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Abstract: The current study is a semi-analytical analysis of the vibratory behaviour of a rigid vertical rotor, supported by a new hydrostatic
squeeze film damper (HSFD), consisting of four hydrostatic pads fed through four single-action membrane-type variable-flow restrictors.
The Reynolds equation based on the Newtonian theory of lubrication is used and then adapted to our work, which is solved
semi-analytically. In this paper, we study the effect of different parameters, the eccentricity, membrane geometry coefficient, pressure ratio
and rotational speed, on the main characteristics of a four-pad HSFD. From the simulation results, we observed that at the critical speed,
the rigid rotor fed by membrane restrictor shows a decrease in transmitted forces, a decrease in vibration response and good system
stability as compared with a similar rotor fed by capillary restrictor. From the results reported in this work, we observed good agreement

between our study and other works.
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1. INTRODUCTION

The main and most common problem in the industry is the
phenomenon of harmful vibrations resulting from imbalances in
rotating machines, such as industrial turbo machinery, aircraft gas
turbine engines and machining spindles. This has prompted many
researchers to study the use of hydrostatic squeeze film dampers
(HSFDs) as one of the effective solutions to control these vibra-
tions. The latter has received increasing attention recently, due to
its very low cost, durability and simplicity, with high efficiency in
reducing the transmitted forces and increasing system stability.

Bouzidane et al. [1] investigated the effects of geometry, re-
cess pressure and film thickness on the equivalent stiffness and
damping of a four-pad hydrostatic journal bearing. In another
work, Bouzidane et al. [2] studied the effect of rotational speed,
supply pressure, pressure ratio, and viscosity on the transmitted
force and unbalance response of a rigid rotor supported by a four-
pad HSFD. In their work, a non-linear model was developed and
the results obtained were compared with the simulation data of a
linear model of HSFDs.

Many researchers have worked on the same topic. Abed et al.
[3] analyzed three-pad HSFDs compensated with new electrorhe-
ological valve restrictors. Nemchi et al. [4] present a theoretical
study of the effects of eccentricity ratio and Poiseuille Reynolds
number on the performance of four-pad HSFDs. The results ob-
tained indicate that the flow systems have a very significant im-
pact on the performance of an HSFD loaded between pads.
Benariba et al. [5] indicate that the micropolar effect is also mostly
influenced by the stress ratio, on bearing performance. In another
work [6], they deal with an analytical resolution of the modified
Reynolds equation in order to study the effects of the coupling

number and the characteristic length of the micro-fluidic fluid on
the transmitted forces, the vibratory response, the pressure profile
and the flow.

Generally, there are two types of compensation: passive com-
pensation, such as orifice and capillary restrictors, and active
compensation [7-10]. In passively compensated bearings, the
geometry of the compensating element never changes. However,
in actively compensated bearings, the internal geometry is adjust-
ed automatically by a pressure sensor.

In several works, contributions to the study of the behaviour of
these externally pressed bearings with variable flow constraints
have been made by Digast et al. [7], Mayer and Shaw [8],
O'Donoghue and Rowe [9] and Cusano et al. [10]. The double
diaphragm valve (membrane) was developed for grinding machine
slide ways and spindle supports. It is a form of pressure sensing
valve designed to control equal area opposed pad bearings. For
high-performance practical purposes, this type of valve can be
used to obtain infinite hardness as well as negative stiffness. The
main advantage of the double diaphragm valve over the other
systems is its manufacturing simplicity. Mohsin et al. [11] showed
that the use of a membrane restrictor to compensate for the hy-
drostatic bearings enhances the static and dynamic stiffness of a
bearing and reduces the power requirement. Morsi [12] discussed
the performance of a hydrostatic thrust bearings compensated by
passive and active restrictors from the point of view of fluid film
stiffness and power requirement. Mohsin and Morsi [13] conduct-
ed both theoretical and experimental studies on the dynamic
performance of a hydrostatic thrust pad bearing system compen-
sated by variable resistance restrictors. Other important investiga-
tions which advocated the use of membrane restrictors as com-
pensating elements in hydrostatic bearing systems to obtain better
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performance characteristics are the studies of Degast [14] and
Wang et al. [15], with diaphragm variable flow compensation, who
studied the dynamic properties of externally pressurized, doubled
pad, circular thrust bearings; they used Reynolds equation in
cylindrical coordinates to simulate the pressure distribution and
flow continuity. Sharma et al. and Singh et al. [16, 17] studied the
influences of bearing flexibility and recess shape on the perfor-
mance characteristics of multi-recess journal bearings, to deter-
mine the flow rate of membrane-type restrictor; they used the
third-order polynomial of pressure difference.

