30ipuuk HaykoBHuX npanb. Cepis: I'anyzeBe MamnHoOy yBaHHs, Oy 1iBHUIITBO
Academic journal. Series: Industrial Machine Building, Civil Engineering

http://journals.pntu.edu.ua/znp

https://doi.org/10.26906/znp.2019.53.1885

UDC 629.3.027.5

MATHEMATICAL MODEL OF PRESSURE CHANGE
IN AUTOMOBILE PNEUMATICAL TIRE DEPENDING
ON OPERATING TEMPERATURE

Orysenko Oleksandr!, Nesterenko MykolaZ%, Vasyliev Oleksiy*”, Rohozin Ivan*

! Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0003-3103-0096

2Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0002-8961-2147

3 Poltava National Technical Yuri Kondratyuk University  https://orcid.org/0000-0002-9914-5482

4 Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0002-9052-4806
*Corresponding author E-mail: a.s.vasiliev.76(@gmail.com

It has been established that in the process of operation pressure ratings in the tires of many cars differs from those recom-
mended by the production plant. Is leads to performance degradation of tires traveling properties and their loss of life.
The pressure excursion from the normative value may be caused either by an error during tire inflation, or by the fact that
the difference between the operating temperature and the temperature of the inflating air has not considered. Using athe-
matical-statistical methods of data processing, there has been deduced the mathematical relationship between pressure in
the pneumatical tire at the operating temperature and the required pressure of inflating air into the tire, if the temperatures
of inflation and operation differ.
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MATEMATHUYHA MOJEJIb 3MIHU TUCKY
B ABTOMOBLIBbHIN MTHEBMATHYHIN IIIWHI
3AJIEZKHO BIJ] TEMIIEPATYPHU EKCILTYATAILIT

Opucenko O.B.', Hecrepenxo M.IL2, Bacuanes O.C.%", Porosin LA.*

1,23, 4 [TonTaBCchbKMil HAlliOHANBHUIN TeXHIYHUI yHiBepcuTeT imeni IOpis KonapaTioka
*Anpeca s muctyBanHsa E-mail: a.s.vasiliev.76(@gmail.com

YcraHOBIICHO, 1110 B ITPOLIECi eKCILTyaTalliil 3Ha4eHHs TUCKY B IIMHAX 6arath0X aBTOMOOLTIB BiPI3HIETHCS BiZl PEKOMEHIO-
BaHOT'O 32BO/IOM-BUPOOHUKOM, 1110 IPU3BOMTH JI0 MOTiPLICHHS eKCIUTyaTalliiHUX XapaKTePUCTHK ILIMH Ta CKOPOYCHHS iX-
HBOTO pecypcy. Bizomo, 1m0 BiIXUIEHHS THCKY Bil HOpPMATHBHOTO 3HAYCHHS MOXKe OYTH CIIPUYHHEHHM K IOXHOKOIO IIpH
HaKavYyBaHHI IIMHM, TaK i HEBPAaXyBaHHAM PI3HULI MK TeMIIEpaTypolo eKCILTyaTamii Ta TeMIIepaTypolo IMOBITpsI, IO 3aKa-
qyeTbest. s IpOBeIeHHST JOCTIPKSHHS BUIUICHO HalOLIBII 3HAUyIi ()aKTOPH, SKi BIDIMBAIOTh Ha 3HAYCHHS THCKY B ITHE-
BMAaTHYHIH IHHI, IO JO3BOJIWIO CKJIACTH PIBHSIHHS perpecii, KoTpe onucye siBuie. JloBeaeHo aneKBaTHICTh MOJIEN Yepes
BU3HAYCHHS MOXUOKM Ta MEePeBipKy KPUTEPiiB. 3a JOMOMOTOI0 MaTeMaTHKO-CTATUCTUYHUX METOIB OOpPOKH JaHUX BHUBE-
JICHO MaTeMaTHUYHY 3aJISKHICTh MIXK THCKOM y IIHEBMATUYHIH IIKHI IPU TEMIIEpaTypi eKCITyaranii Ta HeOOXiAHUM THCKOM
3aKa4yBaHHs MOBITPS B ILMHY, AKIO TEMIEPAaTypH HaKadyBaHHS Ta eKCILUTyaTauil Bigpi3HAoTbca. OTxe, OTPUMaHO MaTe-
MaTHUYHY 3aJIeXKHICTb, sIKa JO3BOJISE IIPH BIIOMUX TEMIIEPaTypi B IPUMILICHHI, Jie 3MICHIOETHCS HAKaYyBaHHsI, TEMIEPATYpi
HaBKOJIMITHBOTO CEPENOBHUINA, /e Oy/e eKCILTyaTyBaTUCS [IIMHA, T PEKOMEHI0BAaHOMY 3aBOJJOM-BUPOOHUKOM THUCKY B IIUHI
aBTOMOOLIS BU3HAYUTH HEOOXITHUI THUCK 3aKauyBaHHS HOBITPs. [IpakTHYHNM BHKOPHCTAHHSAM PE3YNIBTATIB JOCIIHKESHHS
€ 3HAUCHHS HEOOXiJHOTO TUCKY HaKadyBaHHS 3aJICKHO Bill TEMIIEPATYD.

