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LABYRINTH SEALS

= Sealing lubricant evaporation

= Preventing contamination

= Design for each assembly
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LITERATURE REVIEW

WELL ESTABLISHED

Liquid lubricants are essential for space mechanisms but volatile in vacuum

Vacuum evaporation is commonly estimated using Langmuir models
Labyrinth seals are a standard passive method to limit vapor migration

Molecular flow simulations are used to support seal design




LITERATURE REVIEW

PROBLEMATIC

Analytical evaporation models systematically overpredict mass loss

Vapor pressure data show large uncertainty and poor reproducibility
Labyrinth seal models rely on idealized, smooth geometries

Experimental validation under space-relevant conditions is limited

‘




LITERATURE REVIEW

= Time-resolved evaporation measurements under high and ultra-high vacuum

= Quantified influence of surface roughness on molecular transmission
= Combined validation of experiments, analytics, and simulations

= Simple, design-oriented correction models usable in early development




THESIS OBJECTIVES

1. Develop an experimental method for lubricant evaporation measurement

Assess the validity of analytical evaporation models

Evaluate labyrinth seal effectiveness under vacuum conditions

> @ N

Derive design-relevant insights for space mechanisms




THESIS OBJECTIVES

Geometry and surface roughness Refine analytical models of vacuum
optimization for labyrinth seals in J evaporation for liquid lubricants

space applications

Implement electrostatic fields Experimental and simulation
for contamination control evaluation of rotation dynamics




Geometry and surface roughness
optimization for labyrinth seals in 6

space applications

Implement electrostatic fields
for contamination control

ANALYTICS

» Derive governing relations
* Fit correction factors
» Design predictors

THESIS OBJECTIVES

Refine analytical models of vacuum
evaporation for liquid lubricants

control a
seal design for space
appl lons

Experimental and simulation
evaluation of rotation dynamics

SIMULATION
EXPERIMENT
* Molecular flow simulation
+ Experimental validation
* Roughness, rotation, etc.

Vacuum evaporation
Precise measurements
Static vs. dynamic setup
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SIMULATION

COMSOL MULTIPHYSICS

= Particle Tracing module
= Molecular flow module

MOLFLOW+ (CERN)
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QUESTIONS & HYPOTHESIS

Q1: How can existing analytical models for liquid lubricant evaporation in vacuum be corrected or refined using

high precision experimental evaporation data?

H1: Analytical evaporation models can be significantly improved using experimentally derived correction factors.
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QUESTIONS & HYPOTHESIS

Q2: What is the influence of internal geometry and surface structure of labyrinth seals on the transmission of

lubricant molecules under molecular flow conditions?

H2: Labyrinth seal geometry and surface roughness influence molecular transmission under vacuum conditions.

Standard Short Path Standard, narrow gap Standard, elbow

0.0000
(1) Labyrinth Seal | Ayjs of 20.0200 -~ - b= - . a- oo
Rotation B-0.0400 1 ----------------mmm-mm oo s
£ -0.0600 . L FRTE
§-0.0800 - oo T
_s Rotating B:0.1000 --nomoen sty e -'_._-‘IZVQ?B%S-Q .
§ Pt §:g::iﬁg RN = ——Nyo 2001A |
d S -0.1600
Z JII SIS MBS s i e R e

& .;2]..Equivolenf Sedl . Cell Type
N s

I 1.5F
(3) Equivalent Duct

Smooth channel

[ Rough-surfaced
channel

e

0.80 0.85 0.90 0.95 1.00
Diffuse fraction &




QUESTIONS & HYPOTHESIS

Q3: How does rotational motion of labyrinth seal components influence the molecular transport of evaporated

lubricants under vacuum conditions?

H3: Surface rotation in labyrinth seals alters molecular trajectories and reduces transmission probability.

REMOVEABLE CAP DEFINED ANNULAR

FOR HANDLING GAP GEOMETRY
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e There is no evidence from the literature that
rotation is required to simulate the labyrinth seal
action. This is also true considering molecular flow v
conditions. Therefore for simplicity, and as used
by previous experimental studies, a static
configuration was used.




QUESTIONS & HYPOTHESIS

Q4: Can externally applied electrostatic fields be used to influence molecular transport through labyrinth seals

and reduce lubricant evaporation in vacuum environments?

