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A B S T R A C T

Externally pressurized porous thrust bearings can be used for simultaneous sealing and bearing functions.
Performance characterizing metrics of aerostatic seals include load capacity, stiffness, air consumption and
leakage. Gas flow in porous aerostatic bearings and seals can be modeled using modified Reynolds equation,
where a porous feeding term is included. In this paper, a non-dimensional analytical solution for the pressure
distribution is proposed for annular thrust seals with assumption of one-dimensional restrictor flow. It is shown,
that the analytic solution is equivalent to a numerical solution with two-dimensional restrictor flow on the most
significant performance metrics under static conditions. The theoretical results are validated by experiments
with two 64 mm diameter aerostatic graphite seals, demonstrating the accuracy of the proposed models.

1. Introduction

Non-contact sealing is common in high-speed machinery and preci-
sion applications, where minimal friction in the seal is desirable. Due to
the inherent gap in non-contact seals, some leakage exists through the
seal gap. This leakage can be mitigated, for example, by introducing
a sealing gas supply to the gap, as is done in aerostatic seals. The
sealing gas can be any gas, such as air or an inert gas, which is used in
processes where the introduction of oxygen is undesirable. The sealing
gas inhibits flow from the high-pressure side to the low-pressure side of
the seal by introducing a even higher pressure region into the seal gap.
Consequently, a portion of the sealing gas leaks to the high pressure
side and to the ambient.

Porous annular thrust seals with additively manufactured restrictors
for turbomachinery have been investigated by Schoar et al. [1–4].
Stainless steel restrictors with varying permeability were manufac-
tured and investigated numerically and experimentally. The seal was
preloaded against the guide surface with the supply pressure of the seal,
and the seal air gap pressure was measured with multiple holes in the
guide surface.

Aerostatically sealed volumes as load generating machine elements
under dynamic conditions have been investigated experimentally by
the authors [5]. Only the total load capacity, air consumption, and
friction was investigated, omitting measurements of the seal air gap
height. Further, static performance of annular thrust seals and circular
thrust bearings was experimentally and numerically investigated [6].
Numerical model with uni-axial restrictor flow was used and the results
were published in dimensional form, limiting the applicability of the
results.

∗ Corresponding author.
E-mail address: mikael.miettinen@aalto.fi (M. Miettinen).

In addition to research on aerostatic seals, aerostatic bearing re-
search is relevant due to the similarities in materials, designs, and
operation. In particular, studies on annular thrust bearings and studies
on restrictor materials and modeling hold high relevance to annular
seals, as the main difference between seals and bearings is the existence
of a pressure differences across a seal. A multitude of theoretical and
experimental studies on porous annular thrust bearings have been
conducted, for example, in [7–10].

The permeability of the porous restrictor is a key parameter in-
fluencing the performance of an aerostatic porous seal or a bearing.
Typically, the porous restrictor has been modeled with Darcy’s law [11,
12]. Numerous studies have made comparisons of linear and non-
linear Darcy’s law for modeling of the restrictor with numerical 1D
and 3D models, including experimental validations with various bear-
ing geometries [13–17]. More recently, elaborate permeability models
for modeling of the flow through the porous restrictor have been
proposed [18–23]. Additionally, partially porous rectangular and ax-
isymmetric bearings have been numerically analyzed [24,25]. Further,
the crash resilience of the restrictor materials and design has been
investigated from reliability [26] and performance [27] perspectives.

Phenomena at the interface between the porous restrictor and the
flow in the air gap has been investigated in multiple studies. The
existence of a slip condition at the boundary of a narrow channel and
a porous wall, i.e., the air gap and restrictor of aerostatic seal or a
bearing, was identified and investigated by [28–33]. Further, dynamic
squeeze film effects of annular porous surfaces, as in annular thrust
bearings have been investigated [34,35]. More recently, the effect of
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the slip on the performance of thrust and journal bearings has been
investigated experimentally and numerically [16,36].

Analytical solutions for aerostatic bearings with some particular
geometries have been derived by, for example, Constantinescu [37],
Sun [38], Murti [39], Murti [40] and Sun [41]. The geometries include
axis-symmetric circular and annular thrust, conical, spherical and in-
finitely long rectangular bearings. These solutions have been shown to
provide reasonable accuracy under static conditions by experimental
validation [11]. However, similar analytical solutions for aerostatic
seals have not yet been presented.

