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DEPENDENCE OF AIR SPRING PARAMETERS
ON THROTTLE RESISTANCE

Purpose. In this paper it is necessary to conduct: 1) research and analyse the influence of throttle element pneu-
matic resistance on elastic and damping parameters of air spring; 2) to obtain the dependence of air spring parame-
ters on throttle element pneumatic resistance value. Methodology. The work presents the elaborated model of the air
spring as a dynamic system with three phase coordinates (cylinder pressure, auxiliary reservoir pressure, cylinder air
mass). Stiffness and viscosity coefficients were determined on the basis of system response to harmonic kinematic
disturbance. The data for the analysis are obtained by changing the capacity of the connecting element and the law
of pressure variation between the reservoir and the cylinder. The viscosity coefficient is regarded as the viscosity
ratio of the hydraulic damper, which for one oscillation cycle consumes the same energy as the air spring. The proc-
ess of air condition change inside the cylinder (reservoir) is considered to be adiabatic; the mass air flow through the
connecting element depends on the pressure difference. Findings. We obtained the curves for spring viscosity and
stiffness coefficients dependence on the throttle resistance at three different laws, linking airflow through the cylin-
der with the pressure difference in cylinder and reservoir. At both maximum and minimum limiting resistance val-
ues the spring viscosity tends to zero, reaching its peak in the mean resistance values. Stiffness increases monotoni-
cally with increasing resistance, tends to the limit corresponding to the absence of an auxiliary reservoir (at high
resistance) and the increase in cylinder volume by the reservoir volume (at low resistance). Originality. The de-
signed scheme allows determining the optimal parameters of elastic and damping properties of the pneumatic sys-
tem as function of the throttle element air resistance. Practical value. The ability to predict the parameters of elas-
tic and damping properties of the pneumatic system as function of the throttle element air resistance will improve
the running performance of carriages, the comfort of passenger transportation and reduce the wear of the rolling
stock and the track caused by interaction of carriage and rails.

Keywords: spring suspension; air spring; viscosity coefficient; stiffness coefficient

Introduction scribe their dynamic properties with the help of the
mechanical equivalent model.

To date, the most common for use on passenger
cars is a pneumatic system design, consisting of an
air spring and an auxiliary reservoir. The reservoir
is needed to reduce the vertical stiffness [4, 7, 13].
As an auxiliary reservoir the internal cavity of the
bogie frame truss is used; besides the auxiliary res-
ervoirs may be located in the car body or in the
space under the body.

As a rule, the air springs are limited by size ac-
cording to the condition of their location on the
bogie frame, so they are separated from auxiliary
reservoirs and communicate with the latter by con-
necting pipes. The pipes are equipped with con-
necting elements, which have a calibrated vent
holes. When overflowing from the cylinder into the

Air springs are the most progressive elastic el-
ements of running gear, which are used in passen-
ger car bogies. Their main advantage is the ability
to maintain the position of the body at a certain
level relative to the rail heads, regardless of the
load, due to automatic adjustment of air pressure
within the spring [4, 6, 7]. Furthermore, they have
good noise and vibration reduction properties, pro-
viding comfort of passengers [9, 12, 16].

Ability to take up high horizontal and diagonal
displacements as well as the torsional strength
make the air suspension systems an attractive solu-
tion for use on all bogies [1, 4, 7].

There are several types of air spring systems [4,
8, 10, 14] (air damper and air spring with one or
two extra reservoirs) and it is convenient to de-
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auxiliary reservoir the air has to overcome an air
resistance of the connecting element, causing the
spring to get the damping characteristics along
with the elastic ones.

Purpose

The purpose of this work is to research and
analyse the influence of throttle element pneumatic
resistance on elastic and damping parameters of air
spring. To obtain the dependence of air spring pa-
rameters on throttle element pneumatic resistance
value.

The changes in the connecting element flow
capacity largely affect the overall pneumatic sys-
tem. For the analysis of the newly constructed or
improved existing air suspension system the issue
of the connecting element capacity, along with the
capacity of the auxiliary reservoir and the air
spring casing, is an extremely important parameter.

Methodology

To analyse the dependence of elastic and damp-
ing properties of air suspension system (hereinafter
— the spring) on the connecting element parameters
we consider the spring (Fig. 1) comprising the fol-
lowing components: rubber-cord casing cylinder
(1), reservoir (4), piping (3) and connecting ele-
ment (2).

