
e Tailored surface textures that guide or block liquid flow

Surface treatments designed to inhibit lubricant migration typically employ materials with
low surface energy, applied near the lubricated zones to prevent capillary spreading [69].
Studies have shown that thin hydrocarbon films in vacuum can migrate under thermal
gradients (see Fig. 8) at rates comparable to those observed under atmospheric conditions
[19,75]. These thermal gradients may arise from frictional heating at the contact interface or
from evaporation induced heat transfer, both of which can generate Marangoni stresses that
promote surface flow [52,69,76].
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Fig. 8 Influence of oil viscosity and thermal gradient on migration rate [69]

Surface topography plays a critical role in determining the direction and intensity of lubricant
creep, especially for low viscosity oils [19,52,75]. Grooves resulting from directional
grinding can either hinder or facilitate lubricant migration depending on their orientation
relative to the temperature gradient [69,77,78]. Experimental results demonstrate that under
a certain threshold gradient, lubricants can cross grooves and continue to migrate in the
direction of thermal stress [69]. These findings underscore the importance of surface
engineering in controlling lubricant distribution within space mechanisms.
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Fig. 9 Interfacial tension at the three-phase contact line of a droplet on a ground surface: (a) grinds perpendicular, (b)
grinds parallel to the temperature gradient [69]

2.1.3 VACUUM EVAPORATION

Vacuum induced evaporation is one of the primary challenges limiting the long-term use of
liquid lubricants in space mechanisms [5,22,32,58,79]. When ambient pressure drops below
a lubricant’s vapor pressure, its constituent molecules begin to escape from the liquid phase
into the surrounding vacuum [27,32,49]. This process results in the gradual depletion of base
oil and additives, which alters viscosity, reduces film thickness, and accelerates wear or
failure at lubricated contacts [5,44,60].

The evaporation rate depends on several factors, primarily the lubricant's vapor pressure,
temperature, molecular weight, and surface area exposed to vacuum [27,32,49,57]. Low
molecular weight components evaporate more easily, so space qualified lubricants are
typically formulated with high molecular weight components to improve retention.
Evaporation is further influenced by environmental and design related factors [32,57]. For
instance, thermal gradients within components can increase local evaporation by raising
lubricant temperature or inducing phase separation [5,32,60]. In practice, evaporated
molecules may migrate through molecular flow and re-condense on colder surfaces [32,44],
leading to contamination of optics, sensors, or thermally sensitive elements [58,59,66]. Such
contamination is usually irreversible and can severely degrade system performance,
especially in precision applications.

To estimate lubricant mass loss under vacuum conditions, the Langmuir equation (see Eq.1)
is frequently employed as an analytical model to describe the flux of vapor molecules from
a liquid surface into vacuum [32,50,80]. This model, originally developed for monoatomic
metallic evaporation, defines the evaporation rate per unit area as:
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Once lubricant molecules evaporate into the surrounding vacuum, they are irreversibly lost
from the liquid phase [44]. These molecules often re-condense on colder surfaces within the
system, potentially contaminating sensitive components [32,44]. Although the Langmuir
equation provides a useful first order approximation, its applicability to space lubricants is
limited. The model assumes ideal behavior of non-interacting gas molecules, which neglects
complexities such as polar molecular interactions, multicomponent formulations, and real
surface effects [50,53,81].

In practical applications, the partial pressure p, is typically considered negligible. This is due
to the extremely long mean free path of vapor molecules in high or ultrahigh vacuum, which
prevents intermolecular collisions and renders direct pressure measurements unfeasible
[44,49]. However, even small uncertainties in the input parameters, particularly vapor
pressure and temperature, can result in significant deviations between calculated and
experimentally measured evaporation rates [32,49,82]. Additional discrepancies arise from
assumptions about uniform temperature distribution, neglect of surface roughness, and
limited knowledge of the lubricant’s thermal history [49].

Despite its limitations, Langmuir's equation continues to be used in a modified form. Current
trends focus on empirical correction factors derived from experimental data rather than
replacing the model entirely [48,49,82]. For instance, the European Space Tribology
Laboratory (ESTL) has introduced a modified expression to better reflect evaporation
behavior of space grade lubricants:

dMeyap M
— =004 R (M) | (2)

Since vapor pressure is highly temperature dependent, it must either be measured
experimentally at relevant temperatures or estimated using thermodynamic approximations.
One commonly used method [66,83] is the Clausius-Clapeyron equation:

p, H/1 1

=zl 7) ®

This equation is particularly useful for estimating vapor pressure in the absence of
comprehensive manufacturer data. By using two known pressure—temperature pairs, the
enthalpy of vaporization can be determined and used to extrapolate evaporation rates for
operating conditions [66,83]. It is important to note, however, that the enthalpy value itself
may be affected by the lubricant’s thermal history, especially the presence of residual latent
heat (see Fig. 10) [66].
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Testing and qualification of lubricant evaporation in space applications are governed by
ECSS (European Cooperation for Space Standardization) standards [17,61,84]. These
documents provide unified procedures and requirements for European space programs,
including the preparation, handling, and evaluation of lubricants in evaporation experiments.
Standardized methodologies are essential for generating reliable, comparable data across
different mission scenarios and lubricant types.

2.14 EVAPORATION AND CONDENSATION CONTAMINATION

Evaporation of liquid lubricants in vacuum environments poses a serious contamination risk
to nearby spacecraft subsystems, particularly optical and sensor components [59]. Migrated
molecules can condense on surfaces (see Fig. 11) such as lenses, radiators, or solar cells,
degrading optical transmittance, altering thermal radiative properties, and increasing stray
light or temperature imbalances [17,61,84]. Past studies [30,58,59,66,85] have shown that
even thin films of contaminant vapors can lead to measurable degradation in instrument
performance, which is especially critical for precision optical missions like space telescopes.
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Fig. 11 Condensation of evaporated PFPE lubricant droplets on sapphire window under vacuum conditions
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Accurate measurement of molecular contamination is vital. Quartz Crystal Microbalance
(QCM) sensors are widely in ground testing to monitor nanoscale mass deposition due to
outgassing and vapor condensation [6,66,84,86]. Thermal cycling and bake out tests are also
performed to simulate both the deposition and potential removal of contaminants through
controlled heating [81,84,87]. These experimental methods help validate analytical
evaporation models and provide insight into re-emission behavior over time, supporting
more reliable predictions of contamination buildup in operational systems.

Design level mitigation strategies play an equally important role in minimizing contaminant
impact. Physical shielding techniques, such as baffles and carefully designed venting paths,
help redirect evaporated vapors away from critical optical areas [6,12,54,84]. Spacecraft
component layout and orientation can be optimized to avoid trapping contaminants near
sensitive regions [88,89].

Emerging research directions aim to strengthen contamination control further [59,88].
Simulation tools that model molecular flow, deposition, and re-emission in realistic
spacecraft geometries are being developed to support dynamic contamination risk
assessment [90-92]. There is also growing interest in real time monitoring systems which
could support adaptive mitigation strategies during mission [93,94].

2.2 TESTING METHODS FOR LIQUID LUBRICANTS IN
SPACE APPLICATIONS

Testing methods for liquid lubricants intended for space environments can generally be
classified into two main categories [44,95]. The first involves testing lubricants under full
operational conditions, using vacuum chambers and thermal environments that simulate real
mission profiles over extended durations [10,16,23,63]. These tests yield high fidelity data
on lubricant performance but are time consuming and expensive. The second category
includes accelerated testing, where extreme boundary conditions (e.g., elevated
temperatures, mechanical loads, or speeds) are applied to shorten testing durations
[20,30,95]. While more efficient, these tests may introduce behavior deviations, as the
lubricant response under such conditions does not always reflect actual in-orbit behavior.
This section reviews three key areas of testing: tribological evaluation, vapor pressure
determination, and methods for quantifying evaporative losses.

2.2.1 TRIBOLOGICAL TESTING

Tribological testing under simulated space conditions is essential to evaluate friction, wear
rate, lubricant consumption, and environmental influences [5,32,38,60]. These tests are
generally classified as accelerated methods. Component level testing (e.g., bearings, gears)
offers realistic results but at the cost of longer durations [44,73,95]. More practical
alternatives include dedicated tribometers capable of simulating boundary lubrication
regimes with small lubricant quantities [71,96,97].
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One of the most widely used platforms is the Spiral Orbit Tribometer (SOT), which simulates
angular contact bearing motion and monitors lubricant degradation and friction under
vacuum [15,34,97]. The test operates in boundary lubrication with a steel ball constrained
between two surfaces, rotating under axial load (see Fig. 12).
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Fig. 12 Schematic of the spiral orbit tribometer (SOT)

A force sensor tracks ball movement, allowing real-time friction coefficient calculation
[42,97]. Results are typically presented as friction vs. cycle count (see Fig. 13). Accelerated
versions of the SOT protocol have also been developed to reduce test duration [15].
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Fig. 13 Comparison of friction coefficients for two grease types measured using the SOT method [15]

Other tribometers include vacuum compatible four-ball testers and pin-on-disc or pin-on-
plate configurations, which are gaining interest due to their flexibility and ability to simulate
surface wear under controlled conditions [46,73,96,98]. These tests are also useful in
studying lubricant evaporation indirectly, especially when operated under vacuum.
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2.2.2 VAPOR PRESSURE DETERMINATION

Vapor pressure is a key parameter governing lubricant evaporation under vacuum conditions
[32,49,99]. Accurate determination of this property is essential for predicting long term
lubricant loss in space environments. While lubricant manufacturers commonly measure
vapor pressure for quality assurance, the most widely adopted laboratory method remains
the Knudsen effusion technique [48,100,101]. This approach involves quantifying the mass
of material lost through a small, calibrated orifice into a vacuum chamber and calculating
the vapor pressure from this rate of effusion (see Fig. 14) [47,102]. QCM sensors are
typically employed to monitor mass changes, relying on shifts in the resonance frequency of
a quartz crystal to detect deposition of evaporated molecules [47,86,103].
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Fig. 14 Knudsen effusion method

However, a major limitation of the Knudsen method is the lack of international
standardization, which leads to inconsistencies between laboratories [48,49]. As a result,
vapor pressure values provided by manufacturers are best treated as indicative estimates
rather than precise, application relevant constants. Studies [66,99,100,102] have shown that
vapor pressure is not static over time, especially under varying thermal conditions. This
temporal dependence introduces significant errors into analytical predictions, unless
correction factors are implemented [53,54]. To address this, vacuum stripping is sometimes
used as a pre-treatment method to remove low molecular weight volatile fractions prior to
lubricant deployment in space mechanisms [53,104]. This can help stabilize lubricant
composition and reduce initial evaporation spikes.

15



An alternative approach involves modified Langmuir based methods, which are
experimentally easier to apply under boundary lubrication without inducing creep effects
[48,49]. This method has similarities to Knudsen’s setup and provides consistent results
under controlled temperature (see Fig. 15). Studies confirm that while Langmuir models
predict evaporation rates proportional to vapor pressure and temperature, they often
overestimate real evaporation by several orders of magnitude, particularly in complex fluids
such as lubricants [48,49,105].
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Fig. 15 Representation of experimental methods for testing the vapor pressure of liquid lubricants

Further developments in this field have been supported by ECSS standards, which define
several certified procedures for accelerated vapor pressure testing using QCM based
methods [17]. These experiments are typically complemented by gravimetric measurements
before and after testing, ensuring cross validation of the evaporative mass loss [17,32,82].
Despite these efforts, none of the existing methods provide continuous, real-time observation
of lubricant evaporation throughout the entire testing period. This remains a key limitation
and highlights the need for further advancements in experimental techniques capable of
monitoring dynamics of evaporation under actual space relevant conditions.

2.3 METHODS TO REDUCE LIQUID LUBRICANT LOSS

Space mechanisms are typically only partially enclosed [54,65], so the applied lubricant is
not fully exposed to the space environment. In such semi-sealed designs, additional
parameters enter analytical models, including the geometry of flow paths and the
transmission probability of evaporated molecules [27,32,54]. The total lubricant amount is
usually very small (order of milligrams) and must last for the entire mission, often longer
than five years [5,16,32,55]. To prevent tribological failures over these durations, the system
must either be continuously supplied with lubricant or incorporate sealing elements that limit
mass loss and contamination [58,106,107]. Because seals can themselves become critical
failure points, this section reviews practical strategies to reduce lubricant loss and the
resulting contamination risk.
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2.3.1 LUBRICATION SYSTEMS REPLENISHMENT

A reliable approach is to ensure a controlled supply of liquid lubricant to the contact
throughout the mission. Depending on the mechanism, lubrication systems can be
categorized as passive or active [10,16,23].

Passive systems feed the contact continuously by centrifugal action or by surface driven
migration (creep). The most common solution is the centrifugal oiler, which distributes
liquid or grease to the contact region using rotational acceleration [16,23]. Another passive
concept uses porous materials (e.g., bearing cages) impregnated with liquid. These structures
gradually supply lubricants by capillarity during the mission [14,42,62]. Such porous
elements have a long heritage in space and have been widely studied in terms of evaporation,
capillary transport, and lubricant circulation [42,55].

Active systems deliver a controlled amount of lubricant in response to external commands
or operating conditions. Examples include an external positive-feed unit that dispenses
additional lubricant when thresholds are exceeded, or a porous reservoir placed near the
contact that releases liquid on demand (see Fig. 16) [23]. A common actuation method is
localized heating of the porous element to trigger release [12,55]. While effective, heating
introduces several side effects:

1. Differential thermal expansion between the lubricant and the porous matrix can eject
liquid abruptly into contact.

2. Thermally driven Marangoni stresses alter surface tension along temperature gradients,
promoting migration of liquid toward colder regions.

3. Increased liquid temperature raises vapor pressure and can initiate or accelerate
evaporation.
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Fig. 16 Schematic of lubricant supply to a ball bearing from porous stationary reservoir
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2.3.2 LABYRINTH SEALS FOR SPACE APPLICATIONS

To reduce evaporative losses and protect sensitive subsystems, non-contact labyrinth seals
are widely used in space mechanisms [27,32,54]. These seals introduce narrow axial, radial,
or combined gaps that separate inner and outer rotating elements and create tortuous escape
paths for vapor (see Fig. 17).

STATOR |
(HOUSING)

LABYRINTH

' ‘!! BRICANT EVAPORATED

MOLECULES
ROTOR
(SHAFT)

Fig. 17 Schematic of a sealed ball bearing showing labyrinth geometry and escaping vapor molecules

a. Analytical models

Under high vacuum, flow through labyrinth gaps occurs in the free molecular regime, where
molecule-wall collisions dominate and intermolecular collisions are rare. The flow regime
is characterized by the Knudsen number (Kn) [18,81,87], defined as

K _2 4
n—z (4)

where A is the mean free path and L is a characteristic channel dimension [18,87,108]. The
flow is typically continuum (viscous) for Kn < 0.01; transitional for 0.01 < Kn < 0.5; and
molecular for Kn > 0.5 (see Fig. 18) [18,81,108]. Consequently, the labyrinth gap width is
a key design parameter that must balance safe running clearances with the need to restrict
flow.
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In molecular flow, the net flux through a confined passage is governed by the transmission
probability and the mean molecular velocity [108—111]. In vacuum technology, gas transport
is commonly expressed as throughput in pressure-volume units, defined as

_d(PY) _dv
Qr = Tt _PE (5)

Here, the throughput Q1 represents the power carried by a gas leaving a volume V at
volumetric rate (pumping speed) dV /dt and pressure P [18,87,111]. Consider two chambers
at pressures P; > P, connected by a duct (see Fig. 19).

Fig. 19 Gas throughput (Q) between two chambers

The flow depends on the pressure differential AP = P; — P, and the geometry of the
connection [18,87,112]. The conductance of that duct is

. Qr_Qr
Cduct - P1 _ PZ - AP (6)

Under high and ultrahigh vacuum, conductance is effectively independent of pressure. In the
transitional and viscous regimes, it becomes dependent on pressure, so C must be evaluated

for the appropriate range [18,110,112]. The molecular flow through the duct can then be
expressed as a mass flow

Q = Cqycr " AP - P (7)
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where the vapor density p can be calculated as [18,81,113]

M
P=RT
The pressure is not considered in the Eq. (8). Conductance depends on gas species and
geometry (cross-section, length, curvature) [109,112,114]. Approximating the labyrinth gap
locally as an orifice of area A, the molecular flow conductance of an orifice is

(8)

V.
Cor = m4ean A (9)

with the mean molecular speed [18,81,111]

8'R-T
Vmean = M (10)

Given the geometric complexity of labyrinth seals, it is common to replace the true annular
path with an equivalent rectangular duct defined by gap width b,,, and effective length L,,
computed from an equivalent diameter d,, [18,81,112]. The effective orifice area is then

Aoy =T by " deg (11)

The conductance of this element is the orifice conductance multiplied by the transmission
probability (TP), which is the fraction of molecules traversing from inlet to outlet
[108,109,115,116]

Cauct = Cor " TP (12)

can be estimated by test-particle Monte Carlo (TPMC) simulation, which tracks molecule
trajectories via diffuse wall collisions, or approximated analytically. For a long rectangular
duct, a widely used expression is [108,109,116]

1
=3I, (13)
8 D,

Substituting Eq. (8) — (13) into Eq. (7) yields the Sl-based analytical expression for
molecular mass flow through the equivalent labyrinth gap

8:R'T T by-de 3 L\t M
= ‘AP -p = : (1+=-22) AP —— 14
Q= Cauer p ’ - M 4 ( *3 bm) R-T 14

After adjusting the form of the equation, we obtain the final expression

= ! by - dpg - AP (1+3 Lm)_l M (15)
C= |37 g ™ Im deq 8 b, T

Eq. (15) is the SI model and serves as a transparent first-order estimate of mass flow through
a labyrinth seal, explicitly showing the dependence on geometry (by,, Ly, deq), species (M),
and temperature (7).
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A refinement of Eq. (15) was developed [27,32,57] following a comprehensive evaluation
of experimental data obtained by the European Space Tribology Laboratory (ESTL). The
resulting correlation provides improved agreement with experimental measurements
MA\OS
Pmbarndcmbcm (Tg>
L (16)
b

cm

Q,, = 0,0436 -
1+ 0,375 -

It is essential to apply the correct units consistently when using Eq. (15) and Eq. (16), as
discrepancies in unit conventions across different references are a common source of error
[27,57]. Among available closed formulations, the ESTL model in Eq. (16) is one of the
most robust for estimating the mass flow of lubricant molecules escaping through a labyrinth
under vacuum. Nevertheless, it inherits limitations from geometric idealizations and
boundary assumptions, and it can systematically overestimate evaporation or leakage when
compared against carefully controlled experiments [27,49,57].

b. Molecular flow simulations

When labyrinth seals operate in the free molecular regime (Kn > 0.5), TPMC simulations
are a natural complement to closed form models [90,117,118]. These simulations neglect
intermolecular collisions and track large groups of molecules as they undergo wall collisions,
adsorption/desorption, and transmission through complex passages [90,91,117]. The
primary outputs are transmission probability, local molecular flux, pressure (rarely needed
in pure molecular flow), residence time, and predicted deposition on cold or sensitive
surfaces. Two widely used tools are MolFlow+ [119] (an open-source code developed at
CERN that efficiently handles intricate 3D vacuum geometries) and the Molecular Flow
module in COMSOL Multiphysics [92,120].

Accurate Monte Carlo simulation modelling hinges on a few established choices. The wall
interaction law is primary diffuse (cosine) re-emission is standard in engineering vacuum
analyses, while mixed diffuse/specular scattering can better represent smoother surfaces and
changes the predicted transmission through bends and steps [81,90,91]. Adsorption and
desorption should be included with temperature dependent behavior to capture cold surface
deposition near optics [81,87,90]. Geometry fidelity matters: elbows, baftles, relief grooves,
and restricted openings affect transmission and should be represented explicitly rather than
collapsed into ideal ducts. In practical setups, lubricant wetted areas are modelled as
outgassing patches linked to the vapor pressure and solutions are checked for statistical
convergence [27,54,56,57].

2.3.3 EVAPORATION AND DISTRIBUTION CONTROL

Loss of liquid lubricant can be driven not only by volatility but also by surface-lubricant
interactions [6,17,61,84]. Surface chemistry may catalyze degradation pathways or modify
wetting, which in turn affects film stability and creep [29,42]. A common mitigation strategy
is surface passivation or selection of less reactive finishes to suppress tribochemical
reactions and stabilize the liquid film under vacuum [36,37,40,93]. These are part of standard
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contamination control practice in space hardware, which focuses on finding and
understanding the sources, transport paths, and susceptible surfaces before setting
cleanliness and treatment requirements [6,13,29,84].

Surface topography also governs lubricant migration and the transmission probability of
evaporated molecules [19,67,74]. Roughness and directional grinding marks can steer
thermally driven creep, alter residence of condensate, and influence re-emission from walls
[56,69]. In the molecular flow regime relevant to high and ultrahigh vacuum, wall
interactions dominate transport. Increased roughness or deliberate texturing raises
accommodation and scatters trajectories, which reduces forward “beaming” and lowers the
net transmission probability through narrow passages [81,118,121]. TPMC and experimental
studies show that surface grooves and micro features measurably reduce conductance
compared with smooth ducts, providing a practical lever for labyrinth seal optimization
[44,66,121,122].

Cold surfaces can be used to control vapor location. Local cold traps, baffles, or cryogenic
interfaces capture outgassed species by condensation and reduce transport to sensitive areas
such as optics [21,123]. This approach is embedded in contamination control standards and
test methods that quantify outgassing, deposition, and re-emission using QCM under
vacuum with controlled collector temperatures [6,17,84,124]. These methods provide
temperature-depending deposition rates and re-emission data that support both qualification
and placement of cold surfaces in flight systems.

Concepts based on electrostatic fields have also been explored: strong field gradients can, in
principle, alter molecular trajectories in the free molecular regime, enabling partial focusing
or interception [125]. In practical spacecraft lubrication, however, most evaporated species
are neutral and only weakly polar, so field-based control remains exploratory, whereas
thermal management, geometric baffling, and surface structure engineering are the primary
levers for reducing migration and deposition [21,123,125].

22



3 LITERATURE REVIEW ANALYSIS

The state-of-the-art shows that liquid lubrication for space mechanisms is a
multidimensional problem that couples vacuum physics, tribochemistry, heat transfer, and
precision mechanical design. As spacecraft become more numerous and missions longer and
more complex, requirements on reliability and cleanliness intensify [28,31,59,84]. Lubricant
selection and implementation must therefore be made at the mechanism level with explicit
consideration of evaporation resistance, creep behavior, contamination risk, and
compatibility with the operational environment [13,37,45]. Although solid lubricants remain
essential for some duties, the use of liquid and grease formulations is increasing because of
their favorable frictional performance and cost-effectiveness [14,23,28,38]. This trend
places corresponding emphasis on improving lubricant properties and, critically, on passive
design measures that limit mass loss and contamination, such as optimized sealing
geometries [27,58,66].

Across the reviewed sources, analytical models are routinely used to inform early choices of
lubricant and seal architecture [32,49,57]. However, their predictive accuracy in realistic
conditions is limited, which motivates new measurement methods and refined models that
better reflect space relevant environments [49,66,88,89].

3.1 KEY FINDINGS ON LIQUID LUBRICANTS IN SPACE

Among liquid lubricants, multiply alkylated cyclopentanes (MACs) and perfluoropolyethers
(PFPEs) dominate both flight usage and laboratory studies [28,29,36]. These classes offer
low volatility and strong wear protection compared with many alternatives [24,29,36,44,62].
PFPEs are chemically robust but exhibit lower surface tension, which increases
susceptibility to creep. MACs combine low evaporation rates with higher surface tension
and strong boundary performance [14,28]. Given the extensive heritage and available data
for MAC and PFPE systems, focusing experimental work on these two groups facilitates
meaningful comparison with prior studies and with flight experience.

Two material properties emerge as especially consequential for space use: surface tension,
which governs creep and redistribution on solid surfaces [38,64,69], and vapor pressure,
which sets the driving force for evaporation into vacuum [27,32,49,57]. Both processes can
trigger tribological failure and contamination of adjacent subsystems [20,22,58,88]. Of
these, vacuum induced evaporation is generally the dominant life-limiting mechanism,
because it acts directly with the extreme thermal environment to shrink the lubricant
operating window [5,16,32,60].