In this paper, it is shown, that an exact analytical solution exists
for the modified Reynolds equation for annular aerostatic seals. The
analytical solution requires the assumption of purely vertical flow in the
porous restrictor. However, the slip coefficient of Goldstein and Braun
[29] and Beavers et al. [28] can be applied. The analytical solution is
compared to experiments and a numerical model with two dimensional
flow in the restrictor.

Furthermore, the static performance of aerostatic axis-symmetric
seals is investigated. The results are presented in non-dimensional form.
A seal specific normalization is used, relating the performance param-
eters to the area of the porous restrictor. The proposed normalization
better decouples the results from the variation of the ratio of the inner
and outer radius of the seal.

The authors claim the following original contributions:

1. Closed-form solution for pressure distribution in a porous annu-
lar aerostatic face seal including slip effects.

2. Numerical model of pressure distribution of a porous annular
aerostatic thrust seal including slip effects and feed geometry.

3. A proposal for normalization scheme for porous aerostatic seals.
4. Simulation study of seal performance based on the derived an-
alytical solution and numerical model of static performance of
aerostatic annular thrust seals with experimental verification of
the theoretical results.

This paper is structured as follows: theoretical model of the aero-
static seal is introduced in Section 2, the experimental setup and
procedure are described in Section 3, the theoretical and experimental
results are presented and discussed in Section 4, and finally, some
conclusions are drawn in Section 5.

2. Seal model

The investigated axisymmetric annular seal was modeled analyti-
cally and numerically. A cross-section of the investigated seal is pre-
sented in Fig. 1. Analytical models considered one dimensional flow in
the air gap and restrictor, while the numerical model considered two
dimensional flow in the restrictor and one dimensional flow in the air
gap.

The domains of the analytical and numerical models are presented
in 2. The flow in the air gap of both solutions is modeled with the
Reynolds equation. In the analytical solution, the flow in the porous
restrictor is assumed one dimensional, i.e., purely vertical. In the nu-
merical model with slip at the restrictor-gap interface, two dimensional
flow in the restrictor is assumed. Thus, the effect of the position and
width of the supply grooves is be included in the numerical model,
while the analytical model assumes that the whole top surface of the
restrictor is subjected to the supply pressure. Additionally, back flow
into the restrictor from the air gap is possible in both models, as
increasing chamber pressure to higher than the supply pressure leads
to reversal of the flow direction.

Fig. 1. Features and main dimensions of investigated seal.

Fig. 2. Domain and boundary conditions of analytical model (a) and numerical model
(b). ℎ is height of air gap, ℎp is height of porous restrictor, 𝑝 is pressure at boundary and
𝑟 is radius with indices: s supply, a ambient and c chamber. Flow in porous restrictor
is purely vertical in analytical model and two dimensional in numerical model.

2.1. Nondimensional parameters

Normalization of the design parameters allows generalization of
the problem and simplifies analysis by reducing the number of design
parameters. Commonly, in research of aerostatic bearings and seals, the
variables are nondimensionalized according to the ambient conditions.
Thus, dimensionless variables are used in this study. The variables are
normalized in relation to the conditions at the exit to the ambient
at the outer radius of the seal and the surface area of the seal face.
Dimensionless variables are represented with upper case symbols while
dimensional variables are represented with lower case symbols, with
the exception of the dimensionless porous feeding number 𝛽.

Pressures are normalized in relation to the ambient pressure 𝑝a.
Radial lengths are normalized in relation to the outer radius of the seal
𝑟a. Vertical lengths in the air gap are normalized in relation to the air
gap height ℎ at the outer radius, and in the restrictor in relation to the
height of the restrictor ℎp at the outer radius. However, in the present
study, both of these heights are uniform, i.e., nondimensional heights
𝐻 , 𝐻p are equal to 1. Additionally, the commonly used porous feeding
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number 𝛽 is used for the nondimensionalization of the permeability
effects of the porous restrictor [8,37]. Load capacity, static stiffness and
flow rates are nondimensionalized in relation to the seal surface area
𝐴 = 𝜋(𝑟a2 − 𝑟c2). The nondimensionalizations used in the present study
are as follows:
𝑹 = 𝒓

𝑟a

𝑷 (𝑅) =
𝒑(𝑟)
𝑝a

𝛽 =
6𝜅𝑟a2

ℎpℎ3

𝑊 = 𝑤
𝜋
(

𝑟a2 − 𝑟c2
)