Kang et al. [18, 19] used the coupled field to determine the
flow rate between a rigid sill and elastic membrane. However,
their simulation results do not provide a simple relationship be-
tween the flow rates or restriction coefficients and the pressure
differences, which they used by using both analytical and experi-
mental methods to study the membrane-type restrictor. Kang et al.
[20, 21] used the identification method of restriction parameter,
and deformation parameter for membrane-type restrictors ob-
tained directly from the experimental results.

Membrane Restrictor

Rigid Housing

Fig.1. Schematic of a membrane-compensated four-pad hydrostatic squeeze film damper

As shown in Fig. 1, the fluid enters the membrane flow valve
restrictor at a supply pressure (Ps), then escapes through the
membrane clearance (xo) and is then conducted through a line
into a recess (Pro). From the recess or pocket, the fluid escapes
out of the bearing through the bearing clearances (Pa). If an
external load (W) is applied, the pressure difference between the
two opposite recess forces the membrane to move in such a way
that the external resistance increases. If all the dimensions are
properly chosen, the bearing may yield a much larger value of
fluid film stiffness than that of fixed external restrictors. The mem-
brane flow valve restrictor uses the gap height (xo) as the variable.
Because the flow resistance varies with the gap height, the dia-
phragm flow valve restrictor is a load sensing resistance that
varies with the load; that is to say, the required change in re-
sistance can be obtained through a precise diaphragm deflection.

In order to reach special results, we chose in the present work
a semi-analytical analysis of the modified Reynolds equation to
study the effects of pressure ratio, eccentricity, membrane geome-
try coefficient and rotational speed on the vibration response,
transmitted forces and flow rate. For the selected operating condi-
tions, quantitative changes in the performance characteristics of a
four-pad, membrane-compensated HSFD are compared with the
previous results obtained for capillary compensation.

Certainly, the presented results obtained in this study are very
useful for designers’ tolerance.

2. PROBLEM FORMULATION

In this analysis, we adopt the assumptions given below:
— The bearing system is modelled as a two degree of freedom
system.
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— The pressure in the annular region is governed by the
Reynolds equation, while that in the recess region it is
assumed to be constant.

— The lubricant has a constant density and viscosity and is
definitely incompressible.

— The flow is laminar in the membrane and in the bearing
compensator.

— The relative ambient pressure is taken as zero.

— The inertia force of the lubricant is neglected.

3. FOUR-PAD HSFD DESCRIPTION

Fig. 2(a) shows a rigid rotor supported by an HSFD in the ec-
centric case composed of four identical plane pads fed through
four single-action membrane restrictor-type hydraulic resistances.
All pad geometries are equally spaced around the journal and are
identical. The indices 1, 2, 3 and 4 refer to the characteristics of
the lower, left and right hydrostatic flat pad, respectively. Each
pad is fed by a membrane restrictor through a recess, which is
supplied with an external pressure (Ps). Fig. 2(b) shows a longitu-
dinal section of an HSFD with four identical pads, and Fig. 2(c)
shows the geometrical details of one of the four identical hydro-
static pads.

In our study, we will use the commonly used semi-analytical
method. On one hand, it allows to reduce the size of the calcula-
tion programmes, while on the other hand, it requires the
knowledge of the pressure in the cavity and the pressure at the
free ends at each pad. The calculation of the characteristics of the
HSFD can be obtained through the juxtaposition of four hydrostat-
ic flat pads.
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Bearing Pad

Fig. 2. (a) Four-pad HSFD; (b) longitudinal section of a four-pad HSFD; (c) geometric details of the hydrostatic pad

3.1 Reynolds equation

The Reynolds equation  governs the  pressure
tionP;(x;, z;). In some cases, the equation can be solved semi-
analytically by applying the infinitely short or long pad. If we as-
sume that between the sheaths and the fluid there is no slip, the
boundary conditions (Fig. 3.) associated with the field speed will
be as follows:

— Onpad(y=0) :Uy;; =0; V;; =0 etW;; =0

— Onjournal (y=hi) : Uy; = 0; V,; = h;jetW,; =0

Journal

Hydrostatic Pad U
g
:Z/

Fig. 3. Conditions for hydrostatic pad limits

The it hydrostatic pad:U,; , V,; and W,;are the speeds sur-
face of the runner and h; is the squeeze velocity of the i*" hydro-
static pad (i = 1,2,3 and 4).

