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Abstract. The paper deals with the development of the numerical model of a pneumatic diaphragm actuator to be used in numerical
modeling and investigation of such systems as automobile suspension and braking systems, machine tool devices, pressure control
valves, etc.

The key point of the investigation was development of the diaphragm model and its key parameter - effective area. It has been found
that the accurate enough diaphragm effective area can be determined as a function of readily available and easily measurable
parameters such as the rigid center displacement, pressures in the chambers, diaphragm dimensions, and its material physical
properties.

The accuracy of the model was assessed by testing the diaphragm itself and in simulation of various technical systems with
pneumatic diaphragm actuators.

Keywords: diaphragm, actuator; numerical model; effective area; non-linear diaphragm rigidity.

Introduction

Diaphragm actuators are widely used in engineering in various devices: automobile suspension and braking
systems, machine tool devices, equipment actuators with heavy working conditions, pressure control valves, etc. The
reasons are as follows — diaphragm actuators, in comparison with, for example, cylinders, have such advantages as low
laboriousness in manufacturing, high tightness of the working chamber, low frictional force, no need for high-quality air
no need for quality air preparation, low operating costs.

However, diaphragm actuators also have some disadvantages. They are low stroke, low diaphragm durability,
and, one of the most significant disadvantage, the nonlinear law of the developed force, which can be determined as a
function of the rigid center displacement, pressures in the chambers, diaphragm dimensions, and its material physical
properties. In turn, the nonlinear low of the force is determined by the nonlinear dependence of the effective area and
the elastic properties of the diaphragm along the length of the rigid center displacement.

To solve this problem, in some cases, where it is possible, diaphragm actuators with a small working stroke (1/4 -
1/3 maximum) are used, within which the nonlinearity of the effective area and the elasticity of the membrane affect
insignificantly.

In other cases, there is both the need to determine the force developed by the diaphragm actuator, and the need to
design a diaphragm actuator that develops a certain predetermined force.

Therefore, for the qualitative design of membrane drives, it is necessary to develop an adequate mathematical
model (or models, taking into account the variety of applications and operating conditions) adapted to the use of
numerical methods of solution as part of modern CAE systems.

The purpose of this study

The purpose of this study is the development of a numerical mathematical model of the pneumatic diaphragm
chamber, which is the base part of pneumatic diaphragm actuators of various purposes, in which the effective area of
the diaphragm is defined as a function of relatively easily and unambiguously measured physical quantities - the rigid
center displacement, pressures in chamber, diaphragm dimensions, and its material physical properties (diaphragm and
rigid center diameters, the presence and length of the goffer, the thickness and the modulus of elasticity of the
diaphragm, etc.).
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Under the development of a numerical model, the article refers to the adaptation of analytical dependencies which
describes the pneumatic diaphragm chamber to the use of numerical methods of solution as part of modern CAE
systems, checking the adequacy of the model developed by comparing the simulation results with experimental data,
and running test examples.

Study

The design and calculation schemes of a typical diaphragm actuator are presented in Fig. 1. The mathematical
model of the diaphragm chamber in the general combines the equations of filling and emptying the variable volume
pneumatic diaphragm chamber, the equation for the thermal processes - changing the air temperature in the chamber
caused by changing the air pressure in the chamber, and chamber volume as well as by heat exchange with the
environment.

a)

Fig. 1 Design (a) and calculation (b) schemes of a typical diaphragm actuator

The system of equations has the form:

{G:fl(p,V,T):GV +G, +Gr;
q:fz(p,VaT):qU+qL+qT7 (1)

where G - air mass flow which enters into the chamber; ¢ - heat flow carried by air; G, G 2 Gr - air mass

flows, which spend for changing of the volume, pressure and temperature of the air in the chamber; q;; +9; +qr -

heat flows, describing, respectively, a change in the internal energy of the air in the chamber, the work performed by air
or over it and on heat exchange with the environment. These components of the system of equations (1) are determined
from the equation of state of the gas and the first law of thermodynamics and have the form:
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where 4, is the effective area of the diaphragm; V|, is initial volume of the diaphragm chamber; R is the gas
constant; ¢, is the gas heat capacity at constant volume; o is the heat transfer coefficient; p is the gas absolute

pressure in the chamber; 7 is the gas absolute temperature in the chamber; x is the diaphragm rigid center
displacement; A, , Tj 1is the area and absolute temperature of the surface through which heat transfer takes place.

To create a mathematical model of a diaphragm actuator, the system of equations (1) must be supplemented by
the equation of the balance of forces - the equation of motion of the rigid center and the masses associated with it under
the action of variable pressure in the diaphragm chamber and forces acting on the membrane (springs, friction, inertia,
loads).