𝑝a

𝐾 = 𝑘ℎ
𝜋
(

𝑟a2 − 𝑟c2
)

𝑝a

𝑴̇(𝑅) =
𝒎̇(𝑟)𝜇ℎp

𝜋
(

𝑟a2 − 𝑟c2
)

𝝆𝑘𝑝a

(1)

where 𝑹 and 𝒓 are radial positions, 𝑷 (𝑅) and 𝒑(𝑟) are pressure in the
air gap, 𝑊 and 𝑤 are load capacity, 𝐾 and 𝑘 are static stiffness, 𝑴̇(𝑅)
and 𝒎̇(𝑟) are mass flows. Seal supply 𝑀̇s, chamber 𝑀̇c and ambient 𝑀̇a
mass flows, were nondimensionalized in the same way for the sake of
comparability of the flow rates.

The nondimensional performance parameters were calculated as
follows: Load capacity of a seal can be numerically integrated from the
pressure distribution in the air gap:

𝑊 = ∫

𝑅a

𝑅c

𝑷 d𝑅. (2)

Static stiffness of a seal is:

𝐾 = 𝜕𝑊
𝜕ℎ

ℎ. (3)

Mass flow in the air gap is:

𝑴̇(𝑅) = 𝑹
2𝛽

𝜕𝑷 2

𝜕𝑅
. (4)

Thus, the mass flows 𝑀̇s from the seal supply, 𝑀̇c into the chamber,
and 𝑀̇a into the ambient are:

𝑀̇c = 𝑴̇(𝑅c)

𝑀̇a = 𝑴̇(𝑅a)

𝑀̇s = 𝑀̇c + 𝑀̇a

(5)

2.2. Governing equations

The fluid flow in a porous restrictor of an aerostatic seal or bearing
is commonly described using the Darcy’s law [12,42]. The Darcy’s
equation relates the flow rate in a porous material to the permeability
of the material. Substituting the flow rate into the continuity equation,
following equation for the pressure 𝑷 p in the porous restrictor under
static and isothermal conditions is obtained [8]:

∇2𝑷 p
2 = 0. (6)

where 𝑷 p is the nondimensional pressure in the porous restrictor. The
permeability of the restrictor, 𝜅 is assumed constant, and thus can be
included in the porous feeding parameter 𝛽, which is included in the
equation for the air gap domain.

Modified Reynolds equation for porous aerostatic bearings and seal,
in dimensionless form [9,11,37,43]:

𝛁 ⋅
(

(1 +𝛷)𝑷𝐻3𝛁𝑷
)

= 𝛽
𝜕𝑷 p

2

𝜕𝑍

|

|

|

|

|

|𝑍=0

(7)

where

𝛷 = 3𝑆𝐻 + 6𝛼2𝑆2

𝐻
(

𝑆2 +𝐻
)

𝑆 =

√

𝜅
𝛼ℎa

(8)

In which 𝛽 is dimensionless porous feeding parameter that is dependent
on the permeability of the porous material 𝜅, outer radius of the seal
𝑟a, thickness of the porous material ℎp, and air gap height at the
ambient ℎa. 𝛷 is a dimensionless parameter accounting for slip at the
porous surface, that utilizes the dimensionless slip parameter 𝑆 defined
by Goldstein and Braun [29]. 𝛼 is a material specific slip coefficient.
Slip coefficient 𝛼 of 0.1 was used in the present study, as has been
previously used with graphite restrictors of similar permeability [8,9].
The slip coefficient is an experimentally determined coefficient and its
quantification is tedious. Selection of different slip parameters have
been compared by Luong et al. [16].

2.3. Analytical solution

Analytical solutions have been presented for some primitive bearing
geometries with appropriate assumptions, such as an axisymmetric
and infinitely long rectangular bearings [11,37]. Analytical solutions
require further simplifications to the flow in the porous restrictor. The
analytical solution presented in this research assumes unidirectional
flow in 𝑧-direction in the porous restrictor, as the thickness of the
porous material is commonly small compared to its width, the pressure
gradient in the porous feeding term simplifies to:

𝜕𝑷 p
2

𝜕𝑍

|

|

|

|

|

|𝑍=0

= −
(

𝑃s
2 − 𝑷 2) (9)