Fig. 1. Diagram of air spring with reservoir

The spring is considered as a dynamic system
with three phase coordinates (cylinder pressure,
auxiliary reservoir pressure, cylinder air mass).
The process of air condition change inside the cyl-
inder (reservoir) is adiabatic; the mass air flow
through the connecting element depends on the
difference of cylinder and reservoir pressure. [15].

The spring has the following parameters: cylin-
der volume V' 1 and reservoir volume V' 2, support
surface area S (we assume that it is independent of
cambering of spring), air mass m. The total pres-
sure in cylinder and reservoir is denoted by p 1 and

p 2, respectively. They differ from the excessive
one by the atmospheric pressure value p,.

The set of equations describing the system op-
eration is as follows:

pl 4! ml
p2_,.m2_, (1)
p2 2

ml+m2=m

m2=f(pl-p2),

where z — cambering of spring; m 1 — air cylinder
mass; m 2— reservoir air mass; y — polytropic ex-
ponent; f — function defining the mass air flow

through the connecting element.

We assume that the spring operation proceeds
at the ambient temperature equal to t=25 °C and
the pressure equal to p, = 1 atm.

Equations (1) are interdependent, which allows
approximate representation of the air spring as the
elastic element with stiffness C and the viscous
friction element with viscosity £ (Fig. 2) mounted
in parallel [5].

Let us consider cinematic excitation of this sys-
tem, when its deformation is described by the ex-
pression z =a-sin2nf (a — body oscillation ampli-
tude, f— disturbing frequency).

The maximum strength occurs when z=a (the
signs are not significant), it is equal to:

2

and the work done by an external power source per
full oscillation cycle -to the viscous friction
element operation, i.e.

Prnax :C'aﬂ

A=21"-f-a-P,

_in

& |_--_|ﬁ

)

Fig. 2. The equivalent mechanical system
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Expressions (2) and (3) are used for determin-
ing the equivalent stiffness and viscosity of the air
spring. For this purpose we integrate the equation
(1) when z=a-sin2nf , which will allow deter-

mining the spring overpressure p 1 as a function of
time ¢. The force exerted by the external source on
the spring supporting surface is equal to:

p=(pl-p,)-S,

and the work of this force per oscillation period is
equal to:

t
A= pdz=2nf [cos2nft- p(t)dt
0

Having determined p_, =max, p(t) and 4 ,
we find the equivalent coefficients:

“4)
)

The research is carried out at a variable ampli-
tude of oscillations (¢ = 0.005m, a = 0.010m, a =
0.020 m).

Taking into account the dependence of changes
in gas (liquid) flow value on the section resistance
and the vessel pressure employed in the fluid dy-
namics [2, 11, 14], we choose the dependence of

(pl—p2), but for

the research completeness and based on various
types of connecting elements, we do not neglect
the  following  dependencies: (pl-p2),
(p1-p2)*

Calculations are carried out with different flow
capacity of the connecting element: from virtually
open connecting element, which equalizes the cyl-
inder and reservoir pressure, to almost completely
closed one, which shuts off the cylinder from the
reservoir [3].

Under these assumptions, we determine the de-
pendence of cylinder overpressure p 1 on time ¢.
The obtained data on pressures allow drawing the
conclusions about the work done by the system, its
equivalent coefficients of stiffness and viscosity
under various operating conditions.

C:pmax/a’

B=A/2-1* f-a*.

pressure difference changes

Findings

We obtained the curves for three laws of pres-
sure variation of air suspension stiffness and vis-
cosity characteristics, as well as determined the
system operation depending on the connecting
element flow capacity (Fig. 3-5.):
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Fig. 3. Dependence of system operation on element

pneumatic resistance when +/(pl— p2)
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on element pneumatic resistance
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As can be seen from the above curves, the sys-
tem indicates the lowest peak value of the work
performed in case of pressure difference change

curves /(pl—p2). Likewise in case of the curve

J(pl=p2) the maximum system performance

level is achieved at the beginning of the opening
cycle of the connecting element, that
allows achieving the system peak performance
for a shorter period of time than that of
systems with pressure change dependences
(pl-p2), (pl-p2)*

It is also natural that the maximum work per-
formed by the system falls to the oscillation ampli-
tude of 0.020 m, whereas when the oscillation am-
plitude is 0.0050 m, the changes in the system op-
eration in case of decreased flow capacity of the
connecting element are insignificant.