It is assumed that the recess is sufficiently deep to justify the
assumption of the constant pressure. The housing of the rolling
ball bearing is driven by a linear velocity (squeeze velocity) noted
as Vp;.

We bind the centre of the Bering of the fixed

ence(Ol,K Y, 7), whereOQ, : represents the centre of the bearing
(Fig. 2a). The position and velocity of the housing relative to the
centre are, respectively, defined in the Cartesian coordinates,
whereQ, is the centre of the housing as:

=

0,0, = x,X = y,Yand V(0,) = V,X = ,Y.

The geometric characteristics of four-pad HSFDs are defined
as follows:
— The number of pads n (n = 4)
— The size of the pad (Fig. 2c)

— Outside dimension of the pad: A, B

— The size of the races: a, b
— The dimension of the housing (Fig. 2b)

The knowledge of the film thickness and housing speed in
each pad are given, respectively, in Fig. 2(a):

h1 = ho + X1

— Padn®1: oh (1)
Vo1 = 6_151 =V,
hy = hg

— Padn°2: on ()
Vyo = a_: =0
h3 = ho - x1

— Padn®3: oh 3
Vps = a_: =V )
h4_ = ho

— Padn°4; ah (4)
Vps = a_; =0

Note that
{B’+h1+h3=Cte=>h1+h3=Cte (5)
Al+h2+h4=Cte$2h0:h2+h4zcte

where hy, represents the film thickness with the housing in a

centered position and x;,V, respectively, represent the linear
displacement and squeezing velocity of the housing along the X-
axis (Fig. 2a).

3.1.1 Calculations

In this study, we choose the semi-analytical method as it allows
reduction in the programmes size. However, it requires knowledge
of the pressure in the recess and the pressure at the free ends of
each pad. Calculating the characteristics of four-pad HSFDs
therefore, it returns to calculate the characteristics of the four
hydrostatic pads separately.
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3.1.2 Infinitely long hydrostatic flat pad

The semi-analytical method is used to calculate the four-pad
HSFD characteristics, under the assumption of the infinitely long
pad.

3.1.3 Calculation of pressure field

WhenA /B ratio (the length A(A = L) to the width B) is big,
the outflow in the Z direction is negligible compared with that in
the X direction (Fig. 4b).

d Pi
Qxi << in = H =0 (6)

with
{Qxi = Q5 + Qx
Qz = Q;I, + QZ_l

where Q,; is the flow rate along the X axis relative to the single-
acting padn°1 and Q,; flow rate along theZaxis relative to the
same pad.

(7)

(a)

Fig. 4. Hydrostatic pad with infinite length. (a) Geometric details
and longitudinal section and of hydrostatic pad with infinite length;
(b) hydrostatic pad with infinite length

From Eq. (6), the pressure does not vary along theXaxis,
therefore the Reynolds equation for a single pad in direction n°1 is
given as:

SHE I PR

which simplifies to:

a 3 d0 P _ ’

EﬂmFﬂ =12 ph (9a)
with

) dh;

hi =V, = =2 (9b)

The integration of Eq. (9) and the application of the boundary
conditions in terms of pressure are:

Pi=Pai fOI'Z=O
P, =0 for Z=b,

The atmospheric pressure is taken as the reference pressure
which allows us to have:

_GMﬁi 2 Pgai
Pi—TZ — b—+
i 1

6;mm)z+au (10)

Thisis valid for: (b; +b) <Z < —Db
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Particular case: for h; = 0 (static case)

a=g%1—é) (11)
0<Z<bh,
a:(%9a+b+bg (12)

-(b+b)<Z<-b
3.2. Recess pressure

By resolving the following flow continuity equation, the recess
pressure is determined for each hydrostatic pad as:

Qri = Qoi (13)
where
Qoi = Qvi + Qsi (14)

Here Q , represents the squeeze flow of the i™ hydrostatic
pad where;

Qui = Siﬁi (15)

Q,, is the flow through the hydraulic resistance and Q_; the
flow rate requirement of the i*" hydrostatic pad.