H4: Electrostatic fields can actively influence molecular transport and reduce lubricant evaporation in vacuum.
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QUESTIONS & HYPOTHESIS

Q1: How can existing analytical models for liquid lubricant evaporation in vacuum be corrected or refined using

high precision experimental evaporation data?

H1: Analytical evaporation models can be significantly improved using experimentally derived correction factors.

Q2: What is the influence of internal geometry and surface structure of labyrinth seals on the transmission of

lubricant molecules under molecular flow conditions?

H2: Labyrinth seal geometry and surface roughness influence molecular transmission under vacuum conditions.

Q3: How does rotational motion of labyrinth seal components influence the molecular transport of evaporated

lubricants under vacuum conditions?

H3: Surface rotation in labyrinth seals alters molecular trajectories and reduces transmission probability.

Q4: Can externally applied electrostatic fields be used to influence molecular transport through labyrinth seals

and reduce lubricant evaporation in vacuum environments?

H4: Electrostatic fields can actively influence molecular transport and reduce lubricant evaporation in vacuum.
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EVAPORATION TEST RIG (ETR) ' " ” EVAPORATION ~ e
MEASUREMENT

Primary scale beam Counterweights

Sharp wedge

Stabilizers

oo =\ ' Evaporation Test Rig (ETR) I

Weighing pan

Vacuum chamber, High accuracy

o Pointer

Reference plate

f . .
' . — Proximity sensor
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Parameter

Dimensions (W, H, D) 220x125x200 mm
Operating temperatures -100 =150 °C
Sample weight 1-100¢g

Weihin precision +0.04 mg




Lubricant name

Lubricant type

Kinematic viscosity (20°C)

Vapour pressure (mbar)

Molecular weight (g/mol)
Density (g/cm3)

NYE OIL 2001

MAC
305 cSt

1.00e-8 (20°C)
2.33e-8 (38°C)
5.70e-7 (100°C)

910
0.84

FOMBLIN Y LVAC 25/6

PFPE
276 cSt

7.98e-8 (25°C)
7.98e-5 (100°C)

3300
1.0

EVAPORATION
MEASU REMENT

Liquid lubricant selection
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NYE OIL 2001 (104°C)
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Evaporation loss (mg)
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Time (min) .
" Fomblin Y LVAC 25/6 (20°C)
Theory
“on 20 b m==Measured )
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0 ‘m i = gm
0 100 200 300 400 500 Experiment vs. Predictions

Time (min)

Lubricant NYE OIL 2001 FOMBLIN Y LVAC 25/6
Operating temp. 104 °C 20 °C

Theory (mg/h) 13.0 3.0
Measured (mg/h) 3.2 0.9




Modified Langmuir Model

= —0.044 P,(T) |—=

dme,qp 1 M
1t __0'044EPS(T) T

Lubricant Correction factor o (-)

NYE OIL 2001 41+0.3

FOMBLIN Y LVAC 25/6 3.2+0.7

EVAPORATION

MEASUREMENT

Correction factors
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LABYRINTH SEAL
~ OPTIMIZATION ‘
Overall geometry

' Length, Width, Complexity




Outer labyrinth surface
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Lubricant reservoir
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LABYRINTH SEAL
~ OPTIMIZATION

Geometrical modifications




Classical Relief groove

Circular arc Dead end

Corner geometry Characteristic parameter  Loss reduction

Classical — —
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LABYRINTH SEAL
~ OPTIMIZATION

Geometrical modifications
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= influence
0.11 k Experiment 3.8 mg/h 3.3 mg/h - 13.2%

- Simulation 3.5 mg/h 3.1 mg/h -11.4 %
0 14

R, [pm]

1. Determine the surface roughness Ra
2. ldentify the channel dimensions (W, L)
3. Obtain polynomial coefficients A, By, C,,

4. Calculate corrected transmission probability (TP_,,,)
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LABYRINTH SEAL
PTIMIZATION
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LABYRINTH SEAL
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Labyrinth seal (straight)

Lubricant reservoir
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Lubricant Type
Fomblin YLVAC  Perfluoropolyether (PFPE)