With assumptions of uniform gap height (ℎ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, thus 𝐻 = 1) and
substituting 𝜫 = 𝑷 2, Eq. (7) reduces to [11]:

(1 +𝛷)∇2𝜫 = −2𝛽(𝑃s
2 −𝜫) (10)

Written in cylindrical coordinates:

1
𝑹

𝜕
𝜕𝑅

(

𝑹 𝜕𝜫
𝜕𝑅

)

= −
2𝛽

1 +𝛷
(𝑃s

2 −𝜫). (11)

Which is a zero-order Bessel differential equation. Thus, its has a
solution in the form [37]:

𝜫(𝑅) = 𝐶1𝐼0

(
√

2𝛽
1 +𝛷

𝑹

)

+ 𝐶2𝐾0

(
√

2𝛽
1 +𝛷

𝑹

)

, (12)

where 𝐼0 and 𝐾0 are modified Bessel functions of the first and the
second kind, respectively. The integration coefficients 𝐶1 and 𝐶2 can
be solved from the boundary conditions:

𝑷 (𝑅c) = 𝑃c

𝑷 (𝑅a) = 𝑃a
(13)

where 𝑃c is the chamber pressure and 𝑃a is the ambient pressure. Thus,
a closed form solution to the pressure distribution in an annular seal
including slip effects is:

𝑷 (𝑅) =
√

𝑃s
2 − 𝐶1𝐼0(𝛽s𝑹) + 𝐶2𝐾0(𝛽s𝑹), (14)

𝛽s is porous feeding term 𝛽 adjusted with the slip factor 𝛷. The
coefficients 𝐶1, 𝐶2 and 𝛽s are

𝐶1 =

(

𝑃s
2 − 𝑃c

2) 𝐼0(𝛽s𝑅a) +
(

𝑃a
2 − 𝑃s

2) 𝐼0(𝛽s𝑅c)
𝐼0(𝛽s𝑅c)𝐾0(𝛽s𝑅a) −𝐾0(𝛽s𝑅c)𝐼0(𝛽s𝑅a)

𝐶2 =

(

𝑃c
2 − 𝑃s

2)𝐾0(𝛽s𝑅a) +
(

𝑃s
2 − 𝑃a

2)𝐾0(𝛽s𝑅c)
𝐾0(𝛽s𝑅c)𝐼0(𝛽s𝑅a) − 𝐼0(𝛽s𝑅c)𝐾0(𝛽s𝑅a)

𝛽s =

√

2𝛽
(1 +𝛷)

.

(15)

2.4. Numerical solution

A numerical solution including the slip effects and two dimensional
flow in the porous restrictor is presented. The pressure in the porous
restrictor and the pressure in the air gap are solved with a finite
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Fig. 3. Discretization of the domain of the investigated aerostatic seal. The mesh
consist of 𝑁R ×𝑁Z nodes. A five-point stencil was used in the discretization. Boundary
conditions are included into the nodes at the outer edges of the restrictor and at the
inner and outer radius of the air gap.

difference method. The discretization of the domain is presented in
Fig. 3.

Eq. (6) for pressure distribution in the porous restrictor, transformed
into cylindrical coordinates:

1
𝑹

𝜕
𝜕𝑅

(

𝑹
𝜕𝑷 p

2

𝜕𝑅

)

+
𝜕2𝑷 p

2

𝜕𝑍2
= 0 (16)

Eq. (7) for air gap in cylindrical coordinates:

1
𝑹

𝜕
𝜕𝑅

(

(1 +𝛷)𝑹𝐻3 𝜕𝑷 2

𝜕𝑅

)

= 2𝛽
𝜕𝑷 p

2

𝜕𝑍

|

|

|

|

|

|𝑍=0

(17)

Boundary conditions for the supply grooves of the porous restrictor are

𝑷 p(𝑅groove, 1) = 𝑃s, (18)

and boundary conditions for the walls of the porous restrictor are
𝜕
𝜕𝑅

𝑷 p(𝑅wall, 1) = 0 𝜕
𝜕𝑅

𝑷 p(𝑅c, 𝑍) = 0 𝜕
𝜕𝑅

𝑷 p(𝑅a, 𝑍) = 0. (19)