Such “mechanicals” blocks as a rule widely represented in the modern CAE systems and they can be used for
modeling. Various modifications of the diaphragm actuator models can be obtain by using different models of such
elements - to determine the friction forces, stops, heat exchange, gas properties, etc.

So, in this paper, we consider the choice of the dependence for determining the effective area of the diaphragm
only.

There are several mathematical relationships for determining the force developed by the diaphragm actuator [1, 2,
4,5,6,7,8,9]. All of them are based on the determination of the effective area of the diaphragm - the fictitious area,
whose product at the pressure drop across the diaphragm is equal to the force developed by the actuator.

1. Simplified dependence, according to which the diaphragm effective area assumed to be constant and depends
only on the diameters of the diaphragm and rigid center, (Fig. 1). The dependence has the form [6]:
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Due to significant errors, the range of application for this relationship is limited approximately by 1/4—1/3 part

of the full possible stroke of the rod.

2. Dependence, known as the Liktan formula [1]. A semi-empirical formula relating the diaphragm effective area
to the rigid center displacement, obtained with the assumption that the angle between the generatrix of the elastic
surface of the membrane and the plane of its fixing in the body is small.

The dependence has the form:

. 2 . —_ . . 2
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wherex is the current value of the rigid center displacement from the plane of the diaphragm fixing; x,.,, - the

"maximum" value of the rigid center displacement - the fictitious value at which the diaphragm generator would
become rectilinear, and the diaphragm itself would take the form of a truncated cone (Fig. 1).

Dependence (3) indirectly takes into account the structural dimensions, mechanical and elastic properties of the
diaphragm material. To determine the effective area from this dependence, it is necessary to determine experimentally
the maximum possible displacement of the rigid center each time, which is a disadvantage.

3. Modified dependence of Liktan, proposed in a number of works [2]. The authors use dependence (3) for which

Xmax 18 defined as:

\/S(Bz +|3+1)+(1—B).(4+7.B+4_Bz)
st (Bz +[3+1).\/§ @

xmax =X

where xg, is the static characteristic of the diaphragm, which is its free deflection under the action of a given pressure

(Fig. 2) [4, 10] and it indirectly takes into account the structural dimensions and mechanical properties of the diaphragm
material. The use of this formula also assumes the experimental determination of the diaphragm static characteristic.
The above dependencies are initially intended for describing thick
Pon (several millimeters) diaphragms of powerful actuators. For other
applications, for example, sensitive devices, pressure control valves, they
give a significant error (more than 40% [5, 6]). Therefore, in order to
develop a numerical mathematical model of a pneumatic diaphragm
| chamber, as a base was chosen a dependence described in a number of
| works [5, 6], which makes it possible to determine the main
characteristics of diaphragm - effective area and stiffness based on
comparatively easily and unambiguously measured values - the rigid
Pa center displacement, pressures in the chambers, design parameters and
X Xer physical and mechanical properties of the diaphragm material (membrane
Xeri diameters and rigid center, the presence and size of the goffers, the
thickness of the diaphragm and its material modulus of elasticity etc.). At
the same time, depending on the required accuracy, it is possible to take
into account or ignore some of these values whose influence is
insignificant for the particular application.
Thus, in [5] the following dependence is given for the diaphragm
effective area 4,

R

Fig. 2. Typical diaphragm static
characteristic

_n-D*
*T 12

2 TC-(D+2-d).L
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where [ is the length of the goffer; ¢ - the angle between the chord of the arc AB of the goffer and the tangent to it at
the point of intersection with the plane of the diaphragm fixing in the rigid center (Fig. 3).
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Fig. 3. To the definition of the ¢ angle

The angle ¢ is associated with the basic structural dimensions of the diaphragm D, d,! and with the rigid
center displacement x by a transcendental dependence [5]:

[D—d]z e
sing 2 (6)

[0} [

Since the methods proposed in [5] for solving this equation (graphical one or using predefined tables of angle ¢
versus S0 dependence) are intended for "manual" calculations, for numerical model adapted to the use with modern

CAE systems, the equation (6) has been transformed to the form

[-sin@
ES————=

e

and its solution was determined using the Newton-Raphson method
ol +1)=0() — f(ed)/ f (9(i) ®)

where f(¢(i)) is the equation (7). This method has good convergence in finding the angle value - in order to find a

solution, an average of 3-5 iterations was required.

Based on (5) and (7) a numerical mathematical model was developed and was used to determine the effective
area of corrugated diaphragm using CAE system. In Fig. 4 shows the results of calculations in comparison with the
experimental data [5, 11]. The comparison shows that the calculated data are in good agreement with the experimental
ones, confirming the adequacy of the developed numerical mathematical model.

The fundamental difference between equations (3), (4) and equation (5) is that in the first case the elastic
properties of the diaphragm material are taken into account indirectly. Since the diaphragm stiffness is one of the main
its features, using equation (5), the "mechanical" part of the diaphragm actuator system of equations needs to be
supplemented with a component that takes into account the elasticity of the membrane.