3.2 EVAPORATION MODELS AND MEASUREMENTS

Evaporation intensity can be approached analytically or experimentally [27,32,82]. The
Langmuir based formulations (see Eq. (1)) and the widely used ESTL variant (see Eq. (2))
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remain the baseline for early prediction [27,32,53], yet they frequently overestimate
measured mass loss in space relevant tests. The main sources of error identified in the
literature are idealized thermal histories, uniform surface temperature assumptions,
unaccounted surface roughness and geometry effects, and uncertainty in lubricant vapor
pressure [30,49,53,66]. Vapor pressure itself is usually provided by manufacturers using
Knudsen effusion, but procedures are not internationally standardized and reported values
can deviate between laboratories [27,47,49]. Moreover, vapor pressure at a given
temperature is not strictly time invariant; it can evolve with composition and thermal history
[54,66,101]. Consequently, the literature increasingly recommends introducing empirically
derived correction factors to align analytical predictions with experimental behavior [48,49].
Implementing such corrections requires high quality experimental data for different lubricant
classes, ideally gathered with complementary instruments to cross-validate results.

Certified vacuum benches and QCM-based methods exist to determine evaporative mass
loss [17,32,82], but most provide point measurements rather than continuous, time resolved
evaporation histories. This limits insight into transient effects, such as initial loss of light
fractions or changes due to temperature cycling. Continuous, high-resolution measurements
are therefore valuable for revealing the kinetics that drive discrepancies between models and
reality.

3.3 SEALING STRATEGIES AND MOLECULAR
TRANSPORT

To extend the usable lifetime of liquid lubricated mechanisms and to protect sensitive
payloads, non-contact labyrinth seals are widely adopted [27,32,54,57]. Multiple studies
confirm that seal geometry materially influences the net loss of lubricant vapor [27,82].
Analytical throughput models, including both SI-unit expression (see Eq. (15)) and the
ESTL correlation (see Eq. (16)), provide practical estimates, but similarly as to free surface
evaporation models, the predictions tend to diverge from measurements [27,32,48,49,57].
This is expected in the free molecular regime, where transport is set by repeated molecule-
wall interactions, the detailed transmission probability through steps and turns, and the local
surface structure.

TPMC simulations have therefore become an important complement to analytics for
predicting molecular transport through seals [91,117,118]. When configured with
appropriate wall scattering laws, adsorption/desorption parameters, and geometry fidelity,
TPMC can capture the influence of path length, baffles, steps, and roughness on transmission
probability and thus on vapor retention [90,118,126]. This capability enables targeted
optimization of labyrinth features for minimum throughput while respecting mechanical
clearance constraints.

Despite progress, important gaps persist. We still lack a clear mapping of how each
geometric feature (e.g., stepped vs. straight channels, relief grooves) and measured surface
roughness affect transmission probability over practical design ranges [10,27,66,122].
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Likewise, most published characterizations of seal performance are static [27,49,57]. The
influence of relative rotation in operating mechanisms remains underexplored, even though
rotation is intrinsic to many space subsystems.

3.4 KEY CONCLUSIONS

The literature points to four knowledge gaps that motivate the work that follows:

a.

Correcting evaporation models with experiment

Classical Langmuir type formulations remain indispensable for first estimates, yet they
systematically overpredict losses in space conditions [27,48,49,53]. High precision, time
resolved measurements are needed to quantify corrections that account for thermal
history, surface morphology, and confinement geometry, thereby narrowing the gap
between prediction and observation [34,49,68,78,97].

. Quantifying geometry and surface effects in labyrinths

Seal performance in the molecular regime is highly sensitive to internal shape and wall
condition [27,54,56,57]. Systematic experiments and Monte Carlo studies are required
to establish how labyrinth length, deflections, steps, and controlled roughness reduce
transmission probability, enabling prescriptive design rules for vapor retention
[32,90,102,122].

Including operational dynamics

Most available datasets are static [27,48,57], while many flight mechanisms rotate
[5,6,13,25,65]. Incorporating rotation into experiments and models is expected to modify
molecule—wall encounter statistics and reduce through-flow in elongated or stepped
passages, with direct implications for seals in reaction wheels, CMGs, and SADMs.

Exploring electrostatic influence

External fields may offer an additional degree of control over molecular transport for
lubricants with polar or partially charged species [45,101,125,127]. Any practical use
must be consistent with spacecraft ESD and EMC constraints, yet field assisted re-
adsorption could lower transmission probability and improve retention.

These conclusions motivate the experimental and numerical program presented next,
including high fidelity evaporation measurements, controlled labyrinth flow studies, and the
development of correction factors and design guidelines for vapor retention in space
mechanisms. The subsequent chapter formalizes the research objectives and outlines the
methodology used to address these gaps.
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4 AIMS OF THE THESIS

The objective of this doctoral thesis is to advance the understanding of lubricant behavior in
space relevant vacuum environments, particularly focusing on the processes of evaporation,
molecular transport, and their mitigation through passive structural mechanisms. The
evaporation of liquid lubricants in high and ultrahigh vacuum is a critical challenge in space
tribology, often leading to mass loss, contamination of sensitive components, and
degradation of system performance. Although existing analytical models provide a baseline
for predicting evaporation rates, they tend to overestimate real world losses and fail to
account for effects such as confinement geometry, dynamic operation, surface roughness,
and electrostatic interactions.

This work aims to close the gap between analytical prediction and practical performance
through the development and integration of validated experimental test rigs and high-fidelity
simulations. It further seeks to define quantitative correction models and optimization
strategies for labyrinth seals, which are commonly used in spacecraft to control lubricant
migration.

The thesis is divided into several key thematic areas, each contributing to the overarching
goal of improving evaporation modeling accuracy and enhancing the vapor retention
efficiency of labyrinth seals (see Fig. 20). A wide array of experimental and numerical
methods was used, including:

e The development of a vacuum Evaporation Test Rig (ETR) to quantify lubricant mass
loss under static conditions.

e The modification of the ETR into a Labyrinth Test Rig (LTR) to investigate vapor flow
through labyrinth seal geometries.

e Experimental validation of analytical evaporation models and numerical simulations.

e The formulation of a simulation-based correction model to describe the influence of
surface roughness on molecular transport.

e Investigation of electrostatic fields and rotational motion as additional influencing
factors on vapor retention.
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PHASE 1: Evaporation measurement PHASE 2: Labyrinth seal optimization
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Fig. 20 Schematic view of thesis aims

This thesis focuses on the design, testing, and modeling of various physical influences
affecting lubricant evaporation, leading to the formulation of correction factors and design
guidelines that improve the reliability of space lubrication systems.
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4.1 SCIENTIFIC QUESTIONS & HYPOTHESES

4.1.1 SCIENTIFIC QUESTION 1

How can existing analytical models for liquid lubricant evaporation in vacuum be corrected
or refined using high precision experimental evaporation data?

WORKING HYPOTHESIS 1

It is possible to enhance the predictive accuracy of classical analytical evaporation models,
such as the Langmuir or ESTL formulations, by introducing correction factors derived from
time-resolved experimental measurements. These corrections should reflect real vacuum
conditions, including effects such as surface morphology or confinement geometry. The
implementation of these factors will significantly reduce the discrepancy between model
predictions and experimentally observed mass loss, especially for high-viscosity and multi-
component lubricants.

FUNDAMENTAL EXPLANATION

The evaporation rate of liquid lubricants in vacuum can be estimated using analytical
models. The Langmuir equation (see Eq. (1)) and its ESTL modification (see Eq. (2)) are
the most used models [48,50,53]. However, this classical formulation is based on several
simplifying assumptions that introduce significant inaccuracies when applied to practical
systems. These include the idealization of the lubricant's thermal history, uniform
temperature distribution across the evaporation surface. In addition, the accurate
determination of vapor pressure for specific lubricant mixtures remains challenging [66].
Due to these limitations, analytical predictions often significantly overestimate the actual
evaporation rate observed in experiments. Discrepancies of several times the measured value
have been reported [27,48,53]. Although these inaccuracies are well recognized in the
scientific community [49], the Langmuir equation continues to be used in engineering
practice, typically in a modified form that introduces empirical correction terms [17,32,82].
Current research does not focus on replacing the Langmuir equation with entirely new
models. Instead, the prevailing trend is to improve its predictive accuracy by incorporating
correction factors derived from controlled experimental measurements [27,49,82]. This
approach retains the model’s practical simplicity while aligning it more closely with physical
reality, making it a valuable tool for vacuum lubrication design and space mechanism
development.
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4.1.2 SCIENTIFIC QUESTION 2

What is the influence of internal geometry and surface structure of labyrinth seals on the
transmission of lubricant molecules under molecular flow conditions?

WORKING HYPOTHESIS 2

The internal geometry and surface morphology of labyrinth seals have a significant impact
on the molecular transmission of evaporated lubricants. By optimizing key geometrical
features, such as flow path length, deflection angles, and step transitions, it is possible to
substantially reduce the net flow of lubricant molecules through the seal. Additionally,
modifying the surface roughness of the channel walls can increase molecular scattering,
which further limits transport. The combined effect of geometric complexity and controlled
surface texturing enables the design of seals with enhanced vapor retention and reduced risk
of contamination in space mechanisms.

FUNDAMENTAL EXPLANATION

Well-designed labyrinth geometries in space applications can reduce lubricant mass loss [27]
and lower the level of contamination affecting sensitive spacecraft components. This is
primarily achieved by limiting the diffusion and re-deposition of lubricant molecules and
other particulates originating from degradation and wear processes [44,66]. In the molecular
flow regime, gas molecules travel without mutual collisions, and upon interacting with the
channel walls, they temporarily adhere before re-emitting in a statistically randomized
direction, independent of their incoming trajectory and velocity [18,38,81,87]. This behavior
gives rise to the molecular beaming effect inside the labyrinth, where multiple wall
interactions influence the directional distribution of the molecular flux [90,105,110]. Such
effects are particularly pronounced at geometric discontinuities or directional changes in the
seal path. Besides geometry, the structure of the internal surface also plays an important role.
Increased surface roughness can enhance molecular scattering, effectively lengthen the path
and reduce transmission probability [56,66,122,126]. As such, both macro geometry and
micro scale surface characteristics are critical parameters in achieving optimal labyrinth seal
performance.
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4.1.3 SCIENTIFIC QUESTION 3

How does rotational motion of labyrinth seal components influence the molecular transport
of evaporated lubricants under vacuum conditions?

WORKING HYPOTHESIS 3

Rotational motion of the seal's internal surfaces alters the dynamics of molecule-wall
interactions, increasing the frequency and randomness of scattering events. As the rotational
speed rises, the likelihood that evaporated molecules undergo momentum altering collisions
with the moving walls also increases, reducing their net transmission probability through the
seal. This effect should be significant for elongated or stepped geometries, where extended
surface contact amplifies the interaction time. Consequently, incorporating dynamic motion
into labyrinth seal design and evaluation can lead to improved vapor retention, especially in
rotating subsystems of space mechanisms.

FUNDAMENTAL EXPLANATION

Labyrinth seals are widely used in spacecraft mechanisms involving relative rotational
motion, such as Reaction Wheels (RWs), Control Moment Gyroscopes (CMGs), Solar Array
Drive Mechanisms (SADMs), and Coarse Pointing Assemblies in optical or laser
communication terminals [5,6,27,54,57,65]. These systems rely on seals to prevent lubricant
loss and contamination in vacuum [22,66,88]. Despite their operational relevance, most
studies on labyrinth seal behavior are conducted under static conditions, overlooking the
dynamic effects introduced by rotation [27,57]. In the molecular flow regime, where
intermolecular collisions are negligible, the motion of bounding surfaces significantly
influences molecular trajectories [81,87]. Understanding the impact of rotation on these
interactions is critical for optimizing seal performance in actively moving spacecraft
subsystems.
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4.1.4 SCIENTIFIC QUESTION 4

Can externally applied electrostatic fields be used to influence molecular transport through
labyrinth seals and reduce lubricant evaporation in vacuum environments?

WORKING HYPOTHESIS 4

Electrostatic fields can be used as an active mechanism to influence the motion of lubricant
molecules within labyrinth seals operating in the molecular flow regime. When an electric
potential is applied across the seal corridor, it may interact with polar or ionic components
of the lubricant, altering their trajectories and increasing their likelihood of re-adsorption to
the seal walls. This effect could reduce the net transmission probability and enhance vapor
retention. However, the application of electrostatic fields in vacuum must account for
spacecraft specific challenges such as electrostatic charging, dielectric breakdown, and
compatibility with surrounding systems. It is hypothesized that carefully controlled electric
fields can improve seal performance without introducing operational risks, provided they are
implemented within established spacecraft electrostatic design limits.

FUNDAMENTAL EXPLANATION

Electrostatic fields are known to influence the behavior of molecules in vacuum, particularly
those with permanent dipole moments or partial charges [45,112,125]. In the context of
space lubrication, this principle can be applied to reduce evaporation losses by modifying
the motion of escaping molecules through the application of a directed electric field across
the seal gap. Such fields may deflect the trajectories of volatile species, increase wall
interactions, and thereby lower the probability of molecular escape.

While this mechanism holds promise, the integration of electrostatic fields into spacecraft
hardware must be approached with caution. Electrostatic discharge (ESD) events are a
known hazard in space systems, often caused by differential charging of surfaces or
dielectric breakdown under vacuum [6,13,20,26]. These discharges can damage electronics,
degrade materials, and pose serious risks to mission reliability. Implementing electrostatic
seals requires compliance with strict design standards regarding electric field strength, gap
dimensions, and insulation integrity.
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S MATERIALS AND METHODS

This chapter describes the materials and methods used to measure evaporation in vacuum,
quantify molecular transport, and assess the performance of labyrinth seals. It introduces the
lubricant set, the analytical formulations used for first order estimates, the custom
experimental rigs, and the numerical tools used to interpret the data. It also summarizes
calibration procedures, data processing steps, and uncertainty evaluation.

e Lubricants:
o PFPE, MAC, and selected ionic liquids.
e Analytical models:
o Langmuir-based evaporation (ESTL adaptation)
o Clausius—Clapeyron vapor pressure interpolation
o ESTL conductance for labyrinth flow
e Experimental rigs:
o Evaporation test rig (ETR): measures free-surface evaporation in vacuum.
o Labyrinth test rig (LTR): evaluates labyrinth seal geometry and surface finish.
o Electrostatic labyrinth test rig (ELTR): A controlled electric field within the
labyrinth seal channel.
o Dynamic labyrinth test rig (DLTR): imposes controlled rotation of the seal wall.
e Simulations:
o MolFlow+: 3D test-particle molecular flow.
o COMSOL Multiphysics: 2D/3D studies with measured or synthetic roughness
and rotating walls.

Surface roughness: generation, profilometric measurement, and model import.

5.1 LUBRICANT TEST SAMPLES

A range of liquid lubricants was tested throughout the experimental investigations to
evaluate evaporation behavior, seal retention efficiency, and the influence of electrostatic
fields. The selection of lubricants reflects a deliberate effort to represent distinct chemical
families commonly used in space tribology. Not all lubricants were employed in every
experiment, as their use depended on the objectives and conditions of each study. Tab. 1
summarizes the key lubricants used.

Fomblin Y LVAC 25/6, a perfluoropolyether (PFPE), was the most widely used lubricant
across all test campaigns due to its high vapor pressure and excellent vacuum compatibility.
Its volatility at moderately elevated temperatures enabled efficient testing of both flat surface
evaporation and flow through labyrinth seals.

NYE 2001, a multiply alkylated cyclopentane (MAC), was employed for high-fidelity
evaporation studies where extremely low vapor pressure was essential. This lubricant is often
used in spacecraft mechanisms due to its low outgassing rate and chemical stability.

33



For specialized experiments examining the influence of electrostatic fields on molecular
transport, two ionic liquids were included: 1-ethyl-3-methylimidazolium bis
(trifluoromethyl sulfonyl) imide (EMIM-TFSI) and 1-octyl-3-methylimidazolium bis
(trifluoromethyl sulfonyl) imide (OMIM-TFSI). These were chosen for their negligible
vapor pressure, electrochemical stability, and unique response to electric fields. The ionic
liquids were not tested for static evaporation or seal performance due to their low volatility.

Tab. 1 Overview of lubricant test samples used in experimental investigations

Lubricant name Nye 2001 Fomblin Y LVAC 25/6 EMIM-TFSI OMIM-TFSI
Lubricant type MAC PFPE IL IL
Kinematic viscosity [cSt] 305 cSt 276 (20°C) 39.4 (20°C) 106 (20°C)

Vapor pressure [mbar] le-8 (20°C) 6¢e-8 (25°C) - —
2.33e-8 (38°C)  6e-5 (100°C) - -
5.70e-7 (100°C) — - -

Molecular weight [g/mol] 910 3300 391.31 47547

Density [g/cm?] 0.84 1.90 1.52 1.32

During each test, lubricants were applied in small, controlled volumes. Film coverage and
surface area uniformity were ensured through pre-tests, particularly to prevent edge drying
or unwanted creep effects during heating. This lubricant set supports comparative analysis
across multiple experimental platforms and provides a foundation for validating and refining
both analytical and numerical models of evaporation and molecular transport.

5.2 ANALYTICAL MODELING APPROACH

Analytical models were employed in this work to estimate lubricant evaporation rates and
molecular flow through labyrinth seals under high vacuum conditions. These models offer a
rapid and cost-effective means of obtaining first order approximations of key parameters that
influence evaporation and transmission behavior in UHV conditions. Although inherently
simplified and less precise than experimental or numerical techniques, analytical approaches
are invaluable during early-stage design, feasibility assessment, and comparative analysis.

5.2.1 VACUUM EVAPORATION MODELING

Lubricant mass loss due to evaporation was estimated using the ESTL adaptation of the
classical Langmuir equation, as introduced in Eq. (2). This empirical model provides a
practical, zero-order approximation of the evaporation rate under isothermal molecular flow
conditions and is widely used for rapid estimation in space tribology applications.

In cases where vapor pressure data were unavailable for the lubricant at specific
temperatures, the Clausius—Clapeyron equation (see Eq. 3) was used to interpolate values
based on reference data from the ESTL Database of Liquid Lubricants (DOLLS). This
enabled the construction of a continuous temperature dependent vapor pressure curve for
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Fomblin Y LVAC 25/6, which was applied consistently across all analytical evaporation
predictions (see Fig. 21).
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Fig. 21 Clausius-Clapeyron approximation of the oil temperature-dependent vapor pressure [1]

It is important to note that the enthalpy of vaporization can be affected by the lubricant's
thermal history. As such, analytical predictions may deviate from actual behavior,
particularly in cases involving multiple heating and cooling cycles.

5.2.2 MOLECULAR FLOW THROUGH LABYRINTH SEALS

To analytically estimate molecular transmission through labyrinth seals, the complex seal
geometry was reduced to an equivalent linear channel defined by effective parameters: gap
width, channel length, and effective annular seal gap diameter. The mass flow rate of vapor
through this equivalent geometry was then calculated using the ESTL-derived formulation
presented in Eq. (16), which is widely regarded as one of the most robust analytical tools for
estimating molecular flow in simplified geometries under vacuum.

Despite its practicality, the ESTL model exhibits notable limitations. It assumes idealized
boundary conditions and simplified geometrical representations, which frequently result in
overestimation of leakage and evaporation rates when compared with experimental
observations. One significant source of error lies in the vapor pressure input data, often
derived from Knudsen effusion methods that lack standardized measurement protocols and
may introduce uncertainty or bias.

Moreover, the model does not capture surface interactions, thermal history effects, or
molecular beaming phenomena. These limitations are particularly critical when dealing with
real-world labyrinth seals, where surface topography and local geometry deviations can
significantly alter flow behavior. To mitigate such discrepancies, correction factors based on
empirical calibration have been proposed in the literature, improving alignment with
laboratory data and enhancing model reliability.

In this study, analytical predictions were used in conjunction with numerical simulations and
experimental measurements to assess the validity and limitations of the analytical approach.
This comparative framework enables quantitative evaluation of model performance and
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supports refinement of sealing strategies for space applications. Where analytical results
diverged significantly from empirical data, Monte Carlo molecular flow simulations were
employed as a higher fidelity reference capable of resolving detailed gas-surface
interactions.

5.3 EVAPORATION TEST RIG (ETR)

The core of the experimental setup is a custom-built Evaporation Test Rig (ETR), designed
to precisely quantify lubricant evaporation in high and ultrahigh vacuum environments. The
apparatus operates on a mechanical balance principle, where lubricant mass loss leads to
angular displacement of a pivoted scale beam. A capacitive proximity sensor, mounted on
the vacuum chamber flange, tracks the position of a reference plate attached to a pointer on
the scale beam. As lubricant evaporates, the shift in mass alters the beam’s equilibrium,
resulting in a measurable tilt that is captured by the sensor. This displacement is then
converted into evaporated mass using a pre-determined calibration factor (see Fig. 22
and Tab. 2).

Primary scale beam Counterweight
Sharp wedge

Weighing pan

Support beam

Flange

Pointer

Bracket Proximity sensor

Fig. 22 Evaporation test rig (ETR) description [1]
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Tab. 2 Evaporation test rig characteristics [1]

Parameter Value

Dimensions (height, depth, width) 220 x 125 x 200 mm
Operating temperatures —100 ... +150 °C
Sample weight 10-100 g

Weighing precision +0.04 mg
Proximity sensor resolution (static) 0.375 nm

Proximity sensor measuring range 0.5 mm

Conversion ratio (distance/weight) 10.0 pm / 1.0 mg

The ETR’s mechanical core consists of a sharp wedge pivot system supporting the beam,
with a weighing pan on one side and adjustable counterweights on the other. The pointer,
extending from the beam, is equipped with a reference plate that interfaces with the
proximity sensor. The modularity of the setup allows for flexible configuration of its
components, including interchangeable weighing pans and counterweights, enabling
adaptation to a wide range of experimental scenarios such as lubricant evaporation and
labyrinth seal evaluation.

The entire ETR assembly is placed inside a vacuum chamber capable of UHV operation.
Thermal control is provided either externally or by localized internal resistive heating
elements, enabling isothermal or accelerated testing conditions. Accurate thermal regulation
is critical, given the temperature dependence of vapor pressure and lubricant behavior.
Therefore, rigorous pre-calibration procedures are performed prior to measurement
campaigns. These include detailed assessments of the weighing system’s accuracy,
displacement to mass conversion, repeatability under various conditions, and a thermal
calibration that relates the measured reference temperatures to the lubricant test sample
temperature.

Environmental factors such as vibration, thermal expansion, and material deformation are
known to affect precision in displacement measurements. Calibration is conducted under
both atmospheric and vacuum conditions to ensure consistent performance across
operational regimes. Prior to each measurement cycle, a vacuum bakeout process is initiated
to remove adsorbed contaminants from the chamber’s interior surfaces. This is followed by
thermal stabilization, where system pressure and temperature are allowed to reach
equilibrium. The duration of bakeout and stabilization typically ranges from 48—72 hours,
depending on the system’s configuration and environmental conditions. Establishing these
stable boundary conditions is essential to prevent thermal gradients and secondary
condensation effects that would otherwise compromise the measurement’s integrity.

In summary, the ETR provides a high resolution, modular, and thermally stable platform for
investigating lubricant evaporation under conditions that closely emulate the thermal and
vacuum environments encountered in space systems. Its sensitivity and reliability make it a
powerful tool for generating benchmark experimental data necessary for validating
analytical and simulation models.
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5.4 LABYRINTH TEST RIG (LTR)

To investigate the performance of labyrinth seals under vacuum conditions, a modified
version of the ETR was employed, referred to as the Labyrinth Test Rig (LTR) (see Fig. 23).
The experimental configuration enables continuous measurement of lubricant evaporation
through various labyrinth geometries and supports high precision in mass loss quantification.

Proximity sensor

-\

b

Labyrinth seal platform bb' )

Fig. 23 Evaporation test rig (ETR) with labyrinth seal platform [2]

The LTR is based on the same mechanical principle as the original ETR, utilizing a pivoted
scale beam with single-axis rotation supported by sharp edged wedges. In this configuration,
a modular platform is mounted on one end of the scale beam to accommodate the labyrinth
seal assembly (see Fig. 24). This assembly includes a main pan, which serves as the lubricant
reservoir, and an interchangeable seal geometry. All components in contact with the
lubricant or exposed to vacuum conditions are fabricated from aluminum alloy 6061 to
ensure compatibility and thermal stability.
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Outer laybrinth surface

Inner laybrinth
surface

Fig. 24 Labyrinth seal platform setup and assembly breakdown [2]

Each test begins with the injection of a defined quantity of PFPE-based lubricant (Fomblin
Y LVAC 25/6, see Tab. 1) into the annular reservoir of the labyrinth platform. The test
assembly is completed by attaching one of three seal geometries: SHORT, LONG, or STEP
(see Fig. 25), with detailed dimensions provided in Tab. 3. Prior to testing, thermal behavior
and lubricant creep were evaluated through a series of pre-tests to ensure repeatability.