Qsi = Qsxi + Uszi (16)
Qsui = fy dz [} udy (17)
Qszi = Jy dx fy uydy (18)
W = 5= YO —hy) (19)
Ui = 5= vy —hy) (20)

where u,; and u,; are the flow velocities in directions x and z,
respectively, of the i hydrostatics pads.

3.2.1. The total volumetric flow rate

The equation of the total volumetric flow rate is as follows:
Qr = Z‘ilzl Qoi =Qo1 + Qoz + Qoz + Qo4 (21)

3.2.2. Flow equilibrium
3.2.2.1. Constant restriction of capillary

The equation of flow through the capillary to a recess can be
determined as:

0. = ndg
¢t 128ul,

(Ps - Pri) (22)

3.2.2.2 Single-action membrane-type variable restrictor

The external fluid is supplied by a hydraulic pump, which
passes through the membrane restrictor and is fed into the
recesses on the inner surface of the pad to form a fluid film, for
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separating between the solid sliding surfaces in order to avoid
contact of both solids.

membrane

1 b#‘

Fig. 5. Single action membrane-type restrictor [20]

Ps

In the membrane restrictor, as shown in of four-pad (Fig. 5),
we find membrane thickness (t), Poisson’s ratio (m), elastic
modulus (E), membrane radius (rs), radius of cylindrical sill (r2)
and radius of outlet from sill to recess (r1); (xo) is the initial opening
when the membrane is subjected to only (Ps), and (p,; = 0), and
(x) is the equivalent opening as both pressures (Ps) and (p,; #
0) act on the membrane.The flow rate through a single-acting
membrane-type restrictor, to be obtained from the equation
governing the viscous laminar flow between two parallel circular
plates [20], can be determined by:

3
XmiT

Ps—Pri
enryry B ~Pi) === (23)

RmL

Qmi =

where () is fluid viscosity, x,,; = & + x,is the gap between the
sill and the membrane, (&) is the membrane deflection, (xo) is the
initial gap after assembling and (Rmi) is defined as the flow
resistance of this membrane-type restrictor as:

Ry = 6pin(r, /7”1)/773513;11‘ (24)
The membrane deflections vary with the radial position. In
order to simplify the calculation of membrane deflection, the
membrane deflections are assumed to be constant and equal to
the membrane deflection at location (r1), and so the membrane
deflection can be expressed as:
6 = K(Ps = Py) (25)
where K is the deformation coefficient '3 of the membrane:

K =12(r2 —1#)?(1 — m?)/64Et3 (26)
3.3. Flow rate requirement

The total volumetric flow rate that must be supplied to the
hydrostatic pad according to the x and y axes are given by the
following equation:

Qtx = Q52 + Qs
27
{Qty = Qs1 + 0s3 (27)
3.4. Carrying load capacity
The pad load for a lengthL relative to the pad n°1 is:
WPi=fSPidS =f51Pai ds +2f52Pi ds (28)

where S are the contact surface, ds is an element of the surface,
S is the surface of the recess and S, is the surface pad sill.

acta mechanica et automatica, vol. 17 no.4 (2023)

After integration, we obtain:

Wpi = Poi L (by + b) = 2558 b% L (29)

L

We can write this relationship in a more general form as:

2 f’li
Wpi = Pai S Kuy = =15b* | L (30)

13

where K, is the coefficient of load, ranging from 0 to 1, as
K,, = 1 — (b, /B) The relation (27) may also be written as:

2 f’li
Wp;=p; Ps S K, — :3 b* L (31)

where 8; = P,;/Ps is the ratio of the recess over the supply
pressures.

The forces of the liquid film on the journal can be written as:
{WX = Wpy — Wpy

32
Wy = Wpy — Wps (32)

where Wy and W, are the load capacities in directions X and Y,
respectively.

4. ROTOR DYNAMICS BEHAVIOUR

The rotor motion equation is given as:

{M)”( = (F, + Meyw*hycos(wt)) )
MY = (F, + Msbwzhosin(a)t))
The fluid film forces on the four-pad HSFD are
F,=F;3—F
{F = Fp3 - Fp1 (34)
y T p4 p2

where (e) is eccentricity, (¢ = e/h,) is eccentricity ratio and (k)
is film thickness, (m) is mass of the rotor, ® is the excitation
frequency, Fx and F, are hydrostatic forces in thexand
ydirections, respectively, and Fpi (i = 1,2,3 and 4) is hydrostatic
force of the it hydrostatic ad.