Substituting 𝑃 2
𝑖,𝑗 = 𝛱𝑖,𝑗 into Eq. (17) and applying the boundary

conditions, the discretization for the porous domain (𝑗 > 0) is
(𝑅𝑖,𝑗 + 𝑅𝑖−1,𝑗 )𝛱𝑖−1,𝑗 − (𝑅𝑖+1,𝑗 + 2𝑅𝑖,𝑗 + 𝑅𝑖−1,𝑗 )𝛱𝑖,𝑗 + (𝑅𝑖,𝑗+𝑖+1,𝑗 )𝛱𝑖+1,𝑗

2𝑅𝑖,𝑗𝛥𝑅2

+
𝛱𝑖,𝑗−1 + 2𝛱𝑖,𝑗 +𝛱𝑖,𝑗+1

2𝛥𝑍2
= 𝐹𝑖,𝑗 (20)

and the discretization for the air gap domain (𝑗 = 0) is

(1 +𝛷)𝐻3

(𝑅𝑖,1 + 𝑅𝑖−1,1)𝛱𝑖−1,1 − (𝑅𝑖+1,1 + 2𝑅𝑖,1 + 𝑅𝑖−1,1)𝛱𝑖,1 + (𝑅𝑖,1 + 𝑅𝑖+1,1)𝛱𝑖+1,1

4𝑅𝑖,1𝛥𝑅2

− 𝛽
𝛱𝑖,1 −𝛱𝑖,2

𝛥𝑍
= 𝐹𝑖,1 (21)

The discretized equation is solved for 𝜫 , giving the pressure distribu-
tion in the seal gap and in the restrictor.

3. Experiment

The results of the model were verified with experiments. Two annu-
lar thrust seals with graphite restrictors were used in the investigations.
The permeability of the restrictor was measured with the short circuit
flow method [12]. Substituting ideal gas law into the Darcy’s law, an
expression for permeability 𝜅 of the restrictor is obtained:

𝜅 =
2𝜇ℎp𝑝s𝑞s

𝜋(𝑟a2 − 𝑟c2)(𝑝s2 − 𝑝a2)
, (22)

where 𝜇 is the dynamic viscosity of air, 𝑞s is the supply flow rate, ℎp is
the height of the restrictor, 𝑟c and glsr2 are inner and outer radius of
the restrictor, 𝑝s is the supply pressure and 𝑝a is the ambient pressure.

Fig. 4. Measurement setup.

The experimental setup (Fig. 4) has been developed in previous
research by the authors [6,44]. In the present study, the experimental
setup was further improved by integrating the air gap height sensor
holder into the body of the seal and by reducing the deformations of
the seal with increased stiffness and including an intermediate load
spreader. This shortens the measurement loop by removing the separate
sensor holder component, reducing potential sources of uncertainty.
The investigated seal was loaded through a spherical joint to miti-
gate influence of tilting moment on the performance of the seal. A
spherical joint was considered sufficient as the loading mechanism was
constrained to a single degree of freedom motion with a parallel spring
guide. A disk supported from its edge was used to transfer the external
point load exerted on the ball socket onto a larger diameter. The load
spreader reduces the deformation of the seal body under load, resulting
in a more uniform air gap height in radial direction.

The air gap height and the tilt of the seal was measured with
three capacitive sensors positioned at equidistant spacing on a 77mm
diameter circle. The condition with no air supply was used as the
reference for zero gap height and tilt. The gap height is an average
of the three sensor readings. The tilt is calculated with trigonometry
from the three sensor readings.

The measurement components of the experimental setup are pre-
sented in Fig. 5. Micro-Epsilon CSH02 capacitive sensors were used
for the gap height measurement. The air gap pressure was measured
with pressure sensors embedded into the guide surface of the seal. The
diameter of the pressure measurement hole was 0.1mm. SMC PSE540A
sensors were used to measure the pressure in the gap, the supply
grooves, and the chamber of the seal. The guide surface was displaced
step-wise under the seal to measure the radial pressure distribution.
Seal supply flow rate was measured with SMC PF2M705 sensor and
chamber flow rate was measured with two SMC PF2M705 sensors in
opposing directions in order to measure flows in both directions. A step-
per motor and a lead screw were used to move the guide surface, and a
Heidenhain MT-25 length gauge was used to measure the displacement.
A 10 kN HBM U2B force sensor was used to measure the load exerted
on the seal. More detailed information on the measurement setup has
been published in the previous research [6].
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Fig. 5. Investigated seal in the measurement setup. Air gap pressure was measured with pressure sensors embedded in the guide surface that are connected to the air gap with a
small hole. Seal supply pressure and chamber pressure were measured directly with sensors connected to the seal body.