SHORT LONG STEP

I/ ‘ ........... \

7

D

F_ﬁz’i @d Bd1

Fig. 25 Labyrinth seal geometries experimental setup (SHORT, LONG, STEP) [2]

N

Tab. 3 Labyrinth seal geometry dimensions [2]

Labyrinth Width [mm)] Diameter [mm] Length [mm)]
SHORT b=0.5 d=286.5 L=15
LONG b=0.5 d=286.5 L=10

STEP b=0.5 d;=86.5 L, =825
dr=92.5 L,=3.00
L;=1.75
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To assess the impact of surface topography on seal performance, two variants of the LONG
labyrinth seal geometry were prepared. One variant retained its original machined surface
finish, while the other was mechanically polished to achieve a smoother texture. Surface
roughness measurements were carried out using a Bruker Contour GTX 3D optical
profilometer (see Fig. 26), providing high resolution topographical data. These surface
profiles were subsequently imported into COMSOL Multiphysics simulations to enable a
more accurate representation of molecular interactions within the seal.

ROUGH SMOOTH

OUTER

INNER

0 [mm] 0 [mm]

Fig. 26 Surface roughness characterization of inner and outer regions of the LONG labyrinth seal geometry using 3D
optical profilometry [2]

The LTR operates under vacuum conditions representative of the free molecular flow
regime, enabling realistic simulation of space-relevant environments. Its high measurement
sensitivity, with the capability to detect lubricant mass losses on the order of milligrams,
allows for precise evaluation of vapor retention characteristics. This level of resolution
makes the system particularly well suited for investigating the influence of both seal
geometry and surface roughness. By facilitating direct comparison between experimental
data, analytical predictions, and numerical simulations, the LTR serves as a robust validation
platform for optimizing labyrinth seal designs intended for vacuum and space applications.
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5.5 ELECTROSTATIC LABYRINTH TEST RIG (ELTR)

To investigate the influence of electrostatic fields on molecular transport through labyrinth
seals, a dedicated experimental platform called the Electrostatic Labyrinth Test Rig (ELTR)
was developed. This system is designed for operation under UHV conditions and allows for
the controlled application of electric fields across the seal structure. The setup comprises
four labyrinth seals mounted on a platform inside a vacuum chamber (see Fig. 27) equipped
with embedded electrodes positioned on either side of each labyrinth channel (see Fig. 28).
These electrodes enable precise, spatially defined electrostatic fields to be generated by
applying voltages in the range 0 to 50 V, simulating field induced polarization and
electrostatic gradients representative of in-orbit conditions.

Fig. 27 Electrostatic labyrinth seal setup mounted inside the vacuum chamber

The primary objective of the ELTR is to evaluate how electric field strength, polarity, and
spatial configuration influence the transmission probability of evaporated lubricant
molecules under free molecular flow conditions. This extends conventional studies that
primarily focus on geometric design and surface roughness.

A variety of lubricants was tested using the ELTR, with particular emphasis on comparing
conventional high vacuum and space-grade lubricants with ionic liquids that exhibit distinct
electrochemical behavior. The tested lubricants are summarized in Tab. 1.
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Fig. 28 Electrostatic field configuration in a LONG-type straight labyrinth seal [4]

The ionic liquids were selected for their high polarizability and ionic character, which are
expected to enhance their interaction with applied electric fields. Their inclusion aimed to
explore whether electrostatic forces can reduce molecular transmission or modify
evaporation dynamics, potentially offering a novel mechanism for enhancing sealing
performance.

Overall, the ELTR provides a robust and flexible platform for evaluating the electrostatic
sensitivity of various lubricant chemistries. The results contribute to a deeper understanding
of the role of electric fields in molecular transport and may inform the development of next
generation labyrinth sealing technologies incorporating active electrostatic control.
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5.6 DYNAMIC LABYRINTH TEST RIG (DLTR)

To evaluate the influence of rotational dynamics on molecular transport through labyrinth
seals, a specialized Dynamic Labyrinth Test Rig (DLTR) was developed (see Fig. 29). This
experimental platform enables the investigation of how angular motion affects lubricant
migration and vapor retention under space relevant vacuum conditions.

Fig. 29 Dynamic Labyrinth Test Rig (DLTR) [4]

The DLTR consists of a stationary vacuum compatible housing fitted with a rotating shaft
that incorporates the labyrinth seal geometry. A precision motorized spindle is integrated
into the system to control angular velocity across a broad range of operating speeds. The
shaft rotation simulates real-world conditions found in spacecraft mechanisms such as
reaction wheels, bearings, or drive units. Thermal control and pressure regulation are
implemented to replicate UHV and temperature environments typical of orbital applications.

The labyrinth seal used in the DLTR comprises two primary components: a stator, which is
mounted onto the vacuum chamber lid and houses the liquid lubricant reservoir, and a rotor,
which is attached to the rotating spindle. The rotor rotates freely inside the stator without
mechanical contact, maintaining a constant radial clearance of 0.5 mm. This non-contact
configuration eliminates friction and wear while enabling the study of centrifugal effects on
evaporated molecular transport within the seal corridor.
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Fig. 30 Cross-sectional view of the Dynamic Labyrinth Test Rig (DLTR) showing rotor—stator seal configuration [4]

This configuration allows for the assessment of centrifugal effects and dynamic flow
perturbations induced by rotation, which are not captured in static experiments or purely
analytical models. By introducing a controlled rotational component, the DLTR provides
valuable insights into the time dependent modulation of sealing performance and the
redistribution of evaporated molecules within the seal structure.

The dynamic data obtained from the DLTR supports the refinement of numerical models
that incorporate centrifugal and inertial forces and helps bridge the gap between idealized
simulation conditions and operational realities of rotating space mechanisms. As such, the
DLTR represents a critical component in the comprehensive evaluation of labyrinth seal
behavior under dynamic vacuum conditions.

5.7 NUMERICAL SIMULATION APPROACH

To complement the experimental evaluation of labyrinth seal performance and lubricant
evaporation under vacuum conditions, advanced molecular simulations were conducted
using two numerical tools: MolFlow+ and COMSOL Multiphysics. These simulations were
aimed at characterizing molecular transport in the free molecular flow regime, investigating
the influence of geometry and surface roughness (see Fig. 31), and validating analytical
predictions through high-fidelity numerical analysis.
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Fig. 31 Labyrinth seal with evaporating molecules and surface roughness simulation [3]

All simulation models were defined based on experimentally measured boundary conditions,
including lubricant vapor pressure, chamber pressure, and thermal parameters. As the
pressure at the inlet of the labyrinth seal cannot be measured directly, it was approximated
in simulations by the vapor pressure of the lubricant at its corresponding operating

temperature.

5.71 MOLFLOW+

MolFlow+ was employed to simulate molecular flow through three-dimensional labyrinth
seal geometries under UHV conditions. This open-source software is specifically designed
to model rarefied gas behavior in free molecular flow regimes using Monte Carlo simulations
where intermolecular collisions are negligible. MolFlow+ operates by tracking the
trajectories of many test particles emitted from defined surfaces, statistically evaluating their

interactions with the surrounding geometry.

Fig. 32 MolFlow+ [119]
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It was used to compute several key outputs, including spatial pressure distributions,
molecular trajectories, and transmission probability across different labyrinth
configurations. Its ability to simulate highly complex and non-linear geometries with sub-
millimeter precision makes it particularly well suited for evaluating sealing performance in
vacuum applications. The simulation results served to benchmark analytical model
predictions and provided a valuable reference for assessing the relative vapor retention
efficiency of various seal geometries.

5.7.2 COMSOL MULTIPHYSICS

COMSOL Multiphysics v.6.3 was employed for detailed two-dimensional and three-
dimensional simulations of labyrinth seal geometries under vacuum conditions. Unlike
MolFlow+, COMSOL enables the inclusion of additional physical effects that are critical to
the understanding of seal performance, such as the dynamic influence of rotational motion
and the incorporation of real surface roughness data acquired from profilometric
measurements.

COMSQI
MULTIPHYSICS

Fig. 33 COMSOL Multiphysics v6.3 model of the STEP labyrinth seal geometry

Moreover, synthetic surface roughness can be implemented directly within COMSOL
through geometric perturbations applied to the seal channel walls. These perturbations are
defined using statistically generated parametric curves based on spectral synthesis methods.
This approach allows for controlled manipulation of roughness characteristics and enables
detailed analysis of their effects on molecular transport. Two specialized physics modules
within COMSOL were utilized in this work:

1) Molecular Flow Module: This module calculates local molecular flux and evaluates how
geometric and surface features obstruct molecular flow. It can also be used to determine
transmission probability based on the steady-state molecular flux balance between inlet
and outlet boundaries.

2) Particle Tracing Module: While also capable of evaluating transmission probability, this
module is particularly advantageous when simulating surface roughness effects. It allows
the tracking of individual molecular trajectories in the presence of complex wall

46



geometries, including rough surfaces with peaks and valleys. Moreover, it supports the
modeling of dynamic phenomena, such as the rotational motion of a labyrinth wall,
providing deeper insight into transient molecular behavior and sealing effectiveness
under real-world conditions.

5.7.3 SURFACE ROUGHNESS MODELING

To investigate the influence of surface topography, synthetic roughness profiles were
generated using a spectral synthesis approach. This method is governed by three statistical
parameters:

e N — Spatial frequency resolution, determining feature density,
e b, — Spectral exponent, controlling amplitude decay,
e PC - Amplitude scaling factor, adjusting vertical roughness magnitude.

The profile height z(x) was defined using the equation:

N
z=PC- Z (nz)_% - g(n) - cos(2m(nx) + u(n)) (17)

n=-N

where g(n) is a Gaussian random variable (mean = 0, variance = 1), and u(n) is a random
phase uniformly distributed in the range [—mr /2, w/2]. This approach produces non-periodic,
statistically consistent profiles across multiple runs.

In COMSOL Multiphysics, each surface profile was implemented as a 1D parametric curve
and assigned to the labyrinth wall boundary. To ensure symmetry and eliminate directional
bias, the lower wall curve was mirrored from the upper wall. Only non-repeating segments
of the generated curves were used to suppress artificial periodicity.

A total of three representative datasets (see Tab. 4) were selected, each defined by unique
(N, bg) combinations to span a broad spectrum of surface morphologies from coarse, low-
frequency structures to fine, high-frequency irregularities. For each dataset, the amplitude
factor PC was swept across a range of values to modulate vertical roughness levels.

Tab. 4 Overview of parameter sets used for surface generation in molecular flow simulations [3]

Spectral resolution Spectral exponent Roughness amplitude scaling
Dataset
N bs PC Number of steps
1 30 0.5 0.0005 to 0.020 12
2 50 0.05 0.0001 to 0.002 11
3 100 0.1 0.0001 to 0.001 10
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Each surface profile was generated and characterized using standard roughness, including
amplitude parameters (Ra, Rq, Rk, Rpk, Rvk) and shape descriptors (Rsk, Rku). These
parameters enabled the quantitative comparison of topographic characteristics and supported
the interpretation of molecular transport behavior.
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Fig. 34 Meshed 2D labyrinth geometry with synthetic surface roughness profiles [3]

The simulations were conducted under isothermal high-vacuum conditions using molecular
properties representative of Fomblin Y LVAC 25/6 previously employed in experimental
validation studies. An overview of the simulation setup, including geometric dimensions,
meshing strategies, boundary conditions, and fluid characteristics, is provided in Tab. 5.

Tab. 5 Summary of simulation parameters and lubricant properties used for molecular flow simulations [3]

Category Parameter Value Description
Geometry [ ghyrinth length 1 - 10 mm Parametrically varied to evaluate length influence
Labyrinth width 0.2-1.0 mm Parametrically varied to study confinement effects
Meshing Gy resolution Physics-controlled ~ Refined mesh near boundaries for surface details
Simulation  Temperature 373.15K Isothermal condition across the domain
Inlet pressure 6E-4 Pa Define as per boundary condition
Outlet pressure Total vacuum Typically vacuum or near-zero pressure
Oil sample [ ypricant name ~ Fomblin Y LVAC 25/6 Perfluoropolyether (PFPE) lubricant
Molecular weight ~3300 g/mol Molecular mass used for simulations
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5.74 INTEGRATED EVALUATION FRAMEWORK

By integrating MolFlow+ and COMSOL simulations with experimental and analytical
studies, this work establishes a comprehensive and flexible modeling framework. MolFlow+
offers fast and accurate evaluation of molecular flow through static three-dimensional
geometries, delivering valuable insights into the effects of geometric layout on pressure
profiles and molecular escape probability.

COMSOL Multiphysics, on the other hand, extends the simulation capability by
incorporating dynamically evolving scenarios, such as rotating seal walls, and by enabling
the direct inclusion of real or synthetically generated surface roughness features. The particle
tracing and molecular flow modules together provide a robust platform for analyzing
transient effects, trajectory scattering, and geometric flow obstruction under UHV
conditions. This integrated numerical approach enabled:

e Validation of analytical model predictions through detailed simulation outputs,

e Explanation of discrepancies observed in experimental results,

e In-depth investigation of how microstructural wall textures and macroscopic geometry
affect vapor retention.

The synergy of MolFlow+ and COMSOL Multiphysics substantially strengthens the
predictive capability of the overall research framework. It supports the development of
optimized labyrinth seal geometries for space applications, where molecular transport
efficiency under vacuum is critical.
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6 RESULTS & DISCUSSION

This chapter presents the principal findings of the research, derived from a systematic
combination of experimental measurements, analytical modeling, and molecular flow
simulations. The objective was to investigate the mechanisms governing lubricant
evaporation and molecular transport in vacuum environments, with a particular focus on the
performance of labyrinth seals used in space applications.

To achieve this, a series of custom-built test rigs were employed to characterize lubricant
mass loss and flow dynamics under controlled conditions. These experiments were
complemented by numerical simulations and analytical assessments, providing a multi-
perspective evaluation of how key physical parameters affect vapor retention. The integrated
approach enabled the identification of dominant effects and the development of correction
models to improve predictive accuracy.

The chapter is organized into thematic subsections, each focusing on a specific factor
influencing molecular transport:

¢ Quantification of lubricant evaporation intensity in vacuum conditions, and comparison
with analytical evaporation models.

e Influence of labyrinth geometry on seal efficiency and vapor containment.

e Effect of surface roughness on molecular transmission, including both experimental data
and synthetic profile simulations.

e Analysis of molecular beaming and optimization of internal step geometry and corner
features.

e Development and validation of a surface roughness correction model for transmission
probability estimation.

e [Evaluation of electrostatic fields as a passive method to suppress molecular escape.
e Assessment of dynamic rotational effects on molecular transmission in spinning seals.

These results collectively support the development of more efficient and reliable sealing
strategies for use in space mechanisms operating in ultrahigh vacuum. Where applicable,
correlations between analytical, numerical, and experimental results are provided to validate
and contextualize the findings.

6.1 EVAPORATION INTENSITY

To quantify the evaporation behavior of liquid lubricants in vacuum, a dedicated ETR device
was developed and employed (see Chapter 5.3). The experimental investigation focused on
quantifying the evaporation behavior of two representative liquid lubricants commonly used
in vacuum environments: Fomblin Y LVAC 25/6 (PFPE) and NYE 2001 (MAC).
Throughout each test, key parameters such as vacuum chamber pressure, internal and
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external temperatures, and the displacement of the reference plate were continuously
monitored. Using a calibrated conversion method, these measurements were converted into
time resolved mass loss data, allowing for a detailed evaluation of evaporation intensity
under controlled vacuum conditions.

To assess the accuracy of established analytical models, the experimentally measured
evaporation rates were compared against theoretical predictions based on a modified ESTL
analytical framework. Due to limited availability and inconsistencies in manufacturer
supplied vapor pressure data, the Clausius-Clapeyron relation was applied to estimate vapor
pressure at the test temperature. This extrapolation used two reference values from the ESTL
DOLLS database (see Fig. 21). The estimated vapor pressures were subsequently input into
the Langmuir equation to calculate theoretical mass loss.

A comparison of experimental and analytical results (see Fig. 35 and Tab. 6) showed that
theoretical models significantly overestimated evaporation rates for both lubricants. These
discrepancies, consistent with earlier ESTL findings, underscore the need for model
correction. Contributing factors include assumptions about vapor pressure, lubricant surface
temperature, and idealized geometry. To address these limitations, empirically derived
correction factors were introduced into the analytical formulation (see Tab. 7), substantially
improving agreement between theoretical predictions and experimental observations.
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Fig. 35 Comparison of base oil evaporation losses from analytical predictions and experimental measurements [1]

Tab. 6 Comparison of analytical predictions and experimental measurements of lubricant evaporation loss [1]

Lubricant Nye 2001 Fomblin Y LVAC 25/6
Analytical predictions 13.0 mg/h 3.0 mg/h
Experimental measurements 3.2 mg/h 0.9 mg/h
Overestimation (relative to measured) 306 % 233 %

These findings indicate that integrating experimentally derived correction factors into
analytical models enables more accurate evaporation rate predictions, which can inform the
reduction of lubricant quantities in vacuum systems without compromising operational
reliability. This optimization has the potential to minimize contamination risks and reduce
overall mission mass and associated costs.
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6.1.1 CORRECTION MODEL FOR ANALYTICAL PREDICTIONS

To address the deviations observed between experimentally measured and analytically
predicted evaporation rates, a correction model was developed based on the experimental
data. The evaporation related mass loss was expressed using a modified form of the
Langmuir equation, which incorporates an empirical correction factor to improve its
accuracy for real lubricant behavior under vacuum conditions:

dMeyap 1 M
— 0044~ — 2
n 0.044—R(T) |7 2)

In this formulation, the correction factor @ compensates for discrepancies arising from
physical effects not accounted for in the classical Langmuir model. These include molecular
interactions, wetting behavior, surface heterogeneity, measurement uncertainties, and the
limitations associated with the assumption of ideal gas behavior.

Using the experimental results for Fomblin Y LVAC 25/6 and NYE 2001, specific correction
factors were derived for each lubricant and test condition, as summarized in Tab. 7. These
values improve the predictive capability of analytical models for practical use in vacuum
environments by aligning theoretical estimates more closely with observed behavior.

Tab. 7 Analytical model correction factors [1]
Lubricant Nye 2001 Fomblin Y LVAC 25/6
Correction factor a [—] 4.1+0.3 32+0.7

This correction approach does not aim to replace the Langmuir equation but rather to
enhance its applicability for complex lubricants commonly used in space systems. To ensure
broader validity and robustness of the model, further research is needed. This includes
extending the methodology to cover a wider range of lubricant chemistries and testing
conditions and validating the model across different experimental setups. Such efforts are
essential for establishing a reliable correction framework suitable for use in practice.

6.2 LABYRINTH SEAL GEOMETRY

The influence of labyrinth seal geometry on vapor retention was systematically investigated
through experiments and validated using both analytical and numerical simulations. Three
configurations (SHORT, LONG, and STEP; see Fig. 25) were fabricated and tested using a
modified version of the ETR, referred to as the Labyrinth Test Rig (LTR) (see Chapter 5.4).
This setup enabled continuous monitoring of lubricant mass loss under controlled vacuum
conditions.

Time resolved experimental data demonstrated that increased geometric complexity
significantly improves sealing performance. As illustrated in Fig. 36 , seals with longer flow
paths and additional deflection features exhibited lower mass loss rates. Among the tested
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configurations, the STEP geometry achieved the highest level of vapor retention. These
findings confirm that intricate geometries are more effective in minimizing molecular
leakage, consistent with previous observations in the literature [27,54,57].
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Fig. 36 Experimental measurements comparison of mass loss for various labyrinth seal geometries [2]

A comparative assessment using the ESTL analytical model (see Eq. (16)) and numerical
simulations in COMSOL Multiphysics is presented in Fig. 37. The mass loss rate obtained
using the three approaches is associated with specific uncertainty. For the analytical model
and the simulations, this uncertainty is dominated by the input parameters, in particular the
temperature determination used for the vapor pressure and evaporation rate calculations. The
experimental results are limited by the measurement precision of the ETR device.
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Fig. 37 Comparison of analytical, experimental, and simulation results for evaporative mass loss
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For the simple SHORT configuration, both approaches overpredict the experimentally
measured mass loss rate. For the more complex LONG and STEP geometries, the agreement
with the experimental data improves for both approaches. In these cases, the analytical model
tends to slightly underestimate mass loss, while the simulation results show the closest
overall agreement, particularly for the LONG setup (see Tab. 8). Overall, increasing
geometric complexity reduces the discrepancy between simplified analytical estimates and
measured performance, and simulations provide the most reliable predictions for complex
seal designs.

Tab. 8 Mass flow evaluation for specific labyrinths using diverse approaches

SHORT LONG STEP
Experiment 435+ 0.04 1 3.41+0.04 1 2.73 £0.04 1
Analytical 9.80£0.5 2.25 248 +0.13 0.73 2.14+0.11 0.78
Simulation 9.74 £ 0.5 2.24 3.39+0.17 0.99 2.18+0.11 0.80

To further investigate which geometric parameters most significantly affect transmission
probability (TP), a design of experiments approach was employed. TP, defined as the ratio
of molecules exiting the seal to those entering it, served as the primary metric for evaluating
sealing efficiency. Simulation results shown in Fig. 38 indicate that corridor length and gap
width are the most influential factors. The stepped labyrinth geometry achieved the best
performance, due to its longer path and angled features that increase molecular collisions
with the walls, thereby improving containment.
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Fig. 38 Identification of key labyrinth geometry parameters impacting TP [2]
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6.3 MOLECULAR BEAMING EFFECT

One of the factors often overlooked in labyrinth seal optimization is the molecular beaming
effect, which arises in long and narrow channels. In such configurations, the angular
distribution of molecular velocities deviates from the classical cosine profile, causing a
higher number of molecules to travel directly along the seal corridor. This effect reduces the
frequency of wall interactions, thereby compromising vapor retention.

To mitigate this phenomenon, complex geometries that redirect molecular paths are
recommended. A particularly effective approach involves incorporating a step into the
labyrinth seal that reorients the molecular flow by 90°. The placement of this step plays a
critical role in reducing the beaming effect. A parametric sweep was performed in COMSOL
Multiphysics by adjusting the axial step position of the STEP geometry in 0.5 mm
increments along the 10 mm width of the seal. As summarized in Tab. 9 and shown in Fig.
39, the optimal step position was found to be at the midpoint of the seal, where mass loss
was minimized.
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Fig. 39 Mass loss variation in labyrinth STEP geometry influenced by molecular beaming effect on step position [2]

Tab. 9 Labyrinth corner geometries and their impact on evaporated lubricant loss [2]

Step position (see Fig. 39) Mass loss [mg/h] Loss rate *
10 % 0.665 +5.19%
25% 0.643 +1.62 %
50 % 0.633 -
75 % 0.640 +1.24 %
90 % 0.662 +4.71 %

* Relative to the reference step position at the midpoint (50%) of the labyrinth seal.



Given the effectiveness of the STEP geometry in counteracting the beaming effect,
additional investigation was conducted into the influence of step corner design.
Conventional labyrinth seals often feature rounded corners due to manufacturing limitations,
which may allow molecules to pass with reduced deflection. To address this, various corner
geometries were modeled and simulated in COMSOL Multiphysics (see Fig. 40), including
relief grooves and sharp transitions.
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Fig. 40 Local geometries in the corner of labyrinth seals with stepped geometry [2]

Results (see Tab. 10) indicate that even minor modifications, such as implementing relief
grooves, can yield meaningful improvements in sealing performance. These design changes
are feasible with standard machining processes and have the potential to reduce lubricant
mass loss over the operational life of a spacecraft.

Tab. 10 Labyrinth corner geometries and their impact on evaporated lubricant loss [2]

Corner geometry Characteristic parameter Loss reduction
Classical - -
Circular arc r=>b 3.8%
Relief groove type G * 3.9%
Dead end 1=2b 43 %

*According to ISO 18388:2016

6.4 SURFACE ROUGHNESS

Surface roughness was identified as a key factor affecting molecular transport and vapor
retention in labyrinth seals operating under high vacuum conditions. Its influence was
investigated through a two-stage approach that combined experimental testing with
simulation-based modeling.

6.4.1 EXPERIMENTAL ANALYSIS OF ROUGHNESS EFFECTS

Initial investigations were conducted using two labyrinth seals with identical LONG
geometry but differing surface finishes: one left untreated (ROUGH) and the other polished
(SMOOQOTH). The surface topography of each seal was characterized using 3D optical
profilometry (see Fig. 26), and the measured profiles were implemented into COMSOL
Multiphysics simulations to enable accurate modeling of real surface geometries.
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Tab. 11 Surface roughness analysis for inner and outer components of labyrinth seals [2]

ROUGH SMOOTH
Surface roughness
Inner Outer Inner Outer
Ra [um]* 3.88 1.30 0.13 0.56
Sa [um] 3.70 1.30 0.14 0.56
Sq [wm] 4.34 1.60 0.16 0.67
Sdr [um] 1.99% 5.56% 0.01% 4.14%

* Average Ra parameter in the direction of highlighted mid-planes shown in Fig. 26

Since the analytical model (see Eq. (16)) does not account for surface texture, only
experimental and simulation results were compared. Both datasets revealed a consistent
difference of approximately 14% in mass loss, with the SMOOTH seal exhibiting higher
leakage rates (see Fig. 41). The ROUGH seal demonstrated enhanced performance, losing
0.55 mg/h less lubricant, likely due to increased molecular scattering on its more irregular
surface.
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Fig. 41 Experimental and simulation investigation of surface roughness impact on labyrinth seal performance [2]

Two main effects contribute to this improvement: first, rougher surfaces present a marginally
larger effective area (as indicated by the Sdr parameter in Tab. 11), and second, they create
localized micro scale obstacles that interrupt direct molecular trajectories, increasing the
number of wall collisions and thereby reducing net transmission probability of molecules.