5. SOLUTION PROCEDURE

In order to study the non-linear dynamic behaviour
of assembling a vertically rigid rotor, supported by HSFD fed by a
membrane restrictor and using a Newtonian lubricant, we adopted
the Newmark method, which is briefly discussed as follows.

Assuming that the assembly is rigid, the hydrostatic forces,
which vary according to the change in velocity and eccentricity,
are determined by applying the boundary and pressure field
integral conditions, which is determined by solving Reynolds Eq.
(8) in a semi-analytical method.

By solving the rotor motion Eq. (33) using non-linear methods,
the flow rates, dimensionless vibration amplitude and transmitted
force amplitudes are calculated.

The computed amplitudes are determined from direct
numerical integration of the equations of motion by using a step-
by-step method. For each frequency of excitation, the temporal
responses are determined through the Newmark method.
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The amplitude calculations for the first five periods yielded
very adequate results. The negative pressure is set to zero during
the interactive process of caring for the oil film cavities, and at
each step the hydrostatic forces are determined. Film thickness
and pressure are determined by solving the continuity of flow Eq.
(13) of a given pressure ratio.

6. RESULTS AND DISCUSSION
6.1. Effects of pressure ratio

Fig. 6 shows the effects of the pressure ratio (B) and the
speed of rotation on the dimensionless amplitude«transmitted
force and flow; for supply pressure 10 [bar], a viscosity of 0.0025
[Pa.s] and 0.2 of dynamic eccentricity unbalance.

o 5 10 15 20 5 30
Rotational Speed (krpm)

Fig. 6. Effects of pressure ratio on (a) variation of dimensionless vibratory
amplitude, (b) variation of transmitted force amplitude and (c)
variation of flow rate amplitude as a function of rotational speed

Panel (a) shows that, when the pressure ratio increases, the
dimensionless vibration amplitude decreases due to the increase
in film stiffness. We also record from panel (c) a decrease in the
flow and in the transmitted forces (see (b)) as well.

6.2.Effects of the imbalance eccentricity

10 15 20 S 30 [} 5 10 15 20 2 £
Rotational Speed (kipm) Rotational Speed (krpm)

[ 5 10 15 20 2 30
Rotational Speed (krpm)

Fig. 7. Effects of imbalance eccentricity on (a) variation of dimensionless
vibratory amplitude, (b) variation of transmitted force amplitude
and (c) variation of flow rate amplitude as a function of rotational
speed
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Fig. 7 shows the effect of unbalance eccentricity ({b) and the
rotational speed on the dimensionless amplitude of vibration, the
transmitted force and the flow rate for a supply pressure of 10
[bar], a pressure ratio § = 0.5 and a viscosity u = 0.0025 [Pa.s].

We can notice that in panel (a), when the eccentricity
increases the vibration amplitudes also increase. The same can
be noticed for transmitted force in panel (b), which can be
explained by the increase in dynamic load. Panel (c) shows that
the increase in flow is directly proportional to the speed of rotation
and eccentricity.

6.3.Effects of membrane geometry coefficient

Fig. 8 shows the effect of the membrane geometry coefficient
(a) and the rotational speed on the dimensionless amplitude of
vibration, the transmitted force and the flow rate for a supply
pressure of 10 [bar], a pressure ratio f = 0.5 with a viscosity
p=0.0025 [Pa.s] and r.=ar1, rs=arz. It can be seen from panels (b)
and (c) that the membrane geometry modulus is directly
proportional to the flow rate and inversely proportional to the
change in the transmitted force with very slightly reduced vibration
amplitudes (a).