Fig. 6. Short circuit supply flow rate 𝑞s of the investigated seals, i.e., flow rate with
infinite gap height. Permeability 𝜅 of seal 1 was 9.65 × 10−16 m2 and permeability of
seal 2 was 5.36 × 10−16 m2, obtained with Eq. (22) from short circuit flow rate with
0.6MPa seal supply pressure 𝑝s.

4. Results and discussion

4.1. Seal permeability

The permeabilities of the investigated seals were determined from
measurements of short circuit flow, i.e., flow into ambient without a
gap restriction. Fig. 6 presents the measured short circuit flow. Analyt-
ical and numerical model fits are shown in addition to the measurement
results. The measured permeability of seal 1 was 9.65 × 10−16 m2 and
permeability of seal 2 was 5.36×10−16 m2. Measurement with two seals
with restrictors of distinct permeabilities is useful for confirming the
validity of the nondimensionalization, as the nondimensional perfor-
mances should be the same despite the difference in the permeability
of the seals. The measured permeabilities were used in the modeling
and in the nondimensialization of the experimental results.

4.2. Experimental validation

Fig. 7 presents a sample of the dimensional measurement results
with results of the analytical model. The set points of the load, supply
pressure and the chamber pressure were the same for measurements
of both investigated seals. The analytical results, represented with red
(seal 1) and blue (seal 2) lines, are with the same mean load as the
corresponding measurement. In the measurements, the guide surface
with the embedded air gap pressure was displaced step wise from the
inner radius to the outer radius of the seal. At each radial position, the

measurement consisted of 2000 samples. The mean values with error
bars representing the standard deviation are presented.

Fig. 7 shows that the displacement of the guide surface has minimal
effects on the load (a), stiffness (b), gap height (c), tilt (d) and flows
(e), and pressures (f), validating the feasibility of the measurement
method with movable guide surface. The tilting of the seal during
the measurements was minimal, signifying that the experimental setup
introduced minimal moment loads on the seal, and further highlighting
the feasibility of the movable guide surface as part of the experimental
setup. Tilting of the seal was not included in the model, as uniform gap
height was assumed, thus only experimental tilt is presented in (d).

The results presented in Fig. 7 highlight the effect of the perme-
ability on the performance of the seal. The load 𝑤 (a) and the radial
pressure profile in the air gap 𝒑 (f) were very similar for both seals, as
the set point of the load was the same in both measurements. However,
the larger permeability of seal 1 (blue) results in higher flow (e), gap
height (c), and lower stiffness (b) than those of the seal with smaller
permeability of seal 2 (red).

In addition to measurements in spatial domain (radial position),
time domain measurements were made to investigate the stability of
the seal. Fig. 8 presents the vibration amplitudes in rigid body tilting
mode of the seal. Fig. 8(a) presents the spectra of the seal tilt with
the peak amplitude at the natural frequency of the seal tilt highlighted
with a red line. The seal load-gap relation, presented in Fig. 8(d), shows
that the experimental results follow theory in the load range of approx-
imately 0.8 kN to 1.2 kN with supply pressure 𝑝s of 0.4MPa and chamber
pressure 𝑝c of 0.6MPa. At lower loads the seal becomes unstable, while
at higher loads the seal contacts the guide surface. At high loads, where
the air gap collapses, vibration occurs at 155Hz. At low loads, the
vibration occurs at approximately 100Hz. Further, increased vibration
amplitudes are visible at loads smaller than 0.65 kN. The highlighted
peak amplitude at the first natural frequency is additionally presented
in (b). The bearing contacts the guide surface at loads larger than
1.2 kN, resulting in the mean tilt (c) and gap height (d) diminishing to
zero while the tilt amplitude at the natural frequency slightly increases.