Analyzing the formula (3), it can be concluded
that the more work that the system makes, the
higher the pressure needs to be maintained in the
cylinder for its high-quality work, which in turn
can lead to complication in spring supply system.
However, the fundamental parameters for spring
operation are stiffness and viscosity, not its work.
Therefore, it is advisable to analyze these figures
for all three dependences of pressure change.

For the above-mentioned law of the spring sup-
port surface motion, the phase shift between p 1
and z is virtually absent, which makes it possible to
estimate the stiffness spring by the formula (4).
Whereas the equivalent viscosity coefficient is de-
termined as the viscosity coefficient of the hydrau-
lic damper, which absorbs per one oscillation
cycle the same energy as the air spring by
the formula (5).

We obtain the following curves of spring stiff-
ness and viscosity coefficient dependence on the
parameters characterizing the pneumatic resistance
of the element that connects the cylinder with the
auxiliary reservoir (Fig. 6-11):
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Fig. 6. Curve of stiffness coefficient
dependence on the parameters characterizing
the element pneumatic resistance
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on the parameters characterizing the element pneumatic
resistance where (pl—p2)

By increasing the viscosity coefficient, the
system smooth operation and, consequently, the
level of passenger comfort is improved. The curves
show that early achievement of maximum viscosity

is observed for +/(pl— p2) however, this figure
is slightly lower than for (p I-p 2)* and (p I-p 2).

Originality and practical value

The designed scheme allows determining the
optimal parameters of elastic and damping proper-
ties of the pneumatic system as function of the

connecting element air resistance. The practical
value is that the ability to predict the parameters of
elastic and damping properties of the pneumatic
system as function of the throttle element air resis-
tance will improve the running performance of car-
riages, the comfort of passenger transportation and
reduce the wear of the rolling stock and the track
caused by interaction of carriage and rails.

Conclusions

Analysing the above curves, it can be con-
cluded that the system stiffness coefficient in-
creases significantly with increased resistance cre-
ated by the connecting element, herewith the sys-
tem viscosity tends to zero, which adversely affects
the damping of the system. In its turn, the system
viscosity is the highest at the mean resistance value
of the flow generated by the connecting element.
Moreover, the system reaches the maximum vis-
cosity at the mean value of the stiffness coefficient
that proves the beneficial effect on the system
damping quality of the presence of the element
with variable pneumatic resistance, which connects
the cylinder with the auxiliary reservoir.
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3AJIEKHICTD BJIACTUBOCTEM MHEBMATHUYHOI PECOPU
BIZI IHEBMATHYHOI'O OITIOPY APOCEJIA