Nye 2001 Multiply-alkylated cyclopentane (MAC)
EMIM-TFSI Tonic liquud (IL1)
OMIM-TEFSI Tonic liquid (IL2)

|

h Mass loss [mg/h] Electrostatic
< Y 50V influence
!; PFPE 0.361 0.343 ~5.0%
(o) MAC 0.085 0.087 +2.0%
E IL1 0.055 0.053 _27%
(& 1.2 0.040 0.037 _7.4%
il

- |

1]
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LABYRINTH SEAL
'OPTIMIZATION

- R'o»tat}ional influence
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Rotational influence on labyrinth seal transmission probability

y = 3E-21x° - 9E-17x* + 9E-13x3 - 4E-09x? - 4E-06x
+0,1516

0 1000 2000 3000 4000

5000 6000 7000 10000

Rotation per minute (rpm)

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 %




" LABYRINTH SEAL
~ OPTIMIZATION
Overall geometry
' Length, Width, Complexity

| Ge;:metﬁcal modifications
. Sﬁrféce topography
' -Ellectro-st‘atvic influence

LI¥ R’otat}ional influence




iy 'CONCLUSION R

‘Ahal-yt'-i_;c»:él Ev‘apofatidn‘ »mb-dels require experimental calibration

: !Simu.lati'qn'aligh W|th experiments for complex seals

"Ste'ppe'd,.seél’_s""providé best sealing

"Mole'c'ular beamihg increases oil loss
Rou'gh_ness affects transmission probability

: Local modifications boost efficiency
 Electrostatic field mildly affect ILs and PFPE

- Rotation influences transmission probability



PUBLICATIONS

POUZAR, J., KOSTAL, D., SPERKA, P., KRUPKA, I., HARTL, M. Experimental study
of space lubricant evaporation in a high vacuum environment. Vacuum, 2024, 219(A),
112758. ISSN 0042-207X. https://doi.org/10.1016/j.vacuum.2023.112758

POUZAR, J., KOSTAL, D., WESTERBERG, L. G., NYBERG, E., KRUPKA, I.
Labyrinth seal design for space applications. Vacuum, 2025, 232, 113882. ISSN 0042-
207X. https://doi.0rg/10.1016/j.vacuum.20?4.113882. ! |

POUZAR, J., KOSTAL, D., WESTERBERG, L. G., NYBERG, E., POLACEK, T,
JURIK, K., KRUPKA, 1. Influence of surface roughness on molecular flow throuiﬁ
, 28, 107905. ISSN

-

[

labyrinth seals for space applications. Results in Engineering, 2025
2590-1230. https://doi.org/10.1016/j.rineng.2025.107905 -
T -

POUZAR J., KOSTAL D., WESTERBERG L.G., KRUPKA I. Labyrinth seal design for
enhanced sealing of evaporated lubricant molecules in space mechanisms. 21st
European Space Mechanisms and Tribology Symposium (ESMATS), 2025.
https://www.esmats.eu/esmatspapers/pastpapers/pdfs/2025/pouzar.Wf



CONFERENCES

9th International Tribology Conference, Fukuoka 2023, Japan
49th Leeds Lyon Symposium on Tribology, Lyon 2024, France

21st European Space Mechanisms and Tribology Symposium
(ESMATS), Lausanne 2025, Switzerland

|

INTERNSHIPS Shy e

04/2023 - Lulea University of Technology - W S,
L - * b
Lulea, Sweden

05/2024 - STFC ASTeC, Daresbury Laboratory

Daresbury, United Kingdom y



'~ 3U Cubesaft;ﬁjission T R e e T AT
‘ --*_ln:itiaft'_i‘\ié““qﬁ’ .C‘zec_h_" A“e_rd.spa'cé"_Research' Center,
~ Spacemanic CZ, Brno Observatory |

. BUT is developing 1U structure to host two

| gxperiméhts - Labyr"i»htth seals in 0.5U

Launch planned for end-2026 (HSO, 500km)




Laser diode
Photodiode

Vacuum exit

Lubricant reservoir

Labyrinth seal







THANK YOU FOR YOUR ATTENTION

Josef Pouzar

This work was supported through the Open Space Innovation Platform under a Co- Sponsored Research Agreement funded
‘by the European Space Agency (Contract \[e} 4000139889)

UNIVERSITY INSTITUTE OF MACHINE
OF TECHNOLOGY AND INDUSTRIAL DESIGN