0 5 10 15 20 2 £ o 5 10 15 20 25 E
Rotational Speed (krpm)

o 5 10 185 20 25 30
Rotational Speed (krpm)

Fig. 8. Effects of membrane geometry coefficient on (a) variation
of dimensionless vibratory amplitude, (b) variation of transmitted
force amplitude and (c) variation of flow rate amplitude
as a function of rotational speed

7. COMPARISON BETWEEN THE CAPILLARY MEMBRANE
AND FLOW RESISTANCES

Let us represent, on the same graph, the analytical variance
of dimensional vibration amplitude, transmission force and flow
rate as a function of rotational speed, as shown in Fig. 9. Itis clear
from panels (a) and (b) that we obtained greater amplitude of
vibrations and transmitted force thanks to the results presented in
the curve obtained by the analytical code for capillary-type
resistance as compared with the results of the semi-analytical
code for a set with membrane-type resistance, and vice versa for
flow (c). This leads us to state that the system supported by a
membrane resistance is more stable.
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0 5 10 15 20 2% 30 ) 5 i0 15 20 25 0
Rotational Speed (krpm) Rotational Speed (krpm)
20 - . :
(e merbrane
api

0 5 10 15 0 25 30
Rotatianal Speed (krpm)

Fig. 9. (a) Dimensional vibration amplitude, (b) amplitude of the transmis-
sion force and (c) flow amplitude as a function of rotational speed for both
capillary flow and membrane resistances

8. CONCLUSIONS

The aim of this research is to assess semi-analytically the per-
formance of four-pad HSFDs with membrane-type variable flow
restrictors as compensating elements.

The study focuses on the effects of the pressure ratio, mem-
brane geometry coefficient, unbalance eccentricity and rotational
speed on key parameters of the rotor dynamic behaviour. The role
of HSFD is to control the vibration amplitudes, and to reduce the
forces transmitted to the base, caused by the rotor imbalance.
The conclusions can be summarized as follows:

— Effect of pressure ratio: due to the increase in compression
ratio, we record a decrease in response amplitude, transmit-
ted force and flow. When the rotational speed moves away
from the critical speeds, changes in the compression ratio do
not affect the amplitude of the response and stability is
achieved.

— Effect of unbalance eccentricity: as expected, the amplitude of
the response, transmitted forces and flux increase with in-
creasing the unbalance eccentricity.

— Effect of membrane geometry coefficient: a lower membrane
geometry modulus increases the transmitted forces with a
lower flow rate, whatever the velocity. On the contrary, it leads
to a very slight decrease in response amplitude when working
near critical speed, due to increased damping.

From the analysis of the results and comparison of the two re-
sistance properties of four-pad HSFD membranes and capillaries,
we conclude that the membrane flow value is greater than capil-
lary flow with a lower load and lower response amplitude, which
allow good stability of the system.

Notation:

A pad length [m]

a recess length [m]

B pad width [m]

b recess pad width [m]

Fy; Fy represent the hydrostatic forces, in the X [N]

and Y directions

ho film thickness at the center position of the [ m]
hydrostatic squeeze film damper

h; film thickness of the it hydrostatic pad [m]

M mass of the rotor [Kg]

N The speed of rotation [tr/min]

acta mechanica et automatica, vol. 17 no.4 (2023)

0, Center of the bearing [ ]
0, shaft center [ ]
P, recess pressure of the i hydrostatic pad [Pa]
P recess pressure at the center position of [Pa]
the hydrostatic squeeze film damper
Ps supply pressure [Pa]
Q.i; @ flowin the x ,y and z direction [m3/S]
respectively of the it" hydrostatic pad
Qs lubricant outlet flow rate of the pad [m3/S]
Qmi lubricant inlet flow rate of the membrane [m3/S]
Qr total flow rate [m3/S]
Sb area of hydrostatic pad [m2]
S area of hydrostatic recess [m2]
S cross-section area [m2]
,'li squeeze velocity of the it hydrostatic pad [m/S]
(uyi; uz;)  flow velocities in the x and y directions, [m/S]
respectively of the it" hydrostatic pad
(xi,z;,y;) coordinate system used in the Reynolds [m/S]
equation
(x,y) coordinate system used to describe the
rotor motion
Bo ratio of recess pressure over supply [1

pressure at the center position of
hydrostatic squeeze film damper

B pressure ratio of the it hydrostatic pad [1
£ Unbalance eccentricity.(ep /hg) []
ey Eccentricity [m]
u Viscosity [Pa.s]
1) excitation frequency [rad/s]
E elastic modulus (N/mm)
X, Xo gap and initial gap between sill and [m]
membrane
K deformation coefficient of the membrane (N/mm)
R flow resistance of membrane restrictor
rq exit radius [m]
Iy radius of restriction ring [m]
Is Radius of the membrane [m]
t Thickness of the membrane [m]
1) membrane deflection [m]
m Poisson’s ratio []
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