Mera. B HaykoBiii po60Ti HEOOXiHO MpoBecTH: 1) BUBUSHHS Ta aHaNi3 BIUIMBY HEBMATHYHOIO OIOPY JIpoce-
JILHOTO eJIeMEHTa Ha NPY’KHI Ta JeMI(pyodi BIaCTHBOCTI MHEBMAaTHYHOI PecOpH; 2) OTpUMAaHHS 3aJIEKHOCTI BIlac-
TUBOCTEH MHEBMATHYHOI PECOPH BiJ] BEJIMYMHN ITHEBMATUYHOTO OIIOPY ApocenbHOro enementa. Meroauka. Po3po-
OJleHO MOIENh MMHEBMATUYHOI PECOPH K TMHAMIYHOI CHCTEMH 3 TphoMa (pa30BUMHU KOOpAMHATAMH (THUCK y OalloHi
1 TomaTKOBOMY pe3epByapi, Maca moBiTps B 6anoHi). KoedimieHTH >k0pcTKOCTI Ta B’SI3KOCTI BU3HAUECHI IO BiATYKY
CHCTEMH Ha TapMOHiIHI KiHeMaTHuHi o0ypeHHs. JlaHi Ui aHaTi3y OTPUMaHI IUIIXOM 3MIHH HPOITYCKHOI 31aTHOCTI
3’€IHYBAJILHOTO €JIEMEHTA Ta 3aKOHY 3MIHH THUCKIB MiX pe3epByapoM i 6aroHoMm. KoeodilieHT B’ S3KOCTI po3risia-
€TBCA K KOe(iLli€HT B’A3KOCTI TiAPABIIYHOTO TaCUTENs, IKUH 32 OJUH IUKJ KOJMBAHb ITOTIIMHAE TY K €HEPTifo, 10
i mHeBMaTHyHa pecopa. [Ipouec 3MiHM cTaHy MOBITPsl BCcepeauHi OaoHa (pe3epByapa) BBaXKAEThCS ajiadaTHUHUM,
MacoBa BUTpaTa MOBITPs Yepe3 CHOJTYYHHH €JIeMEeHT 3aJeXHUTh BiJ pi3HuLI THUCKIB. PesyabTaTn. Otpumano rpadi-
YHI 3aJIKHOCTI KOS(IIIEHTIB )KOPCTKOCTI Ta B’SA3KOCTI PECOPH BiJl OIIOPY IPOCENs NP TPHOX PI3HUX 3aKOHAX, IO
3B’SI3yIOTh BUTPATH MOBITPs uepe3 OaJOH 13 pi3HUIIEI0 THCKIB Y OasioHi Ta pezepByapi. [Ipu rpaHMYHNX (SIK BENUKHUX,
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TaK 1 MEHIIMX) 3HAYECHHIX OIOpY B’S3KICTh PECOPH IIparHe A0 HyJIs, JOCSITalouyl MakCUMyMYy B CEpPEIHbOMY Jiama-
30HI BeJIMYMH Oropy. KopcTKicTh MOHOTOHHO 3pOCTa€e MpH 301IBLICHHI ONOpPY, MparHy4u A0 MEX, BiINOBIIHUM
BiJICYTHOCTI JI0JaTKOBOTO pe3epByapy (IpH BEIMKOMY OmOpi) i 30UIbIICHAS 00cATYy OalloHa Ha o0CsT pe3epByapa
(mpu manomy omopi). HaykoBa HoBu3Ha. Po3pobiieHa cxema T03BOJISIE BUSBUTH ONTHMANBHI TApaMETPH MPYKHAX
Ta JeMI(yoUnX BIaCTUBOCTEH ITHEBMaTHYHOT CUCTEMH, 3AJISKHO BiJl THEBMATHYHOTO OTIOPY APOCEJILHOTO eJIeMEH-
ta. IIpakTH4yHa 3HAYUMicTh. MOXIHBICTS IPOrHO3YBAaHHA ITapaMeTpiB NPYXKHUX Ta AeMI(YIOUNX BIACTHBOCTEH
[THEBMAaTHYHOI CHCTEMH, 3aJI€KHO BiJl THEBMAaTHYHOTO ONOPY JPOCEIHHOTO €1EeMEHTa, JO3BOIUT HOJIMIIUTH X010~
Bi XapaKTEePUCTHKH BaroHiB, MiABUIIUTH KOM(OPTAOEIbHICTh NEPEBE3EHHS NAacaXUPiB, a TAKOXK 3HU3UTH 3HOC Py-
XOMOTO CKJIaJly Ta pEHKOBOI KOJIii BHACIIIOK B3a€EMOJIT €KiMaXK-1ILIsX.
Kniouosi crosa: pecopHe miiBilllyBaHHS; THEBMaTHYHA pecopa; KOe(ilieHT B’ I3KOCTi; KOe(illi€HT KOPCTKOCTI
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3ABUCUMOCTH CBOUCTB IHEBMATHUYECKOM PECCOPBI
OT IHEBMATHUYECKOI'O COITPOTUBJIEHUSA IPOCCEJIS