The expression for diaphragm rigidity determining has the form [5]:

6 I -(sing + - cos@)-sin’ @

C= ©)

Graphs of the calculated dependence of the corrugated diaphragm stiffness versus its rigid center displacement
for different values of the length of the corrugation are shown in Fig. 5.
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Fig. 4. Dependence of the diaphragm effective area versus rigid center displacement
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Fig. 5. Dependence of the diaphragm rigidity versus rigid center displacement

The approach described in the paper and based on (5), (7), and (9) to build the model lets take into account and
another factors which affect to more or less extent the diaphragm characteristics. For instance, the variation of the
effective area due to change of the pressure difference, due to change in configuration of the diaphragm edge radius in
the clamping area, or due to applying conical stops which are used to control the value of the effective area, etc.
Therefore, the model can easily be adjusted for a particular application by including the most influential factors.

In the case described in the paper, the model was built for the development of a pressure controller for the gas
supply system of an internal combustion engine. For this type of application, it was necessary to take into account the
variation of the diaphragm effective area due the change in pressure difference.

In [5] the additional deformation of the diaphragm material is suggested to account by correcting the value ¢ of

the angle. The transcendental equation resulted in this approach is shown below

0= [-sing N p-l ,

COeE @

2

where p is the pressure difference on the diaphragm; E is the elasticity modulus of the diaphragm material (Young

modulus); & is the diaphragm thickness. The equation is suggested to be solved with the Newton -Raphson method.

In so doing, the system of equations representing the diaphragm chamber, with the effective area variation due to
the rigid center displacement accounted, consists of equations (5) and (10). Fig. 6 shows the results of the effective area
computations with these equations together with the experimental measurements [5, 11]. It can be seen that the
computation results agree with the experiment.
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Fig. 6. The variation of the effective area vs. the rigid center displacement and pressure difference

The developed diaphragm chamber model was used in simulation of various pneumatic actuators. Some results of
those simulations are presented in the figures below.

Fig. 7 shows the steady-state characteristic of the diaphragm-spring assembly with the following parameters:

Clamping diameter - 6 cm;

Rigid center diameter - 4.8 cm;

Material elasticity modulus - 75e5 N/m’;

Diaphragm thickness - 0.45 mm;

Spring preload - 995 N;

Spring rate - 150000 N/m

| | | | | | | | |
0 1 2 3 4 5 (3] 7 8 h:] 10
Time (s)

position

| | | | | | | | |
[t} 1 2 3 4 5 5} 7 8 9 10
Time (s)

Fig. 7. Steady-state characteristic of the diaphragm actuator

The rigid center remains still up to the moment the pressure difference reaches approximately 5 bar. At this
moment, the force due to pressure difference overcomes the spring preload force what cases the center to start moving.
The maximum displacement is about 5 mm. The relationship between the displacement and the pressure differential is
non-linear due to non-linearity of the diaphragm stiffness.
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Fig. 8 shows the results of simulation of a two-staged pressure regulator. The input signal is a pressure step signal
of 200 bar applied to the first stage of the regulator. The output line of the regulator is connected to the orifice with
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Fig. 8. Two-staged pressure regulator simulation results

0.19 cm® effective area. Both diaphragms of the regulator are of the same modulus of elasticity and have the same
thickness.

After the step signal has been applied, the first and the second stages of the regulator react in sequence. The
transient response is about 0.075 s. Tpe steady state values of the pressures are about 8 bar after the first stage and 5 bar
after the second stage. The steady state value of the volumetric flow rate is 15 m’/s.

The above simulation results show that the developed models can be used for the development and design of
pneumatic actuators in various applications.

Conclusions:

1. The numerical model of a pneumatic diaphragm chamber considered as a part of a complex pneumatic actuator
was developed. The model can be used in numerical analyses and design of various pneumatic actuation systems such
as automobile barking and suspension systems, machine tool devices, pressure regulators, etc.

2. The effective area in the model is determined as the function of easily measurable and normally readily
available in catalogs parameters such as the rigid center displacement, pressure differential in the diaphragm chambers,
diaphragm thickness, modulus of elasticity, etc.

3. The accuracy of the model was tested by comparing to the experimental results. The model was also tested in
simulation of various pneumatic actuators and shown good agreement.