6.4.2 TRANSMISSION PROBABILITY TRENDS

To generalize these findings and decouple roughness from specific manufacturing
conditions, synthetic surface profiles were generated using parametric roughness modeling.
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Three spectral parameters (see Tab. 4): spectral resolution (N), spectral exponent (b), and
amplitude scaling coefficient (PC). These parameters governed the frequency, slope, and
vertical scale of roughness features. The generated profiles were implemented into 2D
labyrinth seal geometries in COMSOL Multiphysics. Simulations were conducted across a
wide range of channel widths (W = 0.2—1.0 mm) and lengths (L = 1-10 mm), covering
realistic seal configurations (see Tab. 5).

Contour plots of transmission probability (TP) and average surface roughness (Ra) across
the spectral parameter space (N, b) revealed a strong inverse relationship: higher roughness
consistently reduced molecular transmission, particularly in narrow and elongated channels
where wall interactions are dominant (see Fig. 42). These findings underscore the dominant
role of surface scattering in molecular transport through confined geometries.
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Fig. 42 Contour plots of transmission probability (TP) and average roughness (Ra) as functions of spectral parameters N
and b for varying amplitude scaling (PC) [3]

Further analysis revealed a nonlinear relationship between TP and Ra across all simulated
configurations. As Ra increased, TP consistently decreased, with the steepest reductions
observed in narrow and elongated channels (see Fig. 43).
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Fig. 43 Transmission probability across labyrinth length and width for varying surface roughness [3]
Quadratic fits the simulation data effectively captured this trend. TP declined sharply at low

to moderate Ra levels, then gradually leveled off at higher values, indicating a saturation
regime where additional roughness had diminishing impact (see Fig. 44).
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Fig. 44 Transmission probability vs. surface roughness (W = 0.5 mm, L = 10 mm) [3]
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Channel geometry was also found to modulate the roughness effect in a nonlinear manner.
Narrower gaps increased the likelihood of molecule-wall collisions per unit length, while
longer seals intensified scattering through repeated interactions. These outcomes align with
theoretical expectations in the molecular flow regime, where the mean free path exceeds
channel dimensions and transport is dominated by surface interactions.

Despite variations in spectral structure among the datasets, roughness amplitude (Ra)
emerged as the primary determinant of TP. This insight justified the development of a
simplified correction model based solely on Ra and validated the use of amplitude-based
descriptors for predicting molecular transport performance in practical labyrinth seal
designs.

6.4.3 SIMULATION-BASED CORRECTION MODEL

To convert the simulation findings into a practical tool for design applications, a correction
model was developed to estimate transmission probability (TP) as a function of Ra and
channel geometry. The TP values exhibited a smooth, nonlinear relationship with Ra for
fixed W and L values, which was effectively captured by a second-order polynomial:

TP (Ra,W,L) = A(W,L) - Ra® + B(W,L) - Ra + C(W, L) (18)

where A(W,L),B(W,L),C(W,L) are polynomial coefficients dependent on the geometric
configuration and Ra is the arithmetic mean roughness (in um). The coefficients were
extracted from the simulation results by fitting curves to TP vs. Ra for each unique (W, L)
i,j» Bij» Ci j] indexed by width
and length, enabling interpolation or surface fitting across arbitrary geometries within the
studied range.

combination. This generated a 3D matrix of coefficients [A

The complete set of polynomial coefficients is provided in the supplementary dataset [3],
enabling interpolation and model application across a broad range of seal geometries. The
model is especially valuable in the early stages of seal design, where quick estimations are
critical for parameter screening and trade-off assessments. The correction function is valid
within the range of parameters studied in the simulations:

e Surface roughness (Ra) up to approximately 13 pm
e Channel widths (W) 0of 0.2 — 1 mm
e Channel lengths (L) of I — 10 mm

Users should be cautious when applying the model beyond this validated domain. In cases
involving very coarse roughness or extremely narrow channels, deviations may occur due to
physical effects not fully captured by the polynomial fit, such as enhanced confinement or
complex surface interactions. Additionally, while the model effectively captures the
influence of roughness amplitude (Ra), it does not account for spectral attributes like spatial
frequency content or slope. Future improvements could address these factors by
incorporating parameters such as the spectral exponent (bg) or compound metrics like
Rq/Ra to improve predictive fidelity.
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6.4.4 EXPERIMENTAL VALIDATION

To validate the model, its predictions were compared with experimental data from two
labyrinth seal configurations that differed only in surface roughness. Both seals had identical
dimensions (W = 0.5 mm, L = 10 mm), and evaporative mass loss measurements were used
as a proxy for TP. A third configuration, with an ideally smooth surface (Ra = 0 um), was
introduced as a baseline for normalization (see Tab. 12).

Tab. 12 Comparison of model-predicted and experimental TP ratios [3]

Ideal Labyrinth Labyrinth 1 Labyrinth 2
Average surface roughness Ra [um] 0.00 0.13 3.88
Labyrinth gap width W [mm] 0.5 0.5 0.5
Labyrinth gap length L [mm] 10 10 10
Model-predicted TP 0.2933 0.2924 0.2670
TP ratio (vs. Ideal Labyrinth) 1.0000 0.9968 0.9104
Measured evaporative loss - 3.8 mg/h 3.3 mg/h
Evaporative loss ratio (vs. Labyrinth 1) - 1.0000 0.8684
Predicted TP ratio (vs. Labyrinth 1) - 1.0000 0.9131
Relative error (prediction vs. measurement) — 0.0 % 51%

Surface roughness was characterized by using a Bruker Contour GTX 3D optical
profilometer. Model-predicted TP values were normalized relative to the ideal seal and
compared against normalized experimental mass loss ratios. The comparison confirmed
excellent agreement, with a maximum relative error of just 5.1%, validating the model’s
predictive utility.

These results confirm the correction model’s validity and reliability for predicting TP
reductions due to surface roughness. The model’s simplicity and accuracy make it a valuable
design tool. However, caution is warranted when applying it beyond the validated range,
particularly in geometries with extremely high Ra, non-uniform topography, or 3D effects.
Further experimental data covering more surface types and including spectral metrics would
strengthen future model refinements.

6.4.5 DESIGN TRADE-OFFS AND MODEL LIMITATIONS

Beyond its predictive capability, the correction model developed in this study reveals an
important design implication: surface roughness can serve as a compensatory parameter for
geometric limitations in labyrinth seal design. Simulation results showed that increasing the
average roughness amplitude (Ra) enables a reduction in channel length or a widening of the
channel gap by approximately 35-40%, while maintaining a constant transmission
probability (see Fig. 45). This opens new possibilities for improving design flexibility,
reducing seal volume, and simplifying manufacturing processes, particularly in space
systems where compactness and reliability are essential.
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Fig. 45 Design trade-offs enabling seal length reduction or gap widening via increased surface roughness at constant
transmission probability [3]

Despite its demonstrated utility, several limitations must be considered when applying the
model. First, the use of synthetically generated roughness profiles, although systematic and
reproducible, may not fully reflect the complexity of real surfaces. Machined or worn
components often exhibit statistical irregularities, anisotropy, or localized defects that are
not captured in idealized simulations. As such, model predictions may deviate when applied
to actual surface finishes.

Second, the model is based on two-dimensional (2D) simulations. While this simplifies the
computational process and captures dominant transport trends, it inherently omits three-
dimensional (3D) effects that can influence molecular dynamics. Features such as cross-
sectional curvature, surface variation, and complex corner geometries are not represented,
and their influence on flow behavior warrants further investigation.

Third, the model relies exclusively on Ra as a scalar descriptor of surface morphology. While
Ra effectively captures the amplitude driven component of molecular scattering, it does not
account for higher order statistical properties such as skewness, kurtosis, peak sharpness, or
surface anisotropy. These characteristics may influence flow in more irregular or asymmetric
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configurations. In addition, gas-surface interaction effects, such as adsorption, desorption,
and energy accommodation, are not considered, although they could become significant
under specific environmental conditions, especially in reactive or high-temperature vacuum
applications.

Lastly, the model’s applicability is constrained by the spectral and geometric range used
during its development. Predictions outside the validated Ra, W, and L domains, or under
substantially different spectral profiles, should be interpreted with caution. Future
developments should focus on:

e Incorporating real surface data from experimental profilometry.
e Extending simulations to 3D geometries.

e Including spectral descriptors (e.g., b exponent, Rq/Ra ratio).

e Accounting for thermophysical properties and surface chemistry.

These enhancements would improve robustness and extend the model’s relevance for
broader engineering applications.

6.5 ELECTROSTATIC FIELD

The influence of electrostatic fields on molecular transport through labyrinth seals was
experimentally evaluated using the ELTR. This setup enabled the application of a constant
50 V electric field across the seal corridor under controlled high vacuum conditions. Four
lubricants were tested, including MAC and PFPE oils and two ionic liquids (see Tab. 1),
each evaluated under both neutral (0 V) and charged (50 V) conditions.

The results are summarized in Tab. 13 , which presents the measured evaporative mass loss
and the relative change under electrostatic excitation. A slight reduction in mass loss was
observed for Fomblin Y LVAC 25/6 (PFPE) and 1-Methyl-3-octylimidazolium TFSI (IL1),
indicating a mild suppressive effect of the electric field on molecular escape. The ionic liquid
1-Ethyl-3-methylimidazolium TFSI (IL2) showed the largest reduction of 7.4%. In contrast,
Nye 2001 (MAC) exhibited negligible change, suggesting minimal field sensitivity.

Tab. 13 Lubricant evaporative mass loss with and without electrostatic field [4]

Mass loss [mg/h] o
Electrostatic influence
oV 50V
PFPE 0.361 0.343 -5.0%
MAC 0.085 0.087 +2.0%
IL1 0.055 0.053 -27%
L2 0.040 0.037 -74%

These results suggest that electrostatic fields may marginally enhance vapor retention,
particularly for ionic or high molecular weight lubricants. However, the observed effects
were relatively small, and further investigation is needed to draw definitive conclusions.

64



Future studies should incorporate higher field strengths, improved measurement accuracy,
and tighter control of environmental parameters.

It is also important to consider the potential risks associated with electrostatic field
application, such as micro-arcing, dielectric breakdown, and interference with sensitive
electronics. Any practical use of this technique must carefully balance performance benefits
with operational safety and reliability in spaceflight conditions.

6.6 ROTATIONAL DYNAMICS

The impact of rotational motion on molecular transport was assessed through COMSOL
Multiphysics simulations for three labyrinth seal configurations: SHORT, LONG, and
STEP. Each geometry was modeled with rotational motion applied to the inner wall,
representing conditions encountered in high-speed space mechanisms. The resulting
transmission probability (TP) was evaluated as a function of rotational speed in revolutions
per minute (RPM).

Simulation results, shown in Fig. 46, revealed a clear decrease in TP with increasing RPM
for the LONG and STEP configurations. This trend reflects enhanced molecule-wall
interactions introduced by rotational dynamics, which increase the likelihood of momentum-
altering collisions and reduce molecular transmission through the seal. In contrast, the
SHORT geometry exhibited negligible change across the tested speed range, due to its
limited wall length and lower probability of wall encounters.
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Fig. 46 Transmission probability vs. rotor speed for labyrinth seal geometries [4]
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Due to physical limitations of the experimental apparatus, the exact geometries used in the
simulation study could not be replicated in physical tests. Instead, experimental
measurements were conducted using a dedicated Dynamic Labyrinth Test Rig (DLTR),
which employed a different but representative seal geometry. This setup enabled real-time
monitoring of lubricant mass loss under both static (0 RPM) and rotating (2000 RPM)
conditions using Fomblin Y LVAC 25/7 as the test sample.

The results, summarized in Tab. 14 confirm the influence of rotational dynamics on
molecular retention. Both simulation and experimental data showed a consistent reduction
in mass loss of approximately 9-11 % when the labyrinth wall was spinning. The close
agreement between experimental and numerical results validates the ability of the simulation
model to capture essential physical mechanisms governing dynamic seal behavior.

Tab. 14 Simulation and experimental results for static and rotating labyrinth seal (0 and 2000 rev. per minute) [4]

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 findings underscore the importance of including dynamic effects in labyrinth seal
evaluations. The strong correlation between simulated and experimental results supports the
applicability of numerical models for predicting performance under rotation. Given that
many space mechanisms involve spinning components, accounting for the influence of
rotational dynamics is essential for reliable vapor containment and overall seal effectiveness
in operational environments.
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7 CONCLUSIONS

This dissertation aims to improve the understanding of liquid lubricant behavior in space-
relevant vacuum conditions and to translate that understanding into practical design guidance
for space mechanisms. The work combines new, time resolved evaporation measurements,
a dedicated test rig for labyrinth seals, development and calibration of analytical models, and
high-fidelity molecular flow simulations. The experimental program covers both static and
rotating conditions with controlled thermal environments, and results are cross-checked
against independent gravimetric assessments. The modeling effort introduces empirical
correction factors for classical evaporation formulas and validates transmission probability
estimates with TPMC simulations. The study focuses on two lubricant families central to
space applications, MAC and PFPE base oils, and on labyrinth seals as passive structures for
vapor retention in rotating subsystems.

The main outcomes are presented in two parts. The first summarizes the scientific
contributions, including quantitative discrepancies between analytical predictions and
measurements, calibrated corrections for evaporation models, and verified relationships
between seal geometry, surface roughness, and molecular transmission. The second provides
engineering guidance that is directly applicable to the design and verification of labyrinth
seal implementations, covering geometry selection, surface finish targets, beaming
mitigation features, and the observed influence of rotation, along with clear statements of
measurement uncertainty and applicability limits.

7.1 SCIENTIFIC OUTCOMES

1) Time resolved evaporation data and corrected analytics

A vacuum compatible ETR device was designed and used to generate time resolved
evaporation data for two space relevant base oils (PFPE; Fomblin Y LVAC 25/6, and MAC;
Nye 2001). Classical analytical predictions, obtained by combining Clausius—Clapeyron
vapor pressure estimates with Langmuir expressions, consistently overpredicted mass loss
by 230-310% under the tested conditions. An empirical correction factor was introduced to
reconcile model outputs with measurements, yielding lubricant specific values with
quantified uncertainty. This establishes a transparent procedure to calibrate analytical
models against experiment rather than proposing a universal constant.

2) Geometry-performance relationships for labyrinth seals

An LTR device enabled controlled comparison of three seals (SHORT, LONG, STEP).
Increased geometric complexity reduced evaporative loss, with the stepped layout
performing best. Analytical correlations provided correct trends but appreciable error for
simple passages, while molecular flow simulations matched experiments within about 5—
15% for complex geometries. A sensitivity study identified corridor length and gap width as
the dominant contributors to transmission probability.
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3) Molecular beaming effect identified

Long, narrow passages exhibited molecular beaming that reduced wall collisions and
increased through flow. Introducing a 90° step suppressed molecular beaming effect. A
parametric study showed optimal placement near the corridor midpoint minimized loss.
Local features at corners influenced performance measurably: relief grooves or sharp
transitions provided small but consistent improvements.

4) Quantified influence of surface roughness and a compact correlation model

Paired experiments on nominally identical seals with different finishes, supported by
simulations using measured profiles, showed that rougher walls lowered mass loss by
roughly 14% for the tested case. A simulation-based correction model was formulated that
predicts transmission probability as a function of Ra and channel geometry (width and
length). The model reproduces measured trends with about 5% error within its validated
domain (Ra up to ~13 pum, widths 0.2—1.0 mm, lengths 1-10 mm).

5) Dynamic effects confirmed for rotating labyrinth seals

Molecular flow simulations and a dedicated rotating test rig showed that wall rotation
reduces transmission probability in elongated or stepped passages. For the tested conditions,
rotation of the inner member produced a reduction in evaporative mass loss of about 9—11%.
Short passages showed negligible sensitivity, consistent with fewer wall interactions.

6) Electrostatic influence observed to be small at low field strength

Applying a constant 50 V potential across the seal corridor produced only minor reductions
in mass loss for PFPE and ionic liquids and no meaningful change for MAC oil. Within the
range explored the effect was small, so no general performance claim is made. These results
define baseline expectations and inform the design of future, stronger field studies.
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7.2 ENGINEERING REMARKS

1) Evaporation prediction and budgeting

Use classical Langmuir analytics for initial assessment, then calibrate with lubricant and
condition specific correction factors derived from time resolved tests. This reduces
overestimation and allows tighter lubricant mass budgets without compromising reliability.
The thesis provides the calibration workflow and representative factors for Fomblin Y
LVAC 25/6 and Nye 2001 under the reported conditions.

2) Seal geometry selection and prioritization

Prefer stepped labyrinths over simple straight gaps when space permits. Increase effective
path length and control gap width as the primary levers for lowering transmission
probability. Place the principal 90° step near the corridor midpoint to counter beaming.
Where feasible, incorporate small corner features such as relief grooves or sharp step
transitions to gain additional, incremental reductions.

3) Using surface roughness as a design variable

Within the validated range, increasing Ra can trade against channel length or gap width while
keeping transmission probability roughly constant. For preliminary design, the provided
correction model allows about 35-40% reduction in length or comparable gap widening for
suitably increased roughness, subject to mission-specific limits on wear, debris, and
cleanliness. Specify roughness targets together with geometry and verify with profilometry.

4) Simulation-informed verification

Adopt a staged assessment: start with the SI analytical expression for quick screening, use
the ESTL correlation for cross-check, then refine with molecular flow simulation for
shortlisted geometries. Simulations reproduced complex seal performance within about 5—
15% in this work and are recommended to finalize designs before hardware tests.

5) Account for operational rotation

For mechanisms that rotate, include the observed reduction in transmission for long or
stepped geometries in performance estimates. Use static predictions as an upper bound and
apply rotation aware simulations or tests during verification. Do not expect meaningful
benefit in very short passages.

6) Electrostatic concepts remain exploratory

At 50 V the observed effect on mass loss was small. Electrostatic methods should not be
relied upon for vapor retention without further evidence at higher fields and with careful
attention to spacecraft charging, breakdown limits, and electromagnetic compatibility.
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7) Testing and data practices

For evaporation characterization, use continuous, time-resolved measurements under
controlled vacuum and temperature, and cross-check with gravimetric totals. Estimate vapor
pressure at test temperatures consistently, document uncertainty, and report correction
factors with bounds. For seals, test representative geometries in vacuum and, where
applicable, under rotation to confirm model predictions before flight qualification.

7.3 LIMITATIONS

This work was performed at the component level rather than on flight qualified assemblies.
The study considered two representative base oils, one MAC and one PFPE. The thermal
and pressure ranges covered typical space conditions but did not include deep cryogenic or
high temperature extremes, and thermal cycling was limited. Vapor pressure inputs were
estimated with Clausius—Clapeyron fits based on manufacturers reference data, which
introduces uncertainty. Labyrinth studies focused on three geometry configurations.
Simulations of surface roughness influence were primarily two-dimensional, and the
roughness model used Ra as the sole descriptor within a defined parameter range. The
rotation study used surrogate geometry and modest speeds, so the results are indicative rather
than comprehensive. Electrostatic effects were explored at a single, low field level in
controlled bench tests; spacecraft level risks such as ESD and EMC were not assessed.
Contamination was inferred from mass loss and transmission probability metrics. Direct
optical performance impacts or spatial deposition maps were not measured.

74 FUTURE WORK

Several extensions would strengthen and broaden the results:

e Expand time-resolved evaporation measurements to a wider set of liquids (additional
MAC and PFPE grades, ionic liquids, and selected greases), include controlled thermal
histories and broader thermal cycling, and measure vapor pressure directly under
identical conditions to reduce uncertainty input.

e Add combined environments, including radiation and atomic-oxygen exposure, to
quantify coupled influences on evaporation and seal performance.

e Extend the rotation campaign to higher speeds, varied duty cycles, and matched
geometries, and derive dynamic correction factors suitable for design use.

e Incorporate in-situ sensing (QCM arrays, optical thickness probes, or microbalances) to
map local flux and deposition over long durations.

e Evolve the roughness study to 3D, include anisotropy and spectral descriptors, and
validate across more manufactured surfaces. Convert the results into design charts and
simple correction functions with stated validity ranges.

e Explore electrostatic actuation more broadly, including higher but safe fields, pulsed
excitation, and compatibility with spacecraft ESD and EMC constraints.
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e Broaden the role of labyrinths beyond vapor retention to mitigation of particulate ingress.
Dedicated studies that couple molecular transport with particle filtration will be valuable
for dusty environments, for example mechanisms operating on Mars where seals must
suppress both evaporated lubricant and fine regolith intrusion.

7.5 CLOSING REMARKS

This dissertation advances both understanding and practice of liquid lubrication in vacuum.
Scientifically, it shows that classical evaporation formulas overpredict mass loss under
space-relevant conditions and demonstrates how time-resolved measurements can calibrate
them to match reality. It also clarifies how labyrinth geometry and surface condition govern
molecular transmission and confirms that calibrated TPMC simulations can reproduce
measured trends. Practically, the work translates these findings into design-oriented guide:
how to select and design labyrinth geometries, where to place deflection features to counter
beaming, how much surface roughness reduces transmission within a defined range, and
what performance changes to expect under rotation. Together, these results support cleaner,
long-duration, and more reliable space mechanisms that rely on liquid lubricants in vacuum,
while outlining a clear path for extending the methods to broader lubricant families, more
complex geometries, and mission level contamination control.
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ARTICLE INFO ABSTRACT

Handling Editor: Oleg Malyshev The liquid lubricant evaporation in space applications poses significant challenges, raising the risk of inaccurate
estimation of lubricant implementation and the potential contamination of satellite subsystems. The study of
vacuum evaporation becomes highly relevant with the increasing use of liquid lubricants in satellite constella-
tions. This research presents a novel methodology for assessing the lubricant evaporation rate, focusing on
establishing a correlation between existing analytical models and experimental measurements. The obtained
experimental results clearly demonstrate a disparity between the existing analytical models and the measured
evaporated mass of vacuum base oils. Importantly, these results indicate higher evaporation rates predicted by
the analytical approach. This emphasises the importance of refining the analytical models to accurately predict

Keywords:

Space tribology

Vacuum evaporation
Multiply-alkylated cyclopentane
Perfluoropolyether

the amount of liquid lubricant evaporated.

1. Introduction

Space mechanisms operate under harsh conditions, including
extreme vibrations, deep vacuum, significant temperature variations,
and long periods of inactivity [1]. Redundancy is often limited in space
mechanisms due to mass and size constraints, meaning that any mal-
function or failure of these mechanisms can compromise the mission.
Tribological failures, resulting from catalytic degradation processes,
fretting, or vacuum evaporation, are among the primary causes of pre-
mature termination of space missions [2-6].

To prevent tribological failures, solid lubricants such as MoS, and
PTFE, as well as liquid lubricants like PFPE and MAC, are commonly
employed [7-9]. These lubricants can be used separately or in a hybrid
combination, where the liquid lubricant acts as a protective layer over a
thin-film coating of solid lubricant [10,11]. Their choice depends on the
operating conditions, particularly the ambient temperature and vacuum
pressure [8,12].

Liquid lubricants encompass a group of lubricants that include base
lubricating oils and greases, which consist of base oil, additives, and
thickeners [13,14]. Thickeners can serve as reservoirs for retaining the
base lubricating oil [15]. Commonly used lubricants in space mecha-
nisms and laboratory testing include mineral oils, silicones, esters,
perfluoropolyether (PFPE), synthetic hydrocarbons (SHC), multiply
alkylated cyclopentanes (MACs), and ionic compounds [14-17]. MAC
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and PFPE are particularly popular lubricants due to their properties
[18]. PFPE lubricants have high density and extremely low vapor
pressure [15,16,18] but are more prone to creep and autocatalytic
degradation [16,19]. MAC lubricants offer a combination of excellent
wear protection, low evaporation rates, and reduced tendency to creep,
making them highly suitable for laboratory testing [13,16,18].

The extensive use of liquid lubricants in space applications is driven
by the increasing number of satellite constellations in recent years and
the need to extend their service life [20,21]. These lubricants are chosen
for their satisfactory properties and cost-effectiveness [18]. However,
their application is limited by the extreme operating temperatures and
vacuum evaporation encountered in space environments.

