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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
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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

STATOR
(HOUSING)

e/ \
@Eﬂcm\w EVAPORATED

MOLECULES

e

Results in Engineering 28 (2025) 107905

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) “)
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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:
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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
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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

Results in Engineering 28 (2025) 107905

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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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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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-



J. Pouzar et al.

[ Ra=0.0 pm [ Ra=3.3 pm [[77]Ra=12.7 um

>
B

SRR
‘“‘::3:““

0s 06
9 03 04
L [mm] 0 02

W [mm]

Fig. 9. Transmission probability across labyrinth length and width for varying
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

Results in Engineering 28 (2025) 107905

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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Fig. 11. Transmission probability vs. surface roughness (W = 0.5 mm, L =
10 mm).
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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

Results in Engineering 28 (2025) 107905

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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