Po3pobka ynceabHOI MOe/Ii THEBMATHYHOI0 MEMOPAHHOT 0 IPUBOY

0.0. KoBanenko

Annomauia. Poboma npuceauena po3pobyi ma OOCHIOMCEHHIO HUCETbHOI MAMeMAamuiHoi Mooeii NHeeMamuyHoi memOpanHol
Kamepu - CKAA0060i 4acmuHu MoOeni NHeGMAMUYHO20 MeMOPAHHO20 NPUBOOY, BUKOPUCMOBYBAHOI 8 HYUCTEHHUX MOOensax Oinbil
CKIAOHUX NPUCMpOi8 (2anvmisni cucmemu i ni0icKU aemomoobinis, 3amuckui npUcmpoi’ 6 OCHAWjeHHi Memanopi3anbHuxX 8epcmamis,
pe2ynsAmopu mucKy ma iw.).
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Hna pospobnenoi uucenvHoi mooeni eekmusna niowa MemOpanu 6USHAYACMbCA AK (DYHKYIS NOPIGHAHO 71e2KO | OOHOSHAYHO
SUMIDIOBAHUX (DISUYHUX BENUYUH - NEPEMIUEHHS HCOPCMKO20 YEHMPA, MUCKIE 8 NOPONXCHUHAX, KOHCHPYKMUSHUX NApaMempis i
izuxo-mexaniunux napamempie Memopanu (MOBWUHA | MOOYIb NPYIHCHOCME MEMOPAHHO20 NOJOMHA).

B pobomi nepesipena adexeamuicmsv po3pobieHoi mMoodeni, a MAKodC HABeOeHi pe3yTbmamu 6UKOPUCMAHHA Yiei moldeni npu
MOOENIOBAHHI 8 CUCIEMAX ABMOMAMUZ0BAHO20 NPOEKMYBAHHSL PAOY MECMOBUX NPUKIAOLE - MEMOPAHHUX NPUBOJIE.

Hageoeni pezynbmamu moodentoeanis nokasyloms, wo po3poobneni mooeni adekgamuo 8idobpadicaromes poboui npoyecu i MoAHCymb
Oymu sukopucmani 015t nPOEKMy6anHs MeMOPAHHUX NPUBOOIE PI3HO20 NPUSHAYEHHS.

Knouosi_cnosa: membpana; npusio; uyuceivHa mMamemamuyna mMooenb, eheKmusHa NIowa MemOpanu,; HemiHiliHa HCOPCMKICMb
Membpanu.

P33p360TKa YUCJICHHOM MOJACJIHU MTHEBMATHYCCKOI'O MeMﬁpaHHOI‘O nmpuBoaa
A.A. KoBasnienko

Annomayun. Hacmoswas paboma noceswena paspabomke U —UCCIEO08AHUIO HYUCTEHHOU MAMEMAMUYeckoll Mooenu
NHeBMAMUYecKol MeMOPaHHOU Kamepbl — COCMABHOU YaCmu MOOenU NHeBMAMUYEecK020 MeMOPAHHO20 NPUE0Oa, UCNONL3YeMOl 6
YUCTEHHBIX MOOeNAX Dojlee CNONCHbIX YCMPOUCME (MOPMO3HbIE CUCEMbL U NOOBECKU ABMOMOOUNEU, 3aNCUMHbLE YCMPOLICMBa 6
OCHACMKE MEMANLOPENCYUUX CMAHKOB, PESYIAMOopbl 0A61eHUs U Op.).

Hna paspabomannoii wuciennoti mooenu d@dexmusnas niowads memopansl onpedensiemcs Kak QYHKYUs cpasHUmenbHo 1e2ko u
O0OHO3HAYHO UBMEPAEMbIX (DUSUYECKUX BETUYUH — NepeMEeWJeHUs HCECIKO20 YeHmpa, 0aeleHull 8 NONOCMAX, KOHCMPYKMUBHBIX
napamempos u PuU3UKO-MeXaHU4eCKUx Napamempos Memopansl (moayuna u Mooyib Yynpy2ocmu MemopaHHo20 noI0mMHa,).

B pabome nposepena adexeamuocmv paspabomaruol MoOenU, a maxdce npugeoeHvl pe3yivmamyvl UCHOIb308AHUL IO Modenu
npu MOOETUPOBAHUU 8 CUCEMAX ABMOMAMUIUPOSBAHHO20 NPOEKIMUPOBAHUS PAOA MECMOBbIX NPUMEPOE — MEMOPAHHBIX NPUBOIOE.
Tpusedennvie pezynbmamsl MOOEIUPOBAHUS NOKAZLIBAION, YMO pPA3PAOOMAHHbIE MOOeU dOeKGAMHO Ompaxcarnm pabouue
npoyeccsl u Mo2ynm Gblnib UCHOIb308AHbL OJisl NPOEKMUPOBAHUS MEMOPAHHBIX NPUBOOOE PABIUYHOLO HAZHAYEHUSL.

Knrouesvie cnosa: membpana; npueood; HucieHHas Mamemamudeckas Mooeib;, dh@exmuenas nioujadb memoOpanvl; HeauHeuHdas
JHCECTKOCIb MEMOPAHDI.
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