Extreme temperatures present challenges for liquid lubricants, as
high temperatures can cause molecular decomposition and low tem-
peratures result in undesirable increases in viscosity [3]. Vacuum
evaporation amplifies these challenges by causing contact drying and
potential contamination of sensitive components, leading to perfor-
mance degradation or malfunctions [22-24]. Vacuum evaporation of
base oils and greases occurs when the ambient vacuum pressure reaches
the substance vapor pressure [6,7,25]. The loss of molecules from the
substance can be estimated using the Langmuir equation [7,26,27],
which defines the rate at which the liquid’s vapor strikes an area of
interface between the mono-molecular fluid and the surrounding
environment:
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Nomenclature
dM/Adt Evaporation rate per area [kg/m?s]
Dy Liquid vapor pressure [Pa]
Dp Partial pressure in the gas [Pa]
M Molar mass [g/mol]
k Boltzmann constant [mzkg/szK]
T Substance temperature [K]
dmg,q,/dt Evaporation rate per area [g/cm?s]
Py(T) Temperature dependent vapor pressure [mbar]
P1, P2 Vapor pressure [mbar]
R Gas constant [J/molK]
L Enthalpy (heat) of vaporization [J/mol]
a Correction factor [—]
daM

(pv — pp) VM /27KT @

Once a molecule evaporates, it does not return to the substance but
condenses on colder surfaces and might contaminate sensitive devices
[7,16]. The input parameters in Eq. (1) must be accurately determined,
as any inaccuracies can result in a significant disparity between
analytical and experimental evaluations [25,28,29]. The fundamental
model for the vacuum evaporation of pure chemical compounds is the
ESTL (European Space Tribology Laboratory) zero-order Langmuir
equation [7,29-31], which is a modification of the original Langmuir
equation Eq. (1) and is defined as follows:

Adi

dmevap _

0 —0.044P,(T) V/M|T (2)

The vapor pressure is temperature-dependent, and this dependency
can be interpreted by the Clausius-Clapeyron law [28,32], which en-
ables the estimation of vapor pressure at a specific temperature:

D2 L 1 1
m22_(_ =
"o R(Tl T, )

The intensity of lubricant vacuum evaporation can be assessed either
under real operating conditions (highly accurate but expensive and
time-consuming) or through accelerated testing procedures [16,33,34].
Accelerated tests condense the testing period and impose intensified
boundary conditions (e.g., temperature, load, speed) [16,33]. This offers
a cost-effective and time-efficient alternative to real-condition testing
but may introduce potential measurement deviations [33,34]. Several
certified accelerated testing facilities employ in-situ quartz crystal mi-
crobalance (QCM) for evaluating the lubricant evaporation intensity
[30]. The experimental results are compared with external laboratory
balance measurements taken before and after the experiment to ensure
reliable data acquisition [7,29,30]. However, none of these measure-
ment methods can directly observe the evaporation process, which could
be valuable for further research.

This study focuses on the vacuum evaporation process, as it is the
most influential process in liquid lubricant application and contamina-
tion. While the evaporation intensity can be easily determined through
analytical calculations, practical experience and previous research
indicate that the results may not be accurate. To validate this assump-
tion, a new in-situ measurement methodology has been developed to
study the process of vacuum evaporation and compared the experi-
mental results with analytical calculations.

2. Materials and methods
2.1. Evaporation test rig

The Evaporation test rig (ETR) is a novel test apparatus designed for
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quantifying liquid lubricant evaporation in high and ultra-high vacuum
environments. The experiment methodology employed is similar to that
of a balance scale. The ETR consists of a primary pivoted scale beam
with a weighing pan for sample testing, as well as counterweights on the
opposite side (see Fig. 1). The scale beam and weighing pan holder are
connected to sharp wedges that allow for single-axis rotation. The tips of
the wedges make linear contact with a pressed razor at an obtuse angle.
To ensure isolation, the ETR is placed on a support beam connected to a
flange of the vacuum chamber. The flange incorporates a bracket that
holds a capacitive proximity sensor. This sensor measures the distance
from the elongated compensative part of the scales, known as the
pointer. The pointer tip is fitted with a reference plate, which serves as a
reference surface for the proximity sensor.

During the process of lubricant evaporation, the ETR undergoes
tilting to maintain balance as a result of the changing weight. The
displacement of the pointer caused by this tilting is measured by the
proximity sensor. The measured displacement is then used to calculate
the total mass evaporated over time, considering variables such as
pressure and temperature. The ETR is operated within a vacuum
chamber that is equipped with an external heating source, which can be
either a thermal chamber or localized heating with appropriate insu-
lation. This setup allows for accelerated testing and precise control of
temperature conditions. The modular characteristics of the ETR (see
Table 1) offer flexibility in interchanging components, such as the
weighing pan and counterweights, facilitating the investigation of
various experiments, including testing labyrinth seals and studying
outgassing behavior.

2.2. Test sample

MAC base o0il NYE OIL 2001 and PFPE base oil FOMBLIN Y LVAC 25/
6 were selected for experiments conducted in this study (see Table 2).
NYE OIL 2001 is a frequently used oil in space applications [35] with
low vapor pressure, making it suitable for the experimental accelerated

Primary scale beam Counterweights

p g

Sharp wedge

Weighing pan

\

Support beam

Flange

Pointer

4
K/ L

Fig. 1. Evaporation test rig description.

Proximity sensor
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Table 1
Evaporation test rig characteristics.
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Table 5
Thermal detection analysis results.

Parameter Value

Temperature (°C) NYE OIL 2001 FOMBLIN Y LVAC 25/6

Dimensions (W, H, D) 220 x 125 x 200 mm

Operating temperatures —100 ... 150 °C
Sample weight 10-100 g
Weighing precision +0.04 mg

Table 2
Tested base oils properties.

Lubricant name NYE OIL 2001 FOMBLIN Y LVAC 25/6

Lubricant type MAC PFPE

Kinematic viscosity (20 °C) 305 cSt 276 cSt

Vapor pressure (mbar) 1.00 x 10°8 (20 °QC) 7.98 x 10°8 (25°C)
2.33 x 1078 (38 °C) 7.98 x 107° (100 °C)
5.70 x 1077 (100 °C)

Molecular weight (g/mol) 910 3300
Density (g/cm®) 0.84 1.90
Table 3

Evaporation rate results.

Lubricant

NYE OIL 2001

FOMBLIN Y LVAC 25/6

Operating temp.
Theory (mg/h)
Measured (mg/h)

104 °C
13.0
3.2

20°C
3.0
0.9

conditions. FOMBLIN Y LVAC 25/6 is a vacuum-compatible oil selected
in its higher vapor pressure, allowing vacuum evaporation experiments
at room temperatures. The lubricant test sample is applied onto the
annulus surface of the weighing pan, where it spreads uniformly owing
to its low viscosity. The lubricant surface area is considered equivalent
to the annulus surface, which can be easily determined. The amount of
oil used in the test may vary, primarily depending on the molar mass of
the lubricant. It is crucial to ensure complete coverage of the entire pan
surface to accurately determine the lubricant surface area and achieve
an optimal film height, thus minimizing the drying potential.

2.3. Calibration

Before conducting experimental testing, it is essential to calibrate the
measuring device to establish accurate conversion ratios and input pa-
rameters. The calibration procedure, detailed in the discussion chapter,
encompasses multiple phases, including the assessment of weighing
accuracy, repeatability, and temperature analysis. The calibration re-
sults for NYE OIL 2001 are presented in Table 4 to Table 6.

2.4. Thermal stabilization

To ensure consistent boundary conditions during experimental
measurements, it is essential, to begin with a vacuum system bakeout

Table 4
ETR calibration — atmosphere.
Number of measurements 7
Proximity sensor resolution (static) 0.375 nm
measuring range 0.5 mm
Calibration weight calibrated weight (E1) 5.0 mg
Distance change average distance change 89.9 pm
tolerance (scatter) +0.7 pm
accuracy 1.5%

Ratio (atmosphere)
Inverse determination

distance/weight
distance change
calibrated weight (F2)
weight determination

17.9 ym/1.0 mg
36.1 pm

2.0 mg

2.006 (£0.015) mg

Heating 140.0 21.5
Weighing pan 104.0 20.0
Support beam 104.6 21.6
Bracket 103.5 19.8
Thermocouples type K (PFA)
Thermocouples accuracy +0.75 %
Table 6
ETR Calibration — Vacuum results for NYE OIL 2001.
Analytical balance readout 0.1 mg
linearity 0.3 mg
Operating temperature 104.20 °C
Distance change 41.1 pm
Evaporated lubricant weight 4.1 mg

Ratio (vacuum) 10.0 pm/1.0 mg

process. Bakeout involves heating the vacuum system to a temperature
range of 150-200 °C under vacuum conditions for a sufficient duration
[36]. This process effectively removes absorbed impurities present
within the vacuum system. The bakeout is followed by a thermal sta-
bilization procedure to establish steady-state operating temperatures
and maintain constant conditions. During the stabilization phase, the
system’s internal temperature becomes evenly distributed, the pressure
decreases to the desired vacuum level to initiate evaporation, and most
contaminants and volatile compounds in the lubricant evaporate. The
bakeout and thermal stabilization duration typically lasts 2-3 days,
depending on the ambient conditions within the vacuum chamber and
the specific heating mechanism employed. Ensuring a uniform temper-
ature distribution is crucial to prevent the formation of temperature
gradients and subsequent condensation of evaporated molecules.

3. Results

The experiment employs NYE OIL 2001 and FOMBLIN Y LVAC 25/6
base oils as suitable liquid lubricants for this specific application.
Throughout the measurement process, several parameters are recorded,
including the vacuum pressure, the distance of the reference plate, and
the external and internal temperatures of the reference points. The
initial position of the reference plate is set at the closest distance to the
proximity sensor. As the lubricant evaporates and undergoes a mass loss,
the reference plate progressively moves away from the proximity sensor
within the measurement range. The change in weight on the weighing
pan is determined by analyzing the corresponding distance change and
utilizing the acquired conversion ratio.

3.1. Evaporation model

The evaporated amount of lubricant obtained through experimental
measurement is compared with analytical calculations of vacuum
evaporation. For the analytical approach, it is used the modified ESTL
model (see Eq. 2). The Clausius-Clapeyron law (see Eq. 3) is applied to
determine the temperature-dependent oil vapor pressure at a specific
operating temperature due to the lack of information provided by the
manufacturer. By utilizing two known vapor pressures from the ESTL
Database of Liquid Lubricants (DOLLS), it becomes possible to deter-
mine the enthalpy and estimate the vapor pressure at the desired tem-
perature (see Fig. 2). It is important to note that the enthalpy of
vaporization is influenced by the substance’s properties, particularly its
thermal history with temperature changes, whether increasing or
decreasing [28].
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Fig. 2. Clausius-Clapeyron approximation of the oil temperature-dependent vapor pressure.

3.2. Temperature

The system monitors and records the temperature of specific refer-
ence points (see Fig. 3) throughout the experiment. By utilizing the
recorded temperatures and employing thermal detection analysis during
the calibration procedure, it is possible to estimate the surface temper-
ature of the lubricant. The lubricant temperature is approximated by
referencing the temperature of the bracket, which demonstrates stable
and reliable thermal characteristics. The evaluation of the temperature
gradient between the weighing pan and the bracket shows Table 5.

3.3. Pressure

The vacuum pressure during the experiment is measured using full
range Pirani/Cold cathode vacuum gauge with measuring range be-
tween 1 x 10~ to 1000 mbar. The pressure inside the vacuum chamber
does not directly affect the calculation of the evaporation rate. However,
it serves as a verification that the ambient vacuum pressure is lower than
the vapor pressure of the substance, confirming the occurrence of
evaporation (see Fig. 4). The pressure inside the vacuum chamber is
continuously reduced by the turbo-molecular pump, leading to a pro-
gressive decrease in pressure.

3.4. Evaporation intensity

The primary objective of this study is to accurately determine the
quantity of evaporated lubricant and evaluate the evaporation intensity.
An inverse weight determination method is utilized for this experiment,
which relies on the changes in reference plate distance, along with the
appropriate conversion ratio (see Table 6). The experimental results
obtained from this method are then compared to the analytical
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Fig. 3. Temperature distribution during the experiment.
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Fig. 4. Evaporation indication of NYE OIL 2001 based on vapor and vacuum
pressure during the experiment.

calculation of the evaporation rate based on the ESTL model (see Eq. 2).
By comparing the results obtained from both approaches (see Fig. 5), the
time-dependent amount of evaporated lubricant can be established.
Both approaches demonstrate a comparable dependency with vari-
ations, in line with previous research conducted by ESTL [25,34]. The
results clearly demonstrate that evaporation occurs at a consistent rate,
primarily influenced by the ambient temperature. The evaporation rate
comparison results presented in Table 3 provide clear evidence that the
theoretical calculations based on the Langmuir equation predict higher
evaporative losses compared to the experimental measurements.

4. Discussion

The study introduces a novel methodology for evaluating the evap-
oration intensity of space lubricants under vacuum conditions and
provides clear evidence of the inaccuracies inherent in the analytical
models used to estimate lubricant evaporation losses. The analytical
calculations and the measurement methodology are susceptible to
inaccuracies and errors, resulting in deviations in the obtained results.

Inaccuracies stemming from experiments directly impact the out-
comes [34]. Therefore, before each experimental measurement, it is
essential to perform a calibration procedure to determine conversion
parameters, establish boundary conditions, and assess measuring accu-
racy. For calibration in atmospheric conditions, milligram-calibrated
weights of classes E1 and F2 are utilized, following the OIML standard
[37]. This calibration procedure establishes the relationship between
the weight difference on the weighing platform and the corresponding
change in the distance of the reference plate from the proximity sensor.
An inverse weight determination procedure is conducted based on the
measured displacement to validate the previously acquired results (see
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Fig. 5. Comparison of base oil evaporation loss by analytical (theory) and experimental (measured) approach.

Table 4). The accuracy of the measurement is influenced by various
environmental factors, including vibrations transmitted to the experi-
mental device, ambient temperature, and air circulation.

The accelerated experiment of NYE OIL 2001 is conducted under
elevated temperatures, resulting in vacuum evaporation at higher
pressures. The FOMBLIN Y LVAC 25/6, due to its relatively higher vapor
pressure, is tested under room temperature conditions. Temperature is a
critical parameter that affects the substance vapor pressure, requiring a
temperature detection analysis. During the experiments, two thermo-
couples are used to monitor the temperature of the support beam and the
bracket (see Fig. 1). It is crucial to accurately determine the temperature
of the lubricant surface, as it significantly influences the results of
analytical calculations. However, the ETR system does not incorporate a
temperature sensor for the lubricant sample to avoid compromising
precision. Consequently, a temperature detection analysis is carried out
before the actual experiments (see Fig. 6). It is assumed that the tem-
perature of the lubricant surface is the same as that of the weighing pan
due to convection effects. The outcomes of the temperature detection
analysis are presented in Table 5.

The final calibration procedure involves determining the conversion
ratio under vacuum conditions at the specified operating temperature
corresponding with the experimental testing conditions. The weighing
pan holding the oil sample is weighed using an analytical laboratory
balance before and after the vacuum test. This allows for the precise
determination of the weight of the evaporated lubricant. Subsequently,
the observed change in distance of the reference plate is compared to the
corresponding change in weight, enabling the calculation of the con-
version ratio for the vacuum experiment (see Table 6).

While it is challenging to completely eliminate certain disruptive

110
8 105 P e
qu 5
=
®
g
g* 100 }
&5 === Support beam

Weighing pan
=== Bracket
95 . L !
0 250 500 750

Time (min)

Fig. 6. Thermal detection analysis for NYE OIL 2001 experiment.

factors that can introduce measurement inaccuracies, efforts can be
made to partially suppress or filter these factors. One of the primary
disruptive factors is temperature, which represents a critical parameter
directly influencing the experiment. Temperature fluctuations can
impact the obtained results and potentially lead to misinterpretation.
Moreover, temperature variations can affect the design of the ETR due to
material thermal expansion. Consequently, changes in component di-
mensions can lead to shifts in the center of gravity and alter the prox-
imity sensor’s measurements. The performance of the proximity sensor
is also influenced by the operating temperature. Therefore, it is essential
to consistently monitor and control the temperature throughout the
experimental and calibration procedures.

Vibration is a significant disturbance that can compromise the ac-
curacy of measurements, given the extraordinary sensitivity of the ETR.
Vibrations may originate from the vacuum pump or external sources and
can be transmitted to the ETR through the balance contact, resulting in
persistent signal noise or sudden fluctuations. Intense vibrations can
displace the balance wedge, resulting in a discontinuity in the measured
distance or, experiment termination. Therefore, the implementation of a
suitable passive damping mechanism is highly recommended. Other
significant disruptive factors that cannot be controlled or preceded
include the condensation and reemission of evaporated molecules [24,
38] on the surfaces of the ETR and the misalignment of the contact
between the proximity sensor and the reference plate.

The inaccuracies in analytical calculations can be attributed to
several approximations of the evaporation intensity and other simplifi-
cations [25]. This includes the thermal history of the testing lubricant
sample, approximation of lubricant temperature and vapor pressure, or
the surface area determination (affected by weighing pan tilt, lubricant
wetting ability, or surface unevenness). The original Langmuir equation
(see Eq. 1) assumes the liquid is a gas in which the vapor diffuses ac-
cording to the liquid’s vapor pressure. In real applications and experi-
mental testing, the partial vapor pressure is assumed to be zero, as the
mean free path of the evaporated molecules is sufficiently large to avoid
mutual collisions [29], and a direct measurement during experiments is
not possible [25].

The Langmuir equation was initially developed to describe the
evaporation of monoatomic metal molecules, and its analytical
approach is not highly accurate for determining the evaporation in-
tensity of larger molecules or molecules with polar bonds [23]. Although
the equation is known to be inaccurate, it has been historically used to
determine the evaporation intensity of space lubricants. Current efforts
aim to adapt the equation using correction factors based on experi-
mental research rather than replacing it [25,29]. Utilizing the experi-
mental results, correction factors can be established for the analytical
model to calculate the evaporation rate for the tested lubricants (see
Table 7). These correction factors incorporate uncertainties stemming
from the lubricant surface temperature, ETR accuracy and laboratory
microbalance. Reducing the test temperature leads to a proportional
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Table 7
Analytical model correction factors.

Lubricant NYE OIL 2001 FOMBLIN Y LVAC 25/6

Correction factor o (—) 4.1 +0.3 3.2+0.7

increase in measurement error as changes in mass become more chal-
lenging to resolve [25].

In evaluating the sources of differences between the model and
measured values, it is evident that the inaccuracies in both experimental
measurements and analytical calculations play significant roles. The
calibration procedures under atmospheric and vacuum conditions
ensure measurement accuracy, with temperature fluctuations, vibra-
tions, and material thermal expansion consideration. Even minor fluc-
tuations in temperature can impact results and sensor performance.
Vibrations pose a challenge due to the measuring device sensitivity,
demanding a passive damping mechanism implementation to suppress
signal noise. Additionally, disruptive factors like condensation and
reemission of evaporated molecules and misalignment of the proximity
sensor contribute to measurement inaccuracies. Besides the inaccuracies
arising from experimental measurement, the analytical model approxi-
mations and simplifications inherent in the Langmuir equation are
notable sources of deviation when applied to larger polar-bond mole-
cules. Efforts to adapt the equation using correction factors derived from
experimental data represent a step toward enhancing the accuracy of
analytical models.

Vacuum evaporation of liquid lubricant can be influenced by other
physical processes such as diffusion within the substance, where mole-
cules migrate from areas of high concentration toward the substance
surface. Diffusion might dominate in the early stages of evaporation
when a significant lubricant film thickness is present, enabling mole-
cules from deeper layers to reach the surface. As the film thickness de-
creases, desorption becomes more significant, leading to increased
evaporation intensity as molecules gain energy to escape. Both processes
may occur simultaneously, making the overall process intricate and
challenging to accurately model. Recognizing the complexities of
related evaporation processes is imperative and limiting for the physical
modelling. Continuous refinement of experimental methods and
analytical approaches is essential to address these challenges and attain
more precise results in space lubricant evaporation studies.

5. Conclusion

The experimental results obtained in this study validate the ETR
measurement methodology as a novel approach for quantifying evapo-
rative losses of liquid lubricants under vacuum conditions. Furthermore,
the study confirms the difference in the measured evaporation intensity
and the analytical models commonly employed to optimize the imple-
mented amount of lubricant in space mechanisms such as rolling bear-
ings and assess contamination rates, especially important in optical
systems and mirrors. Specifically, this research focuses on evaluating the
evaporation behavior of MAC base oil NYE OIL 2001 and PFPE base oil
FOMBLIN Y LVAC 25/6, which have not been extensively investigated.
Consequently, this study provides valuable insights into lubricant
behavior and contributes essential experimental data for future
investigations.

As the use of liquid lubricants in satellite constellations continues to
increase, the presented results become even more significant. The results
reveal that the tested oil samples exhibit a lower evaporation rate than
predicted by analytical models utilizing reported vapor pressure values.
These observed disparities between the analytical and experimental
approaches align with previous assumptions and findings presented by
ESTL, thereby providing an additional understanding of the testing
methodology for studying the evaporation process. These findings sug-
gest the potential for reducing the lubricant quantity used in space ap-
plications by up to correction factors presented in Table 7, which could
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result in decreased contamination levels and mission costs. The modi-
fication of the Langmuir equation (see Eq. 2) with the implementation of
the correction factor («) can be expresses as follows:

, 1 M
dmew 0 0asLp, (1) \ﬁ )
dt a T

The fundamental challenge lies in the limited availability of infor-
mation regarding lubricant properties, coupled with potential inaccur-
acies in their evaluation by manufacturers. It is imperative to compare
various liquid lubricant evaporation measurements from different fa-
cilities to enhance analytical models with correction factors for more
accurate predictions of evaporation rate in practical applications.
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ABSTRACT

Labyrinth seals, extensively used in space applications, serve to prevent the loss of liquid lubricants and shield
satellite subsystems from contamination. These seals are essential for the reliable functioning of bearings and for
protecting satellite subsystems from contamination. This study compares analytical predictions of lubricant loss
against experimental measurements and computer simulations to optimize labyrinth seal configurations.
Analytical models tend to overestimate mass loss by 5-8 times compared to experimental data, indicating limited
reliability for complex seal geometries. Simulations using MolFlow+ and COMSOL Multiphysics align closely
with experimental results, providing accurate mass loss predictions. Key findings highlight that labyrinth length,
width, and surface roughness are critical factors in minimizing evaporative mass loss. Notably, stepped labyrinth
seals with relief grooves and optimized step positioning effectively reduce molecular beaming effects and
improve sealing performance compared to straight geometries. Effective sealing not only reduces mission failures
but also helps to minimize space debris, thereby promoting safer satellite missions.

Abbreviations and Symbols

mechanical components often lack redundancy due to weight and size
limitations, thus posing a risk of satellite failure if malfunctions occur

during a mission. Tribological failures, resulting from inadequate liquid
lubrication, such as lubricant creep [1,2], thermo-catalytic degradation
[3], and vacuum evaporation [4-6], are primary contributors to mission
failures.

There is a growing potential for utilizing greases and base oils in
space applications, coupled with a need to extend their service life [7].
However, their utility is limited by extreme temperatures and vacuum
evaporation, which pose risks of breakdown and contamination [5,8,9].
High temperatures can induce molecular decomposition, while low
temperatures lead to undesirable viscosity increases [5]. Vacuum
evaporation occurs when the ambient vacuum pressure reaches the

b Labyrinth gap width [mm] P; Inlet pressure [Pa]
d, di 2 Diameter of annular seal [mm] P, Outlet pressure [Pa]
ESTL European Space Tribology Q Flow rate [mbar-mm?®/s]
Laboratory
ETR Evaporation Test Rig Qn Mass loss [g/s]
Kn Knudsen number [—] r Circular arc radius [mm]
L, Lizsz Labyrinth path length [mm] Ra Average roughness [pm]
l Recess depth [mm] Sa Arithmetic mean height
[pm]
A Mean free path [mm] Sdr  Developed interfacial area
ratio [%]
M Lubricant molar mass [g/mol]  Sq Squared mean height [pm]
Ny, N Number of molecules (inlet, T Absolute temperature [K]
outlet) [—]
PFPE Perfluoropolyether TP Transmission probability
[-]
P Fluid vapor pressure [torr] v Average molecular

velocity [m/s]

1. Introduction

Space technology operates under demanding conditions, where

* Corresponding author.
E-mail address: Josef.Pouzar@vut.cz (J. Pouzar).
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substance vapor pressure [10-12], exacerbating challenges by causing
contact drying and potential contamination [8,9], ultimately jeopard-
izing subsystem performance or leading to complete failure. This
concern is compounded by the inclusion of delicate optical elements in
scientific missions [13].