4.3. Effect of supply and chamber pressures

Fig. 9 presents the experimental and theoretical pressure in the air
gap at supply pressures 𝑃s of 2.97, 4.95 and 6.92 and chamber pressures
𝑃c of 1, 2.97, 4.95 and 6.92. Theoretical results include analytical and
numerical results with and without slip effects. Slip coefficient 𝛼 of 0.1
was used, as has been previously used with graphite restrictors with
good results [9]. The analytical and numerical results are at the feed
number 𝛽 of 50. The experimental results are with feed numbers in
the range of 45 to 55 as the experiments were conducted with set load
in contrast to set gap height. The feeding numbers correspond to gap
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Fig. 7. Performance parameters measured step-wise from inner radius to outer radius of investigated seals 1 (blue) and 2 (red). Load 𝑤 in (a); Stiffness 𝑘 in (b); gap height ℎ
in (c); tilt 𝜃 in (d); supply 𝑞s, chamber 𝑞c, and ambient 𝑞a flows in (e); and supply 𝑝s, chamber 𝑝c, and air gap 𝒑 pressures in (f). Each marker is a mean of 2000 samples at a
measurement position with error bars showing the standard deviation of the samples. Lines show the results of analytical model with no slip with same mean gap height, supply
pressure and chamber pressure as the corresponding measurement.

Fig. 8. Experimental tilt amplitude spectra (a), peak tilt amplitude (b), mean tilt (c), and mean gap height (d) of seal 1 in relation to the load 𝑤 with supply pressure 𝑝s = 0.4MPa
and chamber pressure 𝑝c = 0.6MPa. Peak vibration amplitude (red line) was at rigid body tilt mode of the seal occurs at 100Hz to 155Hz, depending on the load.

heights of approximately 2.9 μm with seal 1 and of 2.5 μm with seal 2.
Measurements at 𝑃s = 2.97 and 𝑃c = 6.92 were not possible due to the
instability of the seals, as the seal was either in at very small (<0.5 μm)
gap height or at a large (>25 μm) gap height depending on the load.
No stable gap height could be achieved in between these ranges with
either increasing or decreasing loading.

The experimental and theoretical results show good correlation
especially with lower pressure differences across the seal. The measured
pressures in the air gap for seal 2 at mainly supply pressure 𝑃s of
2.97 are lower than the theoretical and the measurements of seal 1. As
is expected, the numerical results have slightly better correlation with

the experiments than the analytical model. However, the difference
between the numerical and the analytical model is small.

Performance of the investigated seal in relation to the porous feed-
ing number 𝛽 with supply pressure 𝑃s of 6.92 and chamber pressure 𝑃c
of 1 is presented in Fig. 10. Theoretical and experimental results of load
capacity (a), static stiffness (b), supply mass flow (c), chamber mass
flow (d), and ambient mass flow (e) are presented. Additionally, the
tilt of the seal in the experiments is presented in (f). The tilt of the seal
is negligible for majority of the measured feeding number 𝛽 range, only
increasing at small values of 𝛽 (large gap height). Nondimensionalized
experimental results with feeding number 𝛽 in the range of 0.5 to 250
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Fig. 9. Seal gap pressure distributions with varying supply pressure 𝑃s and chamber pressure 𝑃c at feeding number 𝛽 of 50, corresponding to gap height of 2.9 μm with seal 1
and to gap height of 2.5 μm with seal 2. Gray vertical dashed lines highlight the inner radius at 𝑅 = 0.29 and the outer radius at 𝑅 = 1 of the investigated seal. Measurements at
𝑃s = 2.97 and 𝑃c = 6.92 were not possible due to instability of the seals.

are presented. The feeding number range corresponds to gap heights of
13.6 μm to 1.7 μm for seal 1 and 11.3 μm to 1.4 μm are presented.

Mass flows of the investigated seal are presented in 10 (c), (d) and
(e). For the mass flows, positive flow direction is towards increasing
radius. Thus, negative chamber flows mean flow towards the chamber
at the centre of the seal. The theoretical mass flows are slightly smaller
than that of the measurements for the three flows. Presumably, some
of the difference can be attributed to errors in the geometry of the seal,
i.e., flatness errors resulting in larger gap heights.

Fig. 11 presents the performance results of the analytical no-slip
model with varying seal supply 𝑃s and chamber 𝑃c pressures. Fig. 11 (b)
shows that the static stiffness of the seal increases with increasing sup-
ply pressure, and decreases with increasing chamber pressure. Under
conditions where the air gap pressure is significantly lower than the
pressure in the chamber, the seal becomes unstable. The static stiffness
of the seal is negative at the combination of the lowest investigated sup-
ply pressure 𝑃s of 2.97 and the highest investigated chamber pressure 𝑃c
of 6.92, as was seen in the pressure distributions of Fig. 9. Furthermore,
the seal supply mass flow reverses at that supply and chamber pressure
combination (Fig. 11 (c)). This instability is the cause why the pressure
distribution measurements (Fig. 9) were not possible at that pressure
combination.