Heas. B nHayuHoii pabore HE0OXOAUMO MPOBECTH: 1) M3yUCHHWE W aHAIN3 BIUSHHUS THEBMaTHYECKOTO COIPO-
TUBJICHHS IPOCCENBHOTO 3JIEMEHTa Ha YIPYrue W AeMI(upyrolie CBOHCTBA MHEBMATHYECKOI peccopsbl; 2) moiy-
YyeHHE 3aBHCHMOCTH CBOMCTB ITHEBMATHYECKOM pecCcopbl OT BCIWYMUHBI IMHEBMATUYECKOI'O0 COIIPOTUBJIICHUA APOC-
cenpHOTO 2neMenta. Meroanka. PazpaboTana Mojenb IMTHEBMaTHYeCKOW Peccopbl KaK TUHAMHYECKOH CHCTEMbI
¢ Tpemst (pa3oBBIMH KOOPJIMHATAMU (JlaBJieHHE B OayNIOHE M IOTIOJHUTEIILHOM pe3epByape, Macca Bo3yxa B 0ajuio-
He). KoapuImeHTs! )KeCTKOCTH M BS3KOCTH OIPEZAEIeHB! 0 OTKIMKY CUCTEMbl Ha FapMOHHYECKOE KHHEMaTHde-
CKO€ BO3MyILleHHe. JlaHHbIe 171 aHAIn3a MOJIyYeHbI ITyTeM U3MEHEHHUS POITyCKHON CIIOCOOHOCTH COEIMHUTEIBHO-
rO 3JIEMEHTA U 3aKOHA W3MEHEHHs JaBJICHUH MEXIy pe3epByapoM u Gayutonom. KoadduumeHr BsizkocT paccmar-
pHBaeTCs Kak KOA(PHUIUCHT BA3KOCTH THPABIUYECKOTrO TaCUTENs, KOTOPBII 3a OJUH LUK KOJIeOaHUi MOrIonaeTt
Ty € YHEPrHI0, YTO U MHEeBMAaTH4YECKas peccopa. [Ipoliecc U3MEHEHHsI COCTOSIHUS BO3/lyXa BHYTpH OasutoHa (pe3ep-
Byapa) cuMTaeTcsl aanadaTHYeCKuM, MacCOBBIA Pacxo]] BO3/yXa Yepe3 COCAMHHUTENbHBIA IEMEHT 3aBUCHUT OT pa3-
HOCTH JAaBieHuil. Pesyabrarel. [lomydensl rpaduueckue 3aBUCUMOCTH KOI(P(PHUIMEHTOB KECTKOCTH M BSI3KOCTH
peccopbl OT CONPOTHUBIICHUS APOCCENsl MPH TPEX Pa3HbIX 3aKOHAX, CBS3BIBAIOIIMX PACXOll BO3/yxa uepe3 0ayuioH
C pa3sHOCThIO JaBJiCHWN B OayuioHe W pe3epByape. Ilpu mpenenbHbIX (Kak OOJBIINX, TAK U MEHBINUX) 3HAYCHUIX
COIMPOTUBJICHHUS BA3KOCTH PECCOPbI CTPEMUTCA K HYJIIO, JOCTHUIrasd MaKCUMyMa B CPCIHEM Jualla3oHE€ BCJIMYHH CO-
IIPOTUBJICHMUS. JKecTkoCTE MOHOTOHHO BO3pacCTacT MpU YBCINYCHHUU COIPOTUBJIICHUA, CTPEMSCH K IIpCaciiaM, COOT-
BETCTBYIOIINM OTCYTCTBHIO JIONIOJIHUTEIBHOTO pe3epByapa (Ipu OOJIbIIOM CONPOTHBICHNH) U YBEJINYEHHIO 00beMa
Oamona Ha 00beM pesepByapa (Ipu MajioM conporusieHni). Hayunasi HoBu3Ha. PaspaboraHHas cxema 1mo3Bosis-
€T BBIABUTH ONTHMAJIBHBIE NTApaMETPhl YIPYTHX U JeMI(UPYIONIMX CBOWCTB MTHEBMATHYECKONH CHCTEMBI B 3aBUCH-
MOCTH OT ITHEBMATHYECKOTO COIPOTHUBIICHHUS IPOCCETBHOrO 3neMeHTa. IIpakTuyeckasi 3HAYUMOCTh. B03MOX-
HOCTbh [TPOTHO3UPOBAHUSI TAPAMETPOB YIPYTUX U AeMII(DUPYIOUIMX CBOWCTB MHEBMATHYECKOW CUCTEMBI B 3aBUCHMO-
CTH OT ITHEBMATHYECKOTO COMPOTHUBICHUS APOCCEIBHOIO AIIEMEHTA MMO3BOJIUT YIIyUIIUTh XOJOBbIE XapAKTEPUCTUKU
BaroHOB, MOBBICUTh KOM(OPTAOEIbHOCTh MEPEBO3KU MACCAKUPOB, a TAK)KE CHH3UTh W3HOC MOJBIIKHOTO COCTaBa
U peNIbCOBOM KOJIEH BCIICACTBHE B3AaUMOJICHCTBHS IKHIAXK-TTY Tb.

Kniouesvie cnosa: peccopHoe TOABEIINBAHNE; ITHEBMAaTHUECKasi peccopa; KOdQQHUIHUEHT BI3KOCTH; K03 duiu-
€HT KECTKOCTH
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