In space applications, mechanisms containing liquid lubricants are
partially enclosed [14], with lubricants shielded from the open envi-
ronment using non-contact labyrinth seals. These seals incorporate
narrow pathways strategically positioned between inner and outer
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rotating parts of mechanisms [12,14,15]. The thickness of the labyrinth
gap is a critical parameter, balancing safe mechanism operation against
flow restriction. Current research overlooks the individual effects of
labyrinth geometry and surface topography optimization on reducing
liquid lubricant loss [12,16,17]. Further investigation is needed to fully
understand and optimize these crucial components.

This study examines the performance of labyrinth seals in vacuum
environments, aiming to understand and enhance their effectiveness. By
integrating analytical models, simulation, and experimental validation,
the research offers comprehensive insights into labyrinth seal behavior
under varying conditions. Additionally, the study explores the impact of
surface topography on lubricant loss and addresses the molecular
beaming effect in narrow passages [18,19]. These findings are crucial for
optimizing labyrinth seal design to minimize lubricant loss and
contamination. By preventing tribological failures and contamination
associated with liquid lubricant evaporation, the likelihood of mission
failures is significantly reduced, thus decreasing economic and envi-
ronmental production impacts and mitigating orbital pollution—a
threat to current and future space ventures [20].

2. Material and methods
2.1. Experimental measurements

Experimental measurements are conducted to obtain real-world data
regarding the performance of the labyrinth seals. These empirical results
serve as a crucial benchmark for validating the accuracy of the analytical
and simulation outcomes and assessing the practical applicability of the
modelled parameters.

2.1.1. Evaporation test rig

For the experimental measurement of lubricant loss due to vacuum
evaporation, the modified Evaporation Test Rig (ETR) equipment [6] is
employed; see Fig. 1, developed specifically for continuous measure-
ment of mass loss resulting from evaporation under vacuum conditions.
The setup is based on a balance-scale mechanism, comprising a pivoted
scale beam with a labyrinth seal platform on one side and counter-
weights on the opposite side. The system is equipped with sharp wedges,
allowing single-axis rotation, and is balanced on a support beam within
a vacuum chamber. A capacitive proximity sensor, fixed to the chamber
flange, measures the displacement of the scale pointer during lubricant
evaporation. This displacement is used to calculate mass loss over time,
accounting for variations in pressure and temperature. The ETR operates

Fig. 1. Evaporation test rig (ETR) with labyrinth seal platform.
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under controlled vacuum conditions with externally applied heating.
The experimental testing begins after temperature stabilization, which is
achieved by maintaining constant thermo-vacuum conditions for 24 h.
The conversion ratio between the proximity sensor’s displacement
signal and mass loss is 10.0 pm per 1.0 mg, with a weighing precision of
+0.04 mg under thermo-vacuum conditions.

The labyrinth seal platform is modular, facilitating the testing of
various labyrinth seal geometries. It consists of a main pan attached to
the ETR, housing the liquid lubricant reservoir, and accommodating
various labyrinth configurations (Fig. 2) for testing under high vacuum
and elevated temperatures. All components of the labyrinth seal plat-
form (main pan, labyrinth seals) are made of aluminum alloy 6061.

2.1.2. Test sample

The Evaporation test rig setup ensures precise evaluation of labyrinth
seal performance. The chosen geometries for experimental testing are
selected to be comparable with the simulation and analytical models.
Three specific geometries in Fig. 3 are implemented during the experi-
mental testing, with dimensions specified in Table 1.

In addition to the overall geometries, the “LONG” labyrinth seal was
prepared in two variations, each with different surface roughness, to
allow further evaluation (refer to Chapter 3.2). All labyrinth seal sam-
ples were tested with the same oil to ensure consistency in assessing
their effectiveness.

In this study, a low-outgassing oil, FOMBLIN Y LVAC 25/6 [35], was
selected for experimental testing due to its vacuum compatibility; see
Table 2. The lubricant test sample is applied to the annulus reservoir of
the labyrinth seal test rig pan (Fig. 2). The amount of lubricant applied
must be sufficient to achieve an optimal film height covering the entire
reservoir area to prevent local drying. However, excessive lubricant may
lead to undesired creep through the seal, potentially compromising the
experimental evaluation. Prior to experimentation, a series of pre-tests
were conducted to assess the thermal conditions of the setup and eval-
uate creep intensity.

2.1.3. Experimental procedure

During the experimental measurements, only one specific labyrinth
seal geometry can be evaluated at a time. First, the sample oil is injected
into the labyrinth seal reservoir in an amount specified in Table 2. The
chosen labyrinth seal geometry (SHORT, LONG, or STEP) is then
mounted onto the reservoir using screws, ensuring a secure fit to
maintain the labyrinth gap conditions throughout the test. This laby-
rinth assembly is subsequently attached to the Evaporation Test Rig
(ETR), and experimental testing under vacuum conditions is initiated.

To facilitate the vacuum evaporation of the oil, experiments are
conducted at elevated temperatures. Increased temperatures raise the
oil’s vapor pressure, promoting its evaporation. As the oil evaporates,
the ETR balance system compensates for the mass loss by tilting. This tilt
is measured by a proximity sensor, which translates the tilt data into
mass loss using calibrated parameters.

All subsequent experiments are conducted under consistent condi-
tions, including a heating temperature of 170 °C, a setpoint temperature
for the labyrinth seals of 90 °C (£5 °C), a setpoint vacuum pressure of
2E-5 mbar, and a duration inside the vacuum chamber of 24 h. These
controlled parameters ensure the reproducibility of the results.

2.2. Analytical model

In our experiments, evaporated lubricant molecules travel in the
molecular flow regime, characterized by extremely low gas densities and
long mean free paths between molecules, as described by the Knudsen
number [21,22].

Kn=12 (@)
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Fig. 2. Labyrinth seal platform setup and assembly breakdown.

where 1 is the mean free path of the gas molecules, and L is a charac-
teristic length of the system, such as the chamber diameter or length [16,
23]. Lower Knudsen numbers (Kn < 0.01) indicate viscous or continuum
flow, where intermolecular collisions dominate. As the Knudsen number
increases above 0.5, intermolecular collisions become rare, and surface
interactions prevail [16,23,24]. Under the vacuum conditions used
during these experiments, with pressures around 2E—5 mbar, and
temperatures around 81 °C the Knudsen number (Kn) ranges from
approximately 11 to 13. This range places the system firmly in the free
molecular flow regime (Kn > 0.5), where molecular movement is largely
influenced by interactions with the chamber surfaces rather than colli-
sions between molecules [16,23,24]. Within the labyrinth, the mole-
cules temporarily adhere to surfaces before dispersing, losing their
previous direction and velocity with each interaction [23].

Evaluating evaporation rates of liquid lubricants in space requires
analytical and experimental methods [12,15,25], with analytical models
serving as vital tools for predicting lubricant loss due to vacuum evap-
oration [15,26-28]. To calculate the flow rate or leakage through lab-
yrinth seals analytically, the labyrinth original geometry configuration
must undergo a conversion to a linearized state, wherein its diameter,
gap width and length dimensions are equivalently represented [15].
This linearized labyrinth representation facilitates the calculation of the
flow rate using a combination of pressure gradient, molecule trans-
mission probability through the labyrinth, and average molecular ve-
locity according to

(P; — P,)mdbv
1,5\ ° )
(++%)

Based on a detailed analysis of experimental data from ESTL, a
refinement to Eq. (2) has been proposed [12] to offer the most accurate
correlation with real-world tests currently available, serving as an
expression for the flow of molecules. Importantly, this refinement
maintains consistency with the previous approach regarding the process
of simplifying analytical computations [15], such that the overall

methodology remains coherent and practical for implementation in
relevant applications

Q=

0,5
Prndb <¥)
Qn=0,0436 06—~/ (3)

1+0,375.%

The ESTL model presented in Eq. (3) serves as the most reliable
analytical instruments for predicting the quantity of lubricant molecules
leaking through the labyrinth seal. However, these analytical models
exhibit inherent limitations [12,15,27] mainly due to their simplified
geometrical representations and possibly due to lubricant thermal his-
tory and inaccurate vapor pressure determination [17,29,30]. Compar-
ison with experimentally measured results indicates overestimation of
the analytical evaporation rates prediction by an order of magnitude
[11,12]. Manufacturers typically determine vapor pressure using the
Knudsen effusion method, which lacks standardization and potentially
yields inaccuracies [11,31]. Proposed correction factors aim to align
analytical predictions with real-world scenarios, relying on experi-
mental data [11,29].

Despite widespread adoption, analytical models frequently fall short
in accurately predicting evaporated molecule flow rates [6,12].
Addressing these disparities may involve employing numerical simula-
tion tools, such as Monte Carlo random sampling functions [30,32,33].
Monte Carlo simulation stands as a robust computational technique
crucial for acquiring numerical approximations of molecular flow
behavior within complex systems or processes [19,34].

For predicting the mass of lubricant evaporation through specific
labyrinth seal geometries, the ESTL model presented in Eq. (3) is typi-
cally utilized, despite its demonstrated lack of accuracy. This analytical
model will be employed to compare the predicted evaporation rates with
simulation and experimental measurements. This comparative approach
aims to highlight the discrepancies between the analytical predictions
and the more precise data obtained from simulations and experimental
tests, thereby facilitating improvements in the predictive accuracy of
lubricant evaporation rates for space applications.

2.3. Modeling and simulation

This phase focuses on developing mathematical models to accurately
simulate molecular flow within labyrinth seal geometries. The input
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Table 2
SHORT Oil test sample properties [35].
Lubricant name FOMBLIN Y LVAC 25/6
—= Lubricant type PFPE
Vapor pressure (mbar) 6e-8 (25 °C)
‘\\\\\\\\\\\\\\x : 6e-5 (100 °C)
N> Kinematic viscosity (cSt) 276 (20 °C)
Viscosity index 113
Molecular weight (g/mol) 3300
Density (g/cm®) 1.90
Applied oil sample:
mass (g) 1.8-2
volume (ml) 0.95-1.05

LONG

data for the simulations and analytical models are derived from
boundary conditions measured during the experimental phase. These
include the temperature of the labyrinth seal, the vacuum chamber
pressure, and the parameters of the evaporated oil; see Table 2. Since the
pressure inside the labyrinth seal reservoir (at the labyrinth seal inlet)
cannot be measured directly, it is assumed to be equal to the oil vapor
pressure in the simulation models.

Through these simulations, critical parameters influencing seal per-
formance are identified and comprehensively described. This serves as
the foundation for understanding the dependence between various
labyrinth geometry factors and their impact on seal effectiveness in
preventing molecular flow. To simulate space conditions and molecular
flow regimes within labyrinth seal geometries, two representative soft-
ware tools are utilized.

N
7

i

¢d 2.3.1. MolFlow+
MolFlow + [36] is employed for molecular flow simulation and
evaluation of labyrinth seal geometry parameters. It is primarily used for
pressure distribution calculations within complex geometries under
L2 ultra-high vacuum conditions [36,37]. The software employs Monte
STEP _— Carlo simulation techniques to accurately model particle behavior in
rarefied gas environments, making it particularly suitable for analyzing
molecular flow.

2.3.2. COMSOL multiphysics

For the purpose of comparing simulation results, COMSOL Multi-
physics v.6.2 software [38] was integrated into the research methodol-
ogy. The software accommodates various study types, encompassing
stationary and time-dependent (transient) studies, as well as linear and
nonlinear studies. In this research, two distinct modules are employed:

L1

a) Molecular Flow Module: Simulating kinetic gas flows, this module

offers specialized physics interfaces ideal for vacuum systems simu-

& lation. It is designed to address kinetic gas flows with Knudsen

numbers greater than 0.1, encompassing both the transitional and

¢d1 free molecular flow interfaces. In our experiments, the Knudsen

B — numbers exceeded 11, making this module highly appropriate for

our application. This method computes flow by integrating fluxes

Fig. 3. Labyrinth seal geometries and their experimental setup (SHORT, from all visible surfaces, with dependencies confined to surface
LONG, STEP). variables.

b

-

Particle tracing module: This module provides a versatile tool for
tracking particles through various geometries under different forces.
The mathematical particle tracing interface allows for flexible
formulation of particle motion using Lagrangian or Hamiltonian

Table 1
Labyrinth seal geometry dimensions.

Labyrinth Width Diameter Length approaches, ideal for free molecular flow simulations. Special vari-
[mm] ables offer insights into particle populations and statistical data,
SHORT b—05 d—865 L—15 aiding in analysis. This module computes quantities like particle
LONG b=05 d=-865 L=10 count and transmission probability, facilitating the visualization and
STEP b=05 d; = 86.5 L; = 8.25 analysis of particle trajectories.
dy =925 L, = 3.00
Ly =175
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3. Results

The results encompass analytical, experimental, and simulation ap-
proaches, which are compared and collectively evaluated. The main
evaluation subject is a set of three labyrinth seals (Table 1), featuring
precisely manufactured and measured geometries utilized in both
analytical and simulation models. For experimental testing, the modi-
fied ETR measuring device [6] is employed, along with the labyrinth seal
assembly, to continuously measure lubricant mass loss resulting from
vacuum evaporation. Subsequent research extends to evaluating the
overall geometry’s impact on the labyrinth seal’s effectiveness, as well
as exploring the influence of surface roughness and molecular beaming
effects occurring in narrow corridors within the molecular flow regime.

3.1. Labyrinth comparison

The experimental section initially compares three labyrinth geome-
tries (Fig. 3) through multiple independent measurements. The
measured results obtained from the ETR are depicted as displacement
signals, which are then converted into lubricant mass loss using cali-
bration ratios. As a result, the measurement outcomes portray a
continuous signal of lubricant mass loss over a specified time period for
all three types of labyrinth seal geometries; Fig. 4. To further validate the
measured mass loss, the experimental setup is weighed both before and
after the experiment. The results clearly indicate that more complex
geometries exhibit superior sealing capabilities, aligning closely with
the expected behavior according to the research [12,14,27].

The temperature and pressure of experimental measurements were
recorded and subsequently incorporated into the analytical and simu-
lation models to achieve close correlation. The analytical approach
utilized the ESTL model (Eq. (3)), while both the MolFlow+ and COM-
SOL Multiphysics software were employed for simulation. A comparison
of the results obtained from all three approaches is shown in Fig. 5 and
reveals that the analytical approach yields significantly greater mass
loss, potentially due to simplifications inherent in the analytical model.
Conversely, the simulation approach closely aligns with experimentally
acquired results. When comparing mass loss and relative leak rate, using
the experimental results as a reference (see Table 3), the analytical
model overestimates the leak rate 5-8 times, while simulations deviate
by only 29 % at most. These findings indicate that simulation models
offer a better fit for complex geometries, though they may be less ac-
curate for shorter labyrinth gaps.

Expanding upon the previous findings, a design of experiment
analysis was undertaken to comprehensively explore the principal
influencing parameters of labyrinth seals. To facilitate a meaningful

10

== SHORT
g [ ==LONG
STEP

Evaporated mass [mg]

0 50 100 150
Time [min]

Fig. 4. Experimental measurements comparison of mass loss for various laby-
rinth seal geometries.
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Fig. 5. Comparison of analytical, experimental and simulation approaches of
evaporation mass loss.

comparison of labyrinth parameters, the evaluation of transmission
probability (TP) is employed, indicating the ratio of molecules
traversing from the inlet to the outlet [23,39].
N

TP = Ny 4
where N is the number of molecules at the outlet, and Ny is the number
of molecules at the inlet. This probability, essential for conductance
calculations, offers a convenient metric for comparing labyrinth geom-
etry parameters. Notably, the primary influencing parameters encom-
pass the width of the labyrinth gap and the length of the corridor, as
depicted in Fig. 6. These results align with the assumptions derived from
previous research.

According to the results shown in Fig. 4, the labyrinth seal with a
stepped geometry is the most effective sealing solution, largely due to its
extended corridor length, identified as the primary influencing param-
eter in Fig. 6. The longer corridor increases the probability of molecular
interactions with the seal surfaces before molecules reach the outlet.
Additionally, the stepped structure introduces multiple surfaces at
various angles, which increases the likelihood of molecules reflecting off
these surfaces rather than passing directly through the seal. This
reflective behavior disrupts the direct flow of molecules, significantly
reducing transmission probability and enhancing overall sealing per-
formance. The combination of an elongated path and multiple reflection
points within the stepped geometry creates a more efficient barrier to
molecular flow compared to simpler seal designs.

3.2. Surface roughness

In addition to considering the overall geometry of the labyrinth seal,
surface topography must also be taken into account, as it can signifi-
cantly impact conductance results. Current knowledge lacks evidence of
surface roughness evaluation in labyrinth seals for space applications.
Therefore, a series of experimental tests were conducted to underscore
the importance of the surface roughness parameter. Two LONG geom-
etry labyrinth seals produced using a turning machining process and
with different surface finishes - one untreated (ROUGH) and the other
polished (SMOOTH) - were compared (Table 4). The inner and outer
surface roughness of the labyrinth seal was assessed using a Contour GT-
X 3D optical profilometer (Fig. 7), and the data was subsequently
incorporated into the COMSOL Multiphysics simulation environment for
molecular flow analysis, considering real surface topography.

The analytical model does not include a surface texture parameter;
therefore, it will not be compared further with other approaches. The
comparison between experimental measurements and simulations



J. Pouzar et al.

Vacuum 232 (2025) 113882

Table 3
Mass flow evaluation for specific labyrinths using diverse approaches.
Approach SHORT LONG STEP
[mg/h] relative leak rate [mg/h] relative leak rate [mg/h] relative leak rate
Experiment 4.350 1 3.41 1 2.73 1
Analytical 32.81 7,54 19.27 5,65 16.69 6,11
Simulation MolFlow-+ 5.39 1,24 3.24 0,95 2.33 0,85
COMSOL 5.63 1,29 3.58 1,05 2.72 1,00
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Fig. 6. Identification of key labyrinth geometry parameters impacting trans-
mission probability (TP).

Table 4

Surface roughness analysis for inner and outer components of labyrinth seals.
Surface roughness ROUGH SMOOTH

Inner Outer Inner Outer

Ra [pm]* 3.88 1.30 0.13 0.56
Sa [pm] 3.70 1.30 0.14 0.56
Sq [pm] 4.34 1.60 0.16 0.67
Sdr [pm] 1.99 % 5.56 % 0.01 % 4.14 %

# Average Ra parameter in the direction of highlighted mid-planes shown in
Fig. 7.

reveals a significant influence of surface roughness on the mass loss of
evaporated lubricant molecules; see Fig. 8. The intensity of mass loss
varies by 14.4 % in experimental measurements and 14.6 % in simula-
tions for the different surface roughness. The results presented have
been unified to ensure comparability across the same seal geometries,
with one being subjected to a polishing process.

Based on the experimental measurements, the sealing efficiency of
the SMOOTH labyrinth seal decreased by 14.4 % due to its lower surface
roughness, resulting in an overall lubricant loss that was 0.55 mg/h
higher compared to the ROUGH labyrinth seal, which featured a higher
surface roughness. The increased roughness in the ROUGH seal likely
enhanced the interaction between the seal surfaces and the evaporating
lubricant molecules, contributing to better sealing performance. Sur-
faces with higher area roughness exhibit improved sealing effectiveness
which can be interpreted in two ways:

1) Increased surface roughness results in approximately a 1.7 % larger
area for molecular adhesion (refer to the Sdr parameter in Table 4).

2) Higher surface roughness introduces geometrically complex pas-
sages, impeding molecule propagation.

3.3. Molecular beaming effect

One of the factors that has not been considered in the optimization of
labyrinth seal geometry design is the phenomenon of molecular beam-
ing effect, which occurs in long and narrow tubes. When the impinge-
ment rate for the tube facets in the normal direction is higher than for
the parallel facets, the angular distribution of molecular velocities is no
longer cosine-like, resulting in more molecules traveling along the lab-
yrinth corridor path [19,40]. This beaming effect is always present and
should be taken into account in the optimization of labyrinth geometry
as it may influence the overall mass loss of lubricant molecules.

To mitigate the molecular beaming effect, it is recommended to
employ more intricate geometries that redirect the flow of molecules,
preventing them from traveling in a straight line. An effective geometry
involves a stepped configuration, altering the direction of molecular
flow by 90°. Careful consideration should be given to the placement of
the step within the labyrinth to minimize the impact of the molecular
beaming effect. To achieve this, a simulation of the original stepped
labyrinth seal, used in the experimental measurements, was performed
using COMSOL Multiphysics software. Adjustments were made to the
step position along the entire length of the labyrinth by performing a
parametric sweep across the 10 mm width of the labyrinth in 0.5 mm
increments. The results in Table 5 indicate the favorable placement of
the step in the middle of the labyrinth seal (Fig. 9), effectively reducing
the growing influence of the molecular beaming effect.

Given the existence of the molecular beaming effect and the necessity
for a stepped geometry in labyrinth seals to effectively diminish its
impact, further research into the geometry of the step corner has been
conducted. In the corner where the molecular beam strikes the surface
and disperses the molecules, the corner geometry is essential for dis-
rupting the spread of molecules through the labyrinth seal.

Conventionally, the classical geometry of a manufactured labyrinth
seal lacks corner optimization, and the corner is rounded due to the
manufacturing process. Consequently, this geometrical shape increases
the likelihood of molecules propagating further, necessitating its elim-
ination. To address this issue, a series of local geometrical shapes for the
corner were simulated using COMSOL Multiphysics (Fig. 10), and their
impact in terms of mass loss reduction was assessed; see Table 6. Based
on these findings, it is recommended to incorporate corner shaping into
the manufacturing process, such as implementing corner relief grooves.
These geometric modifications, designed to be produced using conven-
tional machining processes, contribute to a slight reduction in mass loss
while potentially yielding significant lubricant savings over the satel-
lite’s lifetime.

4. Discussion

The study aims to explore the fundamental aspects of labyrinth seals
used in space mechanisms, focusing on understanding the behavior of
liquid lubricant molecules that evaporate in vacuum conditions. To
understand how lubricant molecules leak through these seals, we use
three methods: experimental testing, analytical analysis, and computer
simulation.
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Fig. 8. Experimental and simulation investigation of surface roughness impact
on labyrinth seal performance.

Table 5

Labyrinth corner geometries and their impact on evaporated lubricant loss.
Step position (see Fig. 9) Mass loss [mg/h] Loss rate”
10 % 0.665 +5.19 %
25 % 0.643 +1.62 %
50 % 0.633 -
75 % 0.640 +1.24 %
90 % 0.662 +4.71 %

 Relative to the reference step position at the midpoint (50 %) of the labyrinth
seal.

25%

o

o

Q
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o

o

o)
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0.64

Mass loss [mg/h]
o
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W

0.63

0.62
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Fig. 9. Mass loss variation in labyrinth STEP geometry influenced by molecular
beaming effect on step position.

Experimental testing is crucial for comparing the outcomes of the
analytical and simulation approaches. The main inaccuracies arise from
the experimental measurements, so each measurement must undergo a
calibration procedure before the actual test. Calibration focuses pri-
marily on temperature distribution measurement, the conversion ratio
between proximity sensor distance change and actual weight loss, and
achievable vacuum conditions. The conversion ratio calibration for the
evaporation test rig is performed before each labyrinth seal modifica-
tion. The detailed process for this calibration is described in previous
research [6].
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Fig. 10. Local geometries in the corner of labyrinth seals with step-
ped geometry.

Table 6
Labyrinth corner geometries and their impact on evaporated lubricant loss.

Corner geometry Characteristic parameter Loss reduction

Classical - -

Circular arc r=>b 3.8%
Relief groove type G* 3.9%
Dead end 1=2b 4.3 %

@ 1SO 18388:2016.
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Fig. 11. Thermal calibration analysis for labyrinth seal test rig experiments.

Temperature is the most critical parameter influencing the evapo-
ration process, as it directly affects the substance’s vapor pressure [12,
41]. During the experiments, it is not possible to measure the exact
temperature of the oil sample inside the labyrinth seal test rig. To
address this, we perform a thermal calibration procedure before exper-
imental testing, where reference temperatures are measured at specific
locations (see. Fig. 1) and at the main pan of the labyrinth seal platform
(see Fig. 11). The measured temperature difference of approximately
20 °C between the labyrinth seal and the support beam holding the
evaporation test rig is primarily due to the differing mechanisms of heat
transfer affecting each component. The support beam is directly con-
nected to the heated vacuum chamber, which allows for efficient heat

Vacuum 232 (2025) 113882

conduction. In contrast, the labyrinth seal experiences heating pre-
dominantly through radiation. The presence of very limited conductive
paths makes radiative heat transfer the dominant mechanism, which is
less efficient compared to conduction. It was experimentally verified in a
dedicated test with additional thermocouples that the lubricant surface
temperature is equal to the reservoir temperature and the labyrinth seal
gap surface, due to convection effects.