4.4. Effect of seal width

The effect of the seal width, i.e., the diameter ratio 𝑅c∕𝑅a was
investigated theoretically with the analytical model. The analytical
model was used as it disregards any effects of the supply groove
geometry, which were included in the numerical model. Performance
contours at supply pressure 𝑃s of 4.95 and chamber pressure 𝑃c of 1 to
6.92 are presented in Fig. 12. The pressure levels were selected to have

chamber pressures lower, equal, and higher than the chamber pressure
in order to highlight the existence of no-leakage and leakage conditions.

The width of the seal width mainly effects the stiffness and the
leakage of the seal. For very thin seals, where 𝑅c∕𝑅a → 1, the load
capacity (a) and stiffness (b) and the supply mass flow (c) diminish.
The effect is more pronounced at smaller feeding numbers (larger gap
heights), as the flow restriction in the gap is lower.

The ratio between the seal supply pressure 𝑃s and chamber pressure
𝑃c has an dominant effect on the stiffness (b) and the chamber leakage
(d) of the seal. Feasible operating conditions with low leakage and
reasonable stiffness are achieved when the supply pressure is larger
than the chamber pressure and the preload of the seal is such that the
seal operates at or near the peak stiffness (red curves, feeding number
𝛽 of 1 to 100). Moreover, higher chamber pressure than the seal supply
pressure has detrimental impact on the stiffness and leakage of the seal,
particularly at smaller feeding numbers (larger gap heights).

5. Conclusions

This research proposes a analytical solution to the modified
Reynolds equation for annular aerostatic seals. The analytic solution
is compared to a numerical model and to experimental results of two
64mm seals. The analytical model assumes one dimensional flow in the
restrictor and a gas supply that spans the whole restrictor, drastically
reducing the complexity of the porous feeding of the modified Reynolds
equation. The numerical model assumes two dimensional flow in the
restrictor and includes the geometry of the gas supply. Thus, the nu-
merical model represents more accurately the pressure distribution in
the porous restrictor. The results are presented in nondimensional form
for applicability to general problems, using a proposed normalization
scheme for porous aerostatic seals.
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Fig. 10. Load (a); stiffness (b); supply (c), chamber (d), and ambient (e) mass flows; and tilt (f) with supply pressure 𝑃s of 6.92 and chamber pressure 𝑃c of 1. Feeding parameter
𝛽 is inversely proportional to the cube of gap height ℎ.

Fig. 11. Seal performance: load (a); stiffness (b); and supply (c), chamber (d), and ambient (e) mass flows. Analytical no-slip model, various seal supply 𝑃s and chamber 𝑃c
pressures.

It is shown, that under static conditions the proposed analytical
solution is equal to the numerical solution and the experiments in terms
of the key performance metrics of air gap pressure distribution, load
capacity, stiffness and mass flows. Further, the effect of slip at the
interface between the porous restrictor and air gap are small under the
static conditions of this research. These results corroborates feasibility
of the proposed analytical solution for aerostatic seals.

This study also investigated performance of the aerostatic seals with
varying operational parameters, including the seal supply pressure and

the chamber pressure. The theoretical results show that aerostatic seal
can have negative static stiffness in conditions where the peak pressure
in the air gap is lower than the pressure of the high-pressure side of
the seal. This instability was also demonstrated in the experiments at
supply pressure 𝑃s of 0.297 and chamber pressure 𝑃c of 6.92. The static
stiffness of the seal increases by increasing the supply pressure and by
reducing the chamber pressure, i.e., by reducing the pressure difference
across the seal. The increase of supply pressure is at the cost of higher
supply gas consumption. Furthermore, the width of the seal has an
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Fig. 12. Effect of seal width, i.e., ratio 𝑅c∕𝑅a, on load 𝑊 (a), stiffness 𝐾 (b), supply mass flow 𝑀̇s (c), chamber mass flow 𝑀̇c (d) and ambient mass flow 𝑀̇a (e). Analytical
no-slip model, supply pressure 𝑃s = 4.95 and various chamber 𝑃c pressures.

influence on stiffness and leakage, wider seals are more stiff and have
smaller leakage than narrow seals.
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