Despite initial thermal calibration, the oil surface temperature re-
mains estimated, as thermocouples cannot be placed in the pan during
evaporation tests without compromising weighing precision. The test rig
for the labyrinth seals and the oil are maintained at a temperature of
92.0 (£0.3) °C, which is dependent on the geometry. Once the substance
starts to evaporate at specific temperatures and pressures, it cools down
as a result of the evaporation process. The temperature subsequently
stabilizes at a new value depending on the evaporation rate of the
cooling liquid and the external heating. This derived temperature in-
troduces the primary inaccuracy in both the analytical and simulation
approaches. Nonetheless, during the experiments with various labyrinth
seals, the thermal conditions remained consistent, with a maximum
deviation of only 1 °C; see Fig. 12.

The vapor pressure of the liquid lubricant is estimated using the
Clausius-Clapeyron approximation [17,42], making it entirely depen-
dent on the known vapor pressures provided by the manufacturer.
However, the Knudsen effusion method used by manufacturers for vapor
pressure determination lacks standardization. Consequently, the vapor
pressure values in the oil datasheet might be inaccurately determined,
leading to discrepancies in experimental and other results [11,31]. To
address this issue, it is advisable to test the oil’s vapor pressure using the
Knudsen effusion method prior to the experimental measurements.
However, in our experiments, vapor pressures were sourced from the
datasheet, which could potentially influence the results obtained
through analytical and simulation approaches. Although the exact de-
viation in vapor pressure measurement is unknown, the simulation re-
sults align well with the experimental data.

The pressure of the vacuum chamber is measured outside the laby-
rinth seal test rig as it can’t be directly measured inside the labyrinth
seal. Therefore, the exact pressure in the lubricant reservoir at the inlet
to the labyrinth seal is assumed to be equal to the vapor pressure of the
liquid lubricant. The pressure inside the vacuum chamber was moni-
tored during the experiments and remained constant at 2E-5 (+1E-6)
mbar. At the set oil temperatures, the oil’s vapor pressure is estimated to
be 3.3E-5 (+£7E-7) mbar, slightly higher than the chamber’s vacuum
pressure. While this difference is small, the primary indicator of the
evaporation process is the measured change in distance, which follows a
mostly linear trend and only occurs once oil evaporation begins.

Other significant disruptive factors in the experimental
111.5¢
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Fig. 12. Temperatures of support beam during the experiments for various
labyrinth seals.
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measurements stem from the design of the labyrinth seal test rig. Un-
wanted movement of the lubricant in the test rig may occur during
sample handling due to the absence of a porous reservoir. Additionally,
temperature and pressure variations over time during the experiment
can lead to lubricant creep. The oil may creep along the surface, through
the labyrinth seal gap, and even through the tightening contact surfaces.
This could lead to increased weight loss due to the greater oil surface
area, thus increasing evaporation intensity. During the calibration and
experimental testing, lubricant creep was addressed through visual in-
spections before and after the experiments; however, it was not observed
at all. In actual space applications, labyrinth seals incorporate anti-creep
barrier surface coatings with low surface tension [43] to prevent lubri-
cant creep through the seal. However, these films were not used during
the experiments because visual inspections did not detect any creep.
Additionally, using barrier films could have distorted the results, espe-
cially when measuring the effect of labyrinth seal surface roughness.

The inaccuracies of the analytical evaporation model for labyrinth
seals stem from several simplifications. The model simplifies the com-
plex geometry of the labyrinth seal, thereby overlooking the behavior of
molecules in the molecular flow regime and the emergence of the mo-
lecular beaming effect. Another simplification involves approximating
the labyrinth transmission probability, which should ideally be calcu-
lated differently for each type of geometry. These simplifications cause
the analytical model to be less accurate in predicting lubricant loss
during the vacuum evaporation process, with accuracy varying based on
the seal’s geometry; see Fig. 5.

Discrepancies between simulation models and experimental mea-
surements may arise mainly from the real oil temperature and
assumption of a uniform temperature distribution across the seal. Other
limitations of the simulation model stem from surface roughness gen-
eration, mesh finesse, pressure distribution, and the numerical model
used. Despite these challenges, the solid simulation model remains the
closest to experimental measurements. Therefore, it is recommended to
simulate each labyrinth seal assembly with an optimized simulation
model and calibrated initial conditions to accurately predict lubricant
mass loss over time.

5. Conclusion

The vacuum evaporation intensity of space oils through labyrinth
seals was investigated using experimental, analytical, and simulation
approaches. The study underscores the need to refine analytical models,
as they tend to overestimate mass loss by 5-8 times compared to
experimental results. It also demonstrates a strong correlation between
simulation results and experimental data. The simulation tools
MolFlow+ and COMSOL Multiphysics are recommended for accurately
predicting oil evaporative mass loss.

Key findings regarding the influence of labyrinth seal geometry on
molecular flow include:

e Stepped labyrinth seal configurations provide enhanced sealing
performance. A comparison of two labyrinth seals—one featuring a
straight, long corridor and the other a stepped config-
uration—reveals that the stepped seal, which is 30 % longer, should
theoretically provide a 16 % improvement in sealing effectiveness
due to its increased length. However, the stepped design actually
achieved a 20 % improvement, indicating additional benefits from
the stepped geometry itself.

Molecular beaming effects within labyrinth seals contribute to oil
mass loss. This effect can be significantly reduced by using a stepped
configuration with the step positioned at the midpoint of the seal,
which best distributes the molecular beaming effect. Conversely,
placing the step near the inlet or outlet can negatively impact sealing
performance by increasing the mass loss rate by up to 5 %.

Surface roughness impacts molecular transmission probability. A
comparison between two seals, with average surface roughness
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values of Ra 2.6 and Ra 0.3, shows that the seal with greater
roughness achieves a 14.4 % improvement in sealing performance
over the smoother seal.

e Local geometrical adjustments, such as adding relief grooves, can
enhance sealing efficiency. Depending on the specific modification,
sealing effectiveness can improve by up to 4 %.
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The authors regret to inform readers about two significant issues
identified in the published article regarding the use of an analytical
equation, known as the ESTL model, for predicting the evaporative
leakage of lubricant molecules through labyrinth seals.

First, the ESTL model was used in the article for predictive calcula-
tions. However, the cited reference contained incorrect units for the
equation, leading to discrepancies between the reported analytical
predictions and those that would have been obtained using the correct
units. Upon recalculating the results with the corrected units, notable
differences were observed compared to the original analytical pre-
dictions. To clarify this issue, we present the corrected ESTL equation
with appropriate indexing to ensure clarity and transparency regarding
the correct unit usage. Additionally, the abbreviations and symbols have
been updated accordingly.

Abbreviations and Symbols

B Labyrinth gap width [mm] P; Inlet pressure [Pa]

bem Labyrinth gap width [cm] P, Outlet pressure [Pa]

d, d;» Diameter of annular seal [mm] Q Flow rate [mbar-mmB/s]

dem Diameter of annular seal [cm] Qm Mass loss [g/s]

ESTL European Space Tribology r  Circular arc radius [mm]
Laboratory

ETR Evaporation Test Rig Ra Average roughness [pm]

L, L;53 Labyrinth path length [mm] Sa  Arithmetic mean height [pm]

Lem Labyrinth path length [cm] Sq Squared mean height [pm]

L Recess depth [mm] T  Absolute temperature [K]

M Lubricant molar mass [g/mol] TP Transmission probability [—]

PFPE  Perfluoropolyether v Average molecular velocity [m/

s]
Ppbar Fluid vapor pressure [mbar]

05
PrparT dsmbsm (%)

Lcm
bcm

Q. = 0,0436 3

1+ 0,375
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Second, a mathematical error was identified in the implementation
of the analytical equation within the computational code, which affected
the evaluation of the ESTL model. After correcting this error, the
updated analytical results were validated by comparison with data from
other institutions, demonstrating improved correlation and accuracy.

A revised comparison of the results obtained from all three
approaches—analytical, simulation, and experimental—is shown in
Fig. 5. The updated findings confirm that both the analytical and
simulation models significantly overestimate mass loss for short laby-
rinth geometries. However, for complex seals, the analytical approach
slightly underestimates mass loss, while the simulation results closely
align with the experimentally acquired data. When comparing mass loss
and relative leak rates using the experimental results as a reference (see
Table 3), both the analytical model and simulations overestimate the
leak rate of short labyrinth gaps by more than a factor of two. In
contrast, for complex labyrinths, the relative leak rate deviations range
between 22 and 27 % for the analytical model and 5-15 % for the
simulations.

12p
I Analytical
104 [ Simulation
I Experiment

Mass loss [mg/h]
(=2}

SHORT

Fig. 5. Comparison of analytical, experimental and simulation approaches of
evaporation mass loss.
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Tab. 3
Mass flow evaluation for specific labyrinths using diverse approaches

Approach SHORT LONG STEP
[mg/ relative [mg/ relative [mg/ relative
h] leak rate  h] leak rate  h] leak rate
Experiment 547 1 341 1 273 1
Analytical 9.80 1.79 248 0,73 2.14 0,78
Simulation MolFlow+ 9.46 1.73 3.24 0,95 2.33 0,85
COMSOL 9.89 1.81 3.58 1,05 2.72 1,00

These findings underscore the limitations of mass loss predictions for
short labyrinth seals, where both the analytical model and simulations

Vacuum 238 (2025) 114434

overestimate the loss by more than a factor of two compared to exper-
imental measurements. However, for complex labyrinths, simulation
results demonstrate strong agreement with experimental data.

As a result of these corrections, the analytical equations were
recalculated, and the updated values have been provided. Importantly,
the key conclusions of the article remain unchanged. These corrections
do not affect the main findings or the overall validity of the paper.

The authors believe that these corrections emphasize the critical
importance of using correct units in analytical models—an essential
consideration in the field. This corrigendum aims to contribute to future
research by highlighting the necessity of precision in unit usage and
model implementation.

The authors sincerely apologize for any inconvenience this may have
caused.
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ARTICLE INFO ABSTRACT

Labyrinth seals are commonly used in space mechanisms to reduce evaporative losses of lubricant molecules and
limit the transport of contaminants. Analytical models and numerical simulations for predicting mass flow
through these seals typically assume smooth, idealized surfaces, neglecting the effects of realistic surface
roughness. This study systematically investigates the impact of surface roughness on the transmission probability
(TP) of oil molecules using Monte Carlo simulations under free molecular flow conditions. Key geometric and
surface parameters including average roughness (Ra), corridor length, and seal width are varied to evaluate their

Dataset link: https://doi.
org/10.5281/zenodo.15649645

Keywords:
Labyrinth seal
Surface roughness

Transmission probability influence on molecular transport. The results demonstrate that surface roughness significantly reduces TP and
Molecular flow molecular flux, especially in narrow and elongated geometries. Furthermore, increasing surface roughness by an
Space mechanisms order of magnitude enables a reduction in channel length or an increase in gap width by approximately 35-40 %

while maintaining equivalent transmission probability. Based on these findings, a correction model is proposed
to improve prediction accuracy and is validated against experimentally measured oil evaporative losses. This
work highlights the potential of controlled surface texturing as a design strategy to both enhance sealing
effectiveness and enable geometric reductions for improved compactness and manufacturability.

Ra Arithmetic mean roughness [pm]
Abbreviations and Symbols Rk Core roughness depth [pm]
a(n) Wave amplitude [mm] Rku Kurtosis
A(W, L), B(W, L), C(W, L) Polynomial coefficients Rpk Reduced peak height [pm]
A j, Bi j, Ci j Indexed polynomial coefficients Rq Root mean square roughness [pm]
Spectral exponent Rsk Skewness
() Synthetic roughness profile [mm] Rvk Reduced valley depth [pm]
g g(n)  Gaussian random function P Transmission probability [-]
h(n) Synthetized profile amplitude [mm] u Uniform random distribution
L Corridor length [mm] u(n) Uniform random phase
m Number of data points w Corridor width [mm]
n Spatial frequency X Spatial coordinate [mm]
N Spatial frequency resolution Z Roughness profile height [mm]
Ny Number of molecules entering z Mean profile height [mm]
N; Number of molecules exiting 2 Discrete height value [mm]
PC Parametric curve scaling factor

PFPE Perfluoropolyether
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1. Introduction

In space applications, mechanical systems containing liquid lubri-
cants must be sealed to prevent lubricant loss and preserve long-term
functionality [1-4]. Non-contact labyrinth seals are widely employed
for this purpose, offering a passive means of restricting the migration of
lubricant molecules in ultra-high or extreme vacuum environments
[5-8]. These seals incorporate a narrow corridor between stationary and
rotating components (see Fig. 1), effectively limiting molecular flow
without introducing friction or wear [4,7,9]. Preserving lubricant within
these systems is critical to ensuring the longevity and reliability of space
mechanisms [1,10,11]. The escape and subsequent condensation of
evaporated molecules on sensitive surfaces such as optical elements can
degrade performance and jeopardize mission success [4,12,13]. These
risks underscore the importance of reliable sealing to limit molecular
leakage and extend the service life of lubricated systems in space.

Labyrinth seals for space applications may consist of straight chan-
nels or more complex geometries [5,6,8]. However, the primary pa-
rameters governing molecular flow restriction are the corridor length
and width [5,8]. A careful balance between these two parameters is
required to ensure mechanical safety while effectively reducing molec-
ular transmission [4,5]. Predicting lubricant evaporative losses can be
approached through analytical models or numerical simulations [4,5,7,
8]. Both methodologies usually assume smooth internal surfaces with no
surface roughness [4,8]. The influence of realistic surface roughness
arising from machining [14,15], material processing [16,17], or oper-
ational wear [18,19], is neglected despite its potential to alter molecular
scattering behaviour and significantly impact transmission probability
[20-25]. This effect is particularly important in narrow and elongated
seal geometries, where interactions between molecules and surface
features are more frequent and cumulative [22,26].

This study investigates the influence of surface roughness on the
molecular flow of lubricant through two-dimensional labyrinth seals
operating under vacuum conditions. By employing synthetically gener-
ated rough surface profiles combined with Monte Carlo simulations, the
analysis explores the interaction between roughness parameters and seal
geometry, including corridor length and width. The primary outcome is
a simulation-based correction model that refines conventional smooth-
surface predictions by incorporating realistic surface roughness effects
representative of actual labyrinth seals. This model provides a practical
and physically grounded tool for predicting lubricant evaporation and
highlights the potential to compensate for geometric constraints through
surface texturing, enabling possible reductions in seal dimensions
without compromising sealing performance.

2. Material and methods

To evaluate the impact of surface roughness on molecular
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transmission, a numerical model of a straight, two-dimensional laby-
rinth seal was developed. This geometry, representative of those used in
ball bearing systems [4,5], consists of a narrow corridor through which
lubricant molecules evaporate and diffuse under vacuum conditions [8,
27]. Fig. 1 illustrates the modelled configuration, showing the migration
of evaporated molecules along the seal path.

The simulation includes surface roughness on the seal walls to
investigate its possible effect on molecular scattering and transmission
probability. Synthetic rough profiles were generated using statistical
parameters characteristic of real labyrinth seals and integrated into a
molecular flow simulation tool. This method enables the tracking of
individual molecular trajectories and allows for assessing how surface
topography may influence 38 molecular transport through the seal.

2.1. Surface roughness modeling

Simulations were performed using COMSOL Multiphysics 6.3 [28],
utilizing the Free Molecular Flow module [29]. Since this module do not
natively support surface roughness parameters, surface roughness was
instead introduced as a geometric modification of the canal walls in a 2D
simulation domain.

A common approach to modelling surface roughness is based on its
spatial frequency content, analogous to the Fourier representation of
temporal signals [20,30-33]. This approach allows for the synthesis of
roughness profiles by summing a finite number of cosine waves with
randomized amplitudes and phases. In one spatial dimension, an
elementary cosine wave is given by

cos(2z(nx)) @

where n is the spatial frequency and x is the spatial coordinate. The
synthetic surface roughness profile height z as a function f(x) is syn-
thesized as a discrete superposition of such wave

N

z=f(x)= Y a(n)cos (2x(nx) + u(n)) )

n=—N

Here a(n) is wave amplitude, and u(n) is random phase angle drawn
from a uniform distribution over the interval [-rn/2, n/2], that cosine
term span the full range from -1 to 1. Isotropy is achieved by including
both positive and negative frequency components symmetrically (-N,
N). To reflect realistic surface statistics, the amplitude is computed as

a(n) = g(n)-h(n) (3)
where

1
h(n) = (n2) “)

LABYRINTHSEAL
SIMULATION MODEL

~

INLET OUTLET
_;_ 2 o Q (9 g
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Fig. 1. Visualization of a ball bearing system with an integrated labyrinth seal and evaporating molecules, coupled with a simulation model incorporating surface

roughness geometry.
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The spectral envelope h(n) attenuates high-frequency components.
The spectral exponent b controls the rate of amplitude decay with fre-
quency, while g(n) is a Gaussian random function with zero mean and
unit variance. Since the resulting function f(x) is inherently periodic,
only a subdomain (i.e., [0, 1]) was extracted to mitigate visible peri-
odicity in the final geometry.

In practice, roughness profiles were implemented in COMSOL as
parametric curves, representing height perturbations. These curves were
then extruded to form the sidewalls of the labyrinth seal corridor. Each
curve was generated using a spectral synthesis function combining
Gaussian (g) and Uniform (u) random distributions, expressed as

N b
z2=PCe > (n*) 2:g(n) e cos(2x(nx) + u(n)) (5)

n=-N

Here, N is the spatial frequency resolution, and b is the spectral exponent
controlling amplitude decay with frequency. The scaling factor, referred
to as the parametric curve (PC) coefficient, was varied to generate
different roughness amplitudes. Multiple values of PC were applied
across simulations for each (N, b) pair to produce a comprehensive range
of surface roughness levels. These curves were interpolated and applied
to the geometry boundaries in COMSOL, enabling precise control of wall
roughness during meshing and simulation.

2.2. Surface generation and evaluation of surface roughness profiles

To investigate how mathematical parameters influence the physical
characteristics of surface topography, a parametric study was conducted
by systematically varying the N, b and PC. These parameters define the
surface structure in the spatial frequency domain:

Results in Engineering 28 (2025) 107905

e N controls the spatial resolution, determining the number and den-
sity of peaks,

e b governs the rate of amplitude attenuation across frequencies,

e PC scales the overall amplitude of the roughness profile.

A comprehensive set of synthetic surface profiles was generated for a
range of N, b and PC combinations (see Fig. 2) summarized in Table 1.
This results in a comprehensive grid of synthetic surfaces designed to
probe both low-frequency (coarse) and high-frequency (fine) features
under different amplitude scaling regimes. Several widely used surface
roughness parameters were extracted from each profile, as one param-
eter cannot adequately describe the surface properties [34]. These pa-
rameters are further described together with their mathematical
definitions, and responses to the varying spectral inputs. The resulting
data provided a foundation for selecting representative surfaces used in
subsequent molecular flow simulations.

2.2.1. Arithmetic mean roughness (Ra)

The arithmetic mean roughness is one of the most used surface
roughness parameters in engineering [15,35]. It represents the average
of the absolute deviations from the mean line of the surface profile and

Table 1

Overview of adjustable parameters used to simulate surface topography.
Parameter Range Step
N 10-100 10
b 0.05-0.5 0.05
PC 0.001 - 0.003 0.001

x10° x107 x107
4 4 4
3l PC=0.001 | N=10|b=0.05 3t PC=0.001 | N=50|b=0.25 3l PC=0.001|N=100|b=10.50
2r 2r 2F
— 1} {1 =1t — 1} 1
= g g
EX) /\—/\/\/\/\/\/\/— g0 £ 0
o1 f g o1 f >l r i
-2 -2 A
-3 -3 3 1
g_ g gl
0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
y 19‘,2 X [mm] « ]gz X [mm] o ]91,2 X [mm]
3t PC=0.002| N=10|b=0.05 3l PC=0.002| N=50|b=0.25 3l PC=10.002 | N=100|b=0.50
2 2r 2t
— 1} {1 =1t — 1
g g g !
g0 { 0 E0
] 1 > > F
2 1 -2 2
3t {1 3r 3t ]
0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
<1 9‘,2 X [mm)] <1 %,z X [mm] <1 91,2 X [mm]
3t PC=0.003|N=10|b=0.05 3l PC=0.003|N=50|b=0.25 3l PC=10.003 | N=100|b=0.50
2r 2r 2r
1 1 E 1r
0 0 E0
1r 1 >_1F
2+
3F
4 - 4

0 0.1 02 03 04 05 0.6 07 08 09 1
X [mm]

0 0.1 02 03 04 05 0.6 07 08 09 1
X [mm] X [mm]

’ 0 01 02 03 04 05 06 07 08 09 1

Fig. 2. Synthetic surface roughness profiles generated for varying spectral resolution (N), spectral exponent (b) and parametric curve coefficients (PC).
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gives a general indication of surface height variation [36-38].
L
Ra=p [0 ax ~ L3 s ©
L Tom i1 l
J =

where z; are the discrete height values of the profile and m is the number
of data points. The Fig. 3(i) shows the variation of the Ra as a function of
N and b for different values of the PC. As expected, increasing N in-
troduces finer spatial details, while decreasing b results in rougher, more
irregular surfaces with higher Ra values. Across all simulations, Ra in-
creases nearly linearly with PC, confirming its primary role in scaling the
vertical amplitude of the roughness profiles. Surfaces generated with
lower N and higher b generally exhibit lower Ra values. However, as PC
increases, its influence becomes more dominant, leading to a pro-
nounced amplification of surface roughness regardless of the underlying
spectral characteristics.

2.2.2. Root mean square roughness (Rq)

The root mean square roughness quantifies the standard deviation of
the surface height. Calculated values are similar to Ra but emphasizes
larger deviations due to squaring the profile values [36-38].

The root mean square roughness is particularly valuable in applica-
tions where sensitivity to outlier features or overall roughness energy is
critical. Compared to Ra, Rq typically yields slightly higher values for
the same surface due to its squared deviation weighting. Fig. 3(ii) shows
the influence of the spectral parameters N and b on Rq for various PC
values. The observed trends closely mirror those of Ra, with Rq generally
increasing as N increases and b decreases, reflecting the heightened
surface complexity. As expected, Rq values consistently exceed Ra due to
the squaring of height deviations in its calculation.

2.2.3. Skewness (Rsk)

Skewness quantifies the asymmetry of a surface profile about its
mean line. A negative Rsk indicates a prevalence of valleys, while a
positive Rsk suggests a prevalence of peaks [38].

_ 1 3 1 l
7Rqsoi/z(x)dx~ RqS.m

Skewness (see Fig. 3 (iii)) is primarily influenced by the spectral
resolution N: low N tends to produce surfaces with deep valleys and
sharp peaks, resulting in more pronounced asymmetry. In contrast, high
N yields smoother, more balanced surfaces, causing skewness to
approach zero regardless of the PC value. The effect of the spectral
exponent b on skewness is relatively minor compared to N and PC.
Surfaces generated with the lowest PC (i.e., 0.001) exhibit the most
irregular and unpredictable skewness values. As PC increases, these ir-
regularities are reduced, and skewness becomes more stable across
different spectral configurations.

Rsk

(zi—2)° ®)

NgE

i=1

2.2.4. Kurtosis (Rku)

Kurtosis characterizes the profile’s deviation from a Gaussian dis-
tribution in terms of the concentration of surface features [38]. A value
of Rku = 3 corresponds to a normal (Gaussian) distribution. Values
greater than 3 (leptokurtic) suggest the presence of pronounced peaks or
deep valleys, while values <3 (platykurtic) indicate a flatter surface
topology.

L
S _ 15, 3¢
Rku_Rq“.L/z (x)dx_Rq4omZ(z, Z) (©)]
0
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The results in Fig. 3(iv) suggests that kurtosis does not consistently
increase with spectral resolution (N). Instead, the spectral exponent (b),
which controls the damping of high-frequency components, appears to
have a greater influence: as b decreases, isolated protrusions and de-
pressions become more pronounced, theoretically leading to higher
kurtosis values. Additionally, kurtosis decreases with increasing PC,
gradually approaching the Gaussian reference value of 3. This trend
indicates that surfaces with low PC retain sharper features and more
isolated peaks or valleys, while higher PC values smooth these extremes
by scaling the amplitude, resulting in profiles with fewer distinct high or
low points.

2.2.5. Bearing curve parameters (Rk, Rpk, Rvk)

The bearing (Abbott-Firestone) curve parameters provide insight
into the functional performance of a surface [38-41]. These include the
core roughness depth (Rk), reduced peak height (Rpk) above the core
material, and reduced valley depth (Rvk), which are extracted by fitting
the linear portion of the material ratio curve and extrapolating to esti-
mate the peak and valley contributions [14,19,37,18].

These roughness parameters are closely influenced by machining
processes, especially turning, where characteristics such as Rk, Ra and
Rq often display a near-linear relationship with the feed rate [37,40,18].
This correlation enables reliable prediction and modelling of surface
topography based on known cutting speeds and feed conditions [42,43].

Bearing curve parameters Rk, Rpk, and Rvk (see Fig. 4) follow trends
similar to those observed for Ra and Rg, exhibiting consistent depen-
dence on the spectral parameters N, b, and PC. The core roughness depth
(Rk) generally decreases with increasing b, indicating smoother surfaces
as high-frequency components reduce the vertical extent of the load-
bearing region. All three parameters scale approximately linearly with
PC, reaffirming its role as a vertical amplification factor. These findings
highlight the sensitivity of functional surface parameters to both spec-
tral shape and amplitude scaling. Their combined evaluation offers
deeper insight into the evolution of surface topography and its potential
impact on contact mechanics and tribological performance.

2.3. Molecular flow simulation setup

To evaluate the influence of surface roughness on molecular flow
behaviour, a series of simulations were conducted using COMSOL
Multiphysics 6.3, under free molecular flow conditions. The geometry of
the model consisted of a 2D labyrinth seal corridor defined by inlet and
outlet boundaries and two parallel walls formed by the synthetic surface
roughness profiles.

To ensure geometric symmetry and isolate the effect of surface
topography, the same parametric curve was used for both labyrinth
walls. Specifically, the roughness profile was first generated for one wall
(lower boundary), and the second wall (upper boundary) was created by
duplicating this curve and shifting it vertically along the y-axis by a
distance equal to the labyrinth width. This setup ensured that both walls
had matching roughness features, avoiding discrepancies caused by in-
dependent wall geometries.

The simulations were run under isothermal high-vacuum conditions,
with molecular properties based on Fomblin Y LVAC 25/6 a per-
fluoropolyether (PFPE) lubricant used in prior experimental validation
studies [3,5]. The geometrical dimensions, meshing settings, simulation
parameters, and fluid properties used in the simulations are summarized
in Table 2.

Geometrical parameters including channel length and width were
varied systematically to assess how confinement and seal dimensions
interact with surface roughness. The analysis of the simulation results
focused on two key evaluation metrics: the transmission probability and
the molecular flux at the outlet. The transmission probability (TP) pro-
vides a dimensionless measure of flow efficiency [5,44,45]
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Fig. 3. Surface roughness parameters vs spectral parameters N and b for varying PC: Ra (i), Rq (ii), Rsk (iii), Rku (iv).
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Fig. 4. Bearing curve parameters Rk, Rpk, and Rvk across N, b, and PC.

Table 2
Summary of simulation parameters and lubricant properties used for molecular
flow simulations.

Category Parameter Value Description
Geometry Labyrinth 1-10 mm Parametrically varied to
length (L) evaluate length influence
Labyrinth 0.2-1.0mm  Parametrically varied to
width (W) study confinement effects
Meshing Grid resolution ~ Physics- Refined mesh near
controlled boundaries for surface details
Simulation Temperature 373.15K Isothermal condition across
conditions (T the domain
Inlet pressure 6E-4 Pa Define as per boundary
condition
Outlet pressure  Total vacuum  Typically vacuum or near-
Zero pressure
Oil sample Lubricant name  Fomblin Y Perfluoropolyether (PFPE)
LVAC 25/6 lubricant
Molecular ~3300 g/mol  Molecular mass used for
weight molecular flow simulations

M

TP =
N,

10

where Ny represents the total number of molecules entering the channel,
and Nj corresponds to the number of molecules successfully exiting
through the outlet. This metric offers a clear and intuitive indication of
the sealing performance of the labyrinth geometry and is particularly
valuable in molecular flow regimes [5,44]. Its normalized form allows
for greater generalization of results across varying boundary conditions,
which is critical for the development of simulation-based correction
functions introduced in later sections of this work.

In contrast, the mass flow at the outlet, which represents the absolute
number of molecules per unit area and time reaching the exit, is more
directly tied to the specific pressure and temperature conditions
imposed in the simulation. While it provides additional physical insight
and supports validation with experimental measurements, it is less
transferable across scenarios without recalibration. Therefore, trans-
mission probability was prioritized as the central comparative metric in
this study, serving as the foundation for assessing how variations in
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surface roughness affect molecular flow through the seal.

To systematically assess the influence of each parameter on trans-
mission behaviour, three representative datasets were selected for
detailed simulation (see Table 3), covering a wide spectrum of rough-
ness structures from coarse, low-frequency features to finely resolved
microstructures. The selected datasets span a broad range of spectral
configurations, from coarse, low-frequency structures to finely resolved,
high-frequency surfaces.

Among the evaluated parameters, the PC factor plays a primary role
in scaling the amplitude of surface profiles and thus has a direct influ-
ence on amplitude-related roughness metrics such as Ra, Rq, Rk, Rpk,
and Rvk. These parameters exhibited nearly linear increases with PC.
The skewness (Rsk) and kurtosis (Rku) demonstrated more nuanced,
nonlinear responses, particularly at lower PC values. These findings
highlight the complex interplay between spectral structure and vertical
scaling in determining the overall surface character. The datasets cover a
range of surface morphologies, from dominant low-frequency fluctua-
tions to compactly arranged fine features.

3. Results

To evaluate the influence of surface roughness on molecular trans-
port, synthetic roughness profiles were generated through a parametric
sweep of three key variables: spectral resolution (N), spectral exponent
(b), and vertical scaling factor (PC). These parameters respectively
govern the spatial frequency content, spectral decay, and amplitude of
the surface profiles. The transmission probability results, evaluated
across the three amplitude scaling values are summarized in Fig. 5.

The results show that increasing N significantly reduces transmission
probability (TP), following a second-order trend. In contrast, decreasing
b leads to an approximately linear drop in TP, indicating that low-
frequency roughness features play a key role in impeding molecular
passage. Variations in PC influence the curvature of the N-TP relation-
ship. Higher PC values cause transmission probability to decline more
steeply at low N, amplifying the impact of roughness height on molec-
ular transmission.

A 2D contour analysis of TP and Ra across N and b for different PC
values (see Fig. 5) confirms a consistent inverse relationship where TP
decreases consistently with increasing Ra. This underscores how spectral
parameters shape surface morphology and influence molecular flow.

3.1. Characterization of synthetic surface roughness datasets

The synthetic roughness datasets (see Table 3) were integrated into
COMSOL Multiphysics simulations of molecular flow through 2D laby-
rinth seal geometries. For each surface profile, the labyrinth corridor
was constructed with matching wall curves, and simulations were run
across multiple channel widths and lengths as summarized in Table 2.
This approach enabled an in-depth examination of how surface rough-
ness, when interacting with geometry, influences transmission proba-
bility and molecular flux.

For each dataset, surface profiles were generated and evaluated

Table 3
Overview of parameter sets used for surface generation in molecular flow
simulations.

Dataset  Spectral Spectral Roughness amplitude scaling
resolution exponent
N B PC Number of
steps
1 30 0.5 0.0005 to 12
0.020
2 50 0.05 0.0001 to 11
0.002
3 100 0.1 0.0001 to 10
0.001
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using standard roughness metrics, including amplitude parameters (Ra,
Rgq, Rk, Rpk, Rvk) and shape descriptors (Rsk, Rku). The trends observed
across the PC sweep reveal how different spectral configurations influ-
ence the geometry and statistical properties of the rough surfaces.

3.1.1. Dataset 1 — moderate resolution, coarse structures

Dataset 1 represents rough surfaces dominated by low-frequency
fluctuations with clearly defined peaks and valleys. The spectral reso-
lution is moderate (N = 30) and the relatively high spectral exponent (b
= 0.5) emphasizes large-scale features. This dataset is particularly suited
to evaluate how prominent topographical features scatter molecular
trajectories.

The amplitude-related surface roughness parameters (Ra, Rq, Rk,
Rpk, Rvk) increased approximately linearly with PC (see Fig. 6). In
contrast, the shape descriptors Rsk and Rku demonstrated nonlinear
behaviour, especially at low PC values, indicating enhanced asymmetry
and peak sharpness at small amplitudes.

3.1.2. Dataset 2 — high resolution, broad variability

In Dataset 2, the spectral resolution is increased to N = 50 and the
spectral exponent is reduced to b = 0.05. This configuration results in
surface profiles with weaker spectral decay and more uniformly
distributed spatial frequencies resembling a white noise texture. The
result is a high-frequency surface rich in fine structure and randomness.

Despite the increase in resolution, the amplitude parameters
continue to scale predictably with PC (see Fig. 7). However, Rsk and Rku
show greater sensitivity and fluctuation due to the fine-scale random-
ness becoming more pronounced at higher spatial resolution.

3.1.3. Dataset 3 — very high resolution, fine-scale features

Dataset 3 explores the limits of spectral resolution with N = 100 and
a moderate spectral exponent (b = 0.1), generating highly detailed
profiles with dense, fine-scale features. To isolate the influence of small
amplitude variations, PC values are constrained to a narrow range
(0.0001 - 0.001).

The increased resolution led to a denser distribution of surface ir-
regularities, which strongly affects molecular scattering even at minimal
vertical scaling. The effect of PC on all roughness parameters was less
pronounced in absolute terms (see Fig. 8).

3.2. Combined analysis across datasets

The synthetic surface roughness profiles described in Section 3.1
were incorporated into COMSOL Multiphysics simulations to assess their
influence on molecular transport through 2D labyrinth seal geometries.
For each profile, a matching channel geometry was constructed by
embedding the corresponding surface curve into both walls of the lab-
yrinth (see Fig. 1). Simulations were performed for a range of corridor
widths (W = 0.2 - 1 mm) and lengths (L = 1 — 10 mm), as summarized in
Table 2.

Each rough surface configuration was benchmarked against a
smooth-wall reference (Ra = 0), enabling quantitative evaluation of how
surface roughness impedes molecular flow. Across all datasets, an in-
crease in surface roughness (i.e., higher PC values) consistently resulted
in lower transmission probabilities (see Fig. 9). The smooth reference
surface exhibited the highest transmission probability across all
geometries.

The effects of roughness were modulated by both corridor length and
width (see Fig. 10):

e Corridor Length (L): Longer channels provided more opportunities
for molecule-wall interactions. This resulted in cumulative scattering
effects, especially for profiles with high spectral resolution. For these
cases, the transmission probability often exhibited exponential decay
with length.
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Fig. 5. Contour plots of transmission probability (TP) and average roughness (Ra) as functions of spectral parameters N and b for varying amplitude scaling (PC).
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e Corridor Width (W): In narrow geometries, molecular trajectories are demonstrated a reduced sensitivity, though the damping effect of
more frequently intercepted by rough walls, amplifying the effect of roughness remained evident.
surface irregularities. This led to steep, often nonlinear declines in
transmission probability even at moderate Ra values. Wider channels To systematically describe these dependencies, second-order
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Fig. 8. Surface roughness parameters as a function of PC (Dataset 3, N = 100, b = 0.1).

polynomial fits of transmission probability versus Ra were computed for
each (W, L) combination. The coefficients of these fits revealed clear
trends, highlighting how both the amplitude and spectral characteristics
of surface roughness affect flow resistance. These trends offer a foun-
dation for developing correction models or relationships to estimate TP
in rough microchannels.

3.3. Simulation-based correction model

Based on the extensive simulation results presented in Sections 3.1
and 3.2, a clear relationship was established between transmission
probability (TP), surface roughness characteristics, and labyrinth ge-
ometry. These insights formed the basis for developing a simulation-
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surface roughness.

based correction model that estimates TP in 2D labyrinth seals as a
function of surface roughness (quantified by Ra), and corridor geometry
(length L and width W).

3.3.1. Model structure

From the simulation data, transmission probability was found to
follow a smooth, nonlinear trend when plotted against Ra for fixed W
and L. This trend was best captured by following second-order poly-
nomial fit for calculating the corrected transmission probability (TP):

TP (Ra, W, L) = A(W,L) e Ra® + B(W,L)-Ra + C(W, L) (11)

where A(W, L), B(W, L), C(W, L) are polynomial coefficients dependent

on the geometric configuration and Ra is the arithmetic mean roughness
(in um). The coefficients were extracted from the simulation results by
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fitting curves to TP vs. Ra for each unique (W, L) combination. This
generated a 3D matrix of coefficients [A; j, B; j, C; ;] indexed by width
and length, enabling interpolation or surface fitting across arbitrary
geometries within the studied range. The complete set of fitted co-
efficients for all simulated W and L combinations is provided in the
supporting data (see Data Availability Statement), allowing it to directly
apply the correction model.

3.3.2. Model application

The developed correction model estimates the transmission proba-
bility (TP) of molecules through a labyrinth seal based on the surface
roughness parameters of the seal walls, eliminating the need for exten-
sive simulations. To apply the model:

. Determine the surface roughness Ra (e.g., from measurement or
simulation).

. Identify the target channel dimensions (W, L).

. Obtain the corresponding polynomial coefficients A(W, L), B(W, L)

and C(W, L) from the supporting dataset provided with this study

(see Data Availability Statement).

Calculate the transmission probability using the correction function

Eq. (11).

N

4.

This approach enables fast and flexible prediction of TP for design
evaluations, roughness tolerance analyses, or process sensitivity studies.
The model is especially valuable in the early stages of seal design, where
quick estimations are critical for parameter screening and trade-off as-
sessments. The correction function is valid within the range of param-
eters studied in the simulations:

e Surface roughness (Ra) up to approximately 13 pm
e Channel widths (W) of 0.2 — 1 mm
e Channel lengths (L) of 1 — 10 mm

Influence of Width on Transmission Probability
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Limitations should be noted when applying the model outside this
parameter space. At extreme values (very high roughness or ultra-
narrow channels) extrapolated predictions may diverge from actual
physical behaviour due to geometric confinement or surface interactions
not fully captured in the polynomial fit. Moreover, while the model
captures the influence of roughness amplitude, it does not explicitly
account for spectral characteristics (e.g., slope, spatial frequency),
which may further influence molecular scattering. Future improvements
could incorporate such features, for instance by introducing a spectral
weighting term based on the roughness exponent b, or by including
secondary metrics like the Rq/Ra ratio.

In summary, the model serves as a reliable and efficient tool for
estimating molecular flow performance in rough microchannels, with
potential for further extension to account for additional roughness de-
scriptors and more complex geometries.

3.3.3. Model validation with experimental data

To evaluate the predictive capability of the proposed correction
model, a comparison was made against experimentally measured
evaporative mass losses through two labyrinth seal configurations
exhibiting different surface roughness levels. These experiments, con-
ducted in prior work [5], assessed the sealing performance of various
labyrinth configurations during vacuum evaporation of a liquid
lubricant.

All labyrinth seals shared identical channel dimensions: length L =
10 mm and width W = 0.5 mm, ensuring that the only varying factor was
the surface roughness (see Table 4). For validation, an Ideal labyrinth
with zero surface roughness (Ra = 0 um) was introduced as a baseline
reference to which the transmission probability (TP) predictions from
the correction model were normalized (see Table 5). The experimental
configurations (Labyrinth 1 and Labyrinth 2) were characterized using a
Bruker Contour GTX 3D optical profilometer.

The model-predicted transmission probabilities (TP) for all three
seals were calculated using the correction function Eq. (11). These
values were then normalized relative to the Ideal labyrinth (Ra = 0 um)
to highlight the effect of roughness on molecular transport. To validate
the model’s predictive accuracy, the predicted TP ratios were then
compared against the experimental ratios of evaporative mass loss,
which serve as a physical proxy for relative transmission probability.
This comparison approach provides insight into both the model’s
theoretical consistency and its empirical relevance. The results are
summarized in Table 5.

These results confirm that the proposed correction model provides
reliable prediction of molecular transport through rough labyrinth ge-
ometries, with a relative error of 5.1 % in the tested range. The close
agreement demonstrates the robustness of the Ra-driven model structure
and supports its practical applicability in early design and tolerance
studies of microstructured channels under molecular flow.

Nonetheless, it should be noted that the correction model remains
simulation-based and may deviate when applied beyond the calibration
range (e.g., ultra-high Ra, channel widths below 0.2 mm, or non-

Table 4
Ideal and experimental conditions for labyrinth seal validation.
Category Parameter Value
Ideal labyrinth Length (L) 10 mm
Width (W) 0.5 mm
Evaporative mass loss -
Surface roughness Ra 0.00
Labyrinth 1 Length (L) 10 mm
Width (W) 0.5 mm
Evaporative mass loss 3.8 mg/h
Surface roughness Ra 0.13
Labyrinth 2 Length (L) 10 mm
Width (W) 0.5 mm
Evaporative mass loss 3.3 mg/h
Surface roughness Ra 3.88
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Table 5

Comparison of model-predicted and experimentally measured transmission
probability (TP) ratios for two labyrinth seals with different surface roughness
levels.

Ideal Labyrinth Labyrinth
Labyrinth 1 2
Model-predicted TP 0.2933 0.2924 0.2670
TP ratio (vs. Ideal Labyrinth) 1.0000 0.9968 0.9104
Measured evaporative loss - 3.8 mg/h 3.3 mg/h
Evaporative loss ratio (vs. Labyrinth - 1.0000 0.8684
D
Predicted TP ratio (vs. Labyrinth 1) - 1.0000 0.9131
Relative error (prediction vs. - 0.0 % 5.1 %
measurement)

uniform 3D roughness distributions). Additional experimental valida-
tion, including more diverse surface profiles and spectral characteriza-
tions, would further improve confidence in the model and enable
potential extensions.

4. Discussion

The simulation results demonstrated a consistent inverse relation-
ship between surface roughness and transmission probability (TP). As
the average roughness Ra increased, TP decreased across all straight
labyrinth configurations. This trend was especially pronounced in nar-
rower and longer channels, where increased confinement and extended
interaction paths led to a higher likelihood of molecule-wall collisions.
These findings highlight that even moderate increases in surface irreg-
ularity can result in measurable reductions in molecular flow.

All simulations were run under isothermal conditions with a constant
wall temperature without considering the thermal expansion of mate-
rial. Chemical interactions and surface reactions were excluded, and
material-dependent accommodation was not modeled. These assump-
tions isolate the effect of geometric roughness on transmission
probability.

The data exhibit a clear decreasing trend of TP as surface roughness
increases. A quadratic curve was fitted to the data to visualize the
general trend (see Fig. 11) for one set of labyrinth seal dimensions (W =
0.5 mm, L = 10 mm). The parabolic shape of the fitted curve confirms
that even moderate increases in roughness lead to non-linear reductions
in TP. Interestingly, the curve begins to flatten at higher roughness
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S ° Labyrinth gap
®
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Fig. 11. Transmission probability vs. surface roughness (W = 0.5 mm, L =
10 mm).



J. Pouzar et al.

levels, suggesting a saturation regime where further increases in
roughness cause diminishing effects on TP.

Labyrinth seal corridor width (W) and length (L) were shown to
modulate the effect of surface roughness non-linearly. Narrower chan-
nels amplified the influence of surface asperities by increasing the
probability of collisions per unit path length, while longer channels
introduced a cumulative scattering effect. This aligns with theoretical
expectations in the molecular flow regime [5,26,46], where the mean
free path exceeds the characteristic geometry, and the interactions of
molecules with the wall dominate the transport behaviour. The strength
of this geometric dependence justified the development of a
simulation-based correction model.

This second-order polynomial correction model successfully gener-
alized transmission probability across all datasets. Despite the variation
in spectral properties (e.g., different N and b values), the dominant in-
fluence on TP was clearly attributed to the amplitude of surface
roughness (Ra), rather than its spectral distribution. This allowed the
model to be simplified without compromising predictive power for most
practical configurations.

The model’s predictive performance was validated by comparison
with two experimental measurements of evaporative mass loss in pre-
viously tested labyrinth seals [5]. The correction model predicted TP
ratios with a relative error of 5.1 %, demonstrating high agreement with
physical observations. This confirms the model’s utility for estimating
molecular flow losses in seals with known surface roughness
characteristics.

In addition to its predictive capabilities, the simulation data revealed
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a valuable design implication: surface roughness can serve as a
compensatory parameter for geometric constraints in labyrinth seal
design. Specifically, increasing the average roughness amplitude (Ra)
allows for either a reduction in channel length or an increase in gap
width of approximately 35-40 %, while maintaining a constant trans-
mission probability (see Fig. 12). This finding underscores the potential
of controlled surface texturing as a strategic approach to reduce mo-
lecular flow losses, enhance design flexibility, and improve the
compactness and manufacturability of vacuum labyrinth seal systems.

Despite the model’s strengths, several limitations must be acknowl-
edged. The use of synthetically generated surface profiles may not fully
capture the statistical complexity, anisotropy, or localized defects pre-
sent in real-world machined or worn surfaces [17,37], potentially
limiting the model’s applicability to actual engineering conditions.
Additionally, the simulations are restricted to a two-dimensional (2D)
domain, which simplifies the inherently three-dimensional (3D) nature
of practical labyrinth geometries. Effects such as edge curvature,
cross-sectional variation, and out-of-plane confinement may alter mo-
lecular flow in ways not represented here.

The model also relies on the average roughness parameter (Ra) as a
scalar descriptor of surface morphology. While effective for capturing
broad trends in transmission probability, Ra omits higher-order surface
characteristics such as skewness, kurtosis, or peak-valley asymmetry,
which could influence flow behavior, particularly in more irregular or
asymmetric profiles. Furthermore, the model does not account for
temperature effects [1,4,47] or material specific gas-surface in-
teractions, such as adsorption, desorption, or energy accommodation,
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which may become significant in high-vacuum or reactive environments
and could affect the scattering dynamics of molecules [26,47,48].

Finally, as a simulation-based fitted model, its predictive accuracy is
constrained by the parameter space explored during its development.
Application beyond the validated spectral and geometric ranges may
introduce error, and caution is warranted when generalizing to untested
conditions. These limitations suggest directions for future refinement,
including incorporation of experimental surface data, extension to 3D
geometries, and consideration of advanced surface descriptors and
thermophysical effects.

5. Conclusion

This study systematically investigates the influence of surface
roughness on molecular flow through two-dimensional (2D) labyrinth
seals under ultra-high vacuum conditions. By integrating synthetic
rough surface profile generation with molecular flow simulations and
correction model development, it reveals a clear and consistent rela-
tionship between arithmetic mean roughness (Ra) and the transmission
probability (TP) of evaporated lubricant molecules. These findings
provide valuable insights for predicting evaporative mass loss and
optimizing seal performance.

The results demonstrate a strong inverse correlation between surface
roughness and transmission probability, characterized by a nonlinear,
saturating decline — most pronounced at lower roughness levels (up to
approximately Ra = 6.0 um). Geometric parameters such as channel
length and width significantly modulate this effect, with narrower and
longer seals intensifying flow resistance due to increased molecule-wall
interactions. To generalize these observations, a second-order poly-
nomial correction model based on Ra was developed (see Eq.(11)), of-
fering reliable TP predictions across a range of seal configurations.
providing reliable TP predictions across diverse seal configurations. The
model exhibited strong agreement with experimental data, maintaining
prediction errors within 5.1 % (see Table 5).

Importantly, the study reveals that increasing surface roughness by
an order of magnitude enables either a reduction in labyrinth seal
channel length or an increase in gap width by approximately 35-40 %,
while maintaining the same transmission probability (see Fig. 12). This
insight highlights the potential of controlled surface texturing to
improve design flexibility by allowing more compact or manufacturable
seal geometries without compromising molecular flow performance.

Key outcomes of this study are:

e Surface roughness impedes molecular flow, with increasing Ra

leading to decreased transmission probability.

The effect of roughness is nonlinear, showing greatest sensitivity up

to Ra =~ 6.0 um and saturating at higher levels.

o Seal geometry (length and width) strongly influences the impact of
roughness, particularly in narrow and elongated configurations.

e A second-order correction model based on Ra enables accurate,
simplified TP predictions across various geometries.

e The model’s predictions show strong agreement with experimental

results, confirming its practical utility in optimizing labyrinth seals

for vacuum applications.

Controlled surface roughness can be leveraged as a design parameter

to reduce seal length or increase gap width by up to 40 %, enhancing

compactness and manufacturability without loss of performance.
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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.

STATOR
(HOUSING)

EVAPORATED
MOLECULES

ol \ 3 | \
LABYRINTH
UBRICANT SEAL

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.

Outer labyrinth surface

Inner labyrinth surface

— Main pan

Lubricant reservoir

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.

- —

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.
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INLET OUTLET
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Figure 8. 2D labyrinth géomefry with surface roughness
profile modelled in COMSOL Multiphysics [1]

5.000 RPM
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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
>
.('/é) COMSOL 9.89 3.58 2.72
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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.

Classical Relief groove
b
Dead end

Circular arc

l

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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INNER
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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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