Kunrouogi ci1oBa: mHeBMaTHYHA MIKMHA, THCK HAKAUyBaHHS, TPUPIBHEBHH I1aH, MaTPHULS IIaHYBaHHS, MaTeMaTHUHA MO-
JIETb.
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Introduction

The durability of pneumatic tires depends on many
factors. Gas pressure in the tire is one of the most im-
portant ones. Tires of the same model are installed on
the cars of different vehicle brands. The car production
plant carries out research and establishes the optimum
tire pressure when it has the vehicle maximum loss of
life. In the case of pressure excursion from the norma-
tive value, the service life of the tire is significantly re-
duced [1, 2]. Also, the safety and comfort of the vehicle
movement, fuel consumption, durability of a car sus-
pender depend on the tire pressure [3-6].

However, it is known that the pressure does not meet
the norm in 60 — 90% of tires in operation. Due to the
fact, that the pressure does not conform to this norm,
there are lost from 6 — 15% of the tire life and from 1.5
to 3.0% of fuel [7, 8].

Thus, there is a problem of securing operation of tires
with standard pressure. The solution to this problem is
complicated by the fact that the pressure change is de-
termined by a large number of different factors. Some
factors influence has not been studied sufficiently. Con-
sequently, the crucial task is the study changing gas
pressure process in pneumatical tires and the develop-
ment of measures aimed at the reduction of its devia-
tions from the norm.

Review of research sources and publications

It the paper it has been established that environmental
temperature shift affects the number of technical and
operational parameters of a pneumatical tire [9, 10].
Pressure change is particularly notable.

In the car operation process, the temperature fall can
reach several dozens of degrees [7]. For example,
during car tire fitting at the premises of a service station
or a garage, the air, which temperature is equal to the
air temperature in the room, is inflated into the tire.
However, outdoors, especially when it is cold, the
atmospheric temperature can vary significantly. At the
same time, the pressure change takes place in the tire.

Definition of unsolved aspects of the problem

As it has been noted above, the air temperature inside
and outside the tire can vary significantly in different
periods of time. It affects the pressure amount, when
the air temperature inside the tire is equal with ambient
temperature. But the tire pressure is regulated by the
manufacturer [4, 11]. So, there is a need for further
study of this effect for the necessary adjustments and
description in the mathematical dependencies field [12
—14].

Therefore, the issue of forecasting the pressure
change in the tire during its operation at different
temperatures has not been solved fully.

Problem statement

The goal of the research is determination of
mathematical relationship between pressure in the
pneumatic tire at the operating temperature and the
required pressure of inflating air into the tire if the
inflating and operation temperatures differ.

Dasic material and results

To derive a mathematical expression that establishes
the functional relationship between the values of
standard pressure in the tire, the tire air pressure after
finished inflation, the inflating air temperature and the
operating temperature for the tire, mathematical-
statistical methods have been used [15].

In the investigation process the
assumptions have been introcced:

— the tire volume does not change with the tire
pressure change;

— the composition of the inflating air corresponds to
the composition of an air at the sea level;

— the inflation is carried out at an atmospheric
pressure of 101.3 kPa.

— the main factors of the influence on the standard tire
pressure value during operation are: pressure and
temperature of the tire inflating air, ambient
temperature. Other factors are neglected.

When computations are conducting, the selected fac-
tors vary on three levels — middle (main), lower and up-
per, which are remote from the main level to the same
value. This value is called the variation interval (Table
1)

It simplifies the records and subsequent calculations,
when the upper level of factors is denoted by the sym-
bol «+», the middle one is «0», and the lower one is «-
», which is equivalent to the transfer of factors to the
new code scale.

following

Xi_XiO
X =——"
AX

i

) (1)

where x, — value of ith factor on the new code scale;
X, —value of ith factor on a natural scale;
X,, —main ith factor level;
AX, — ith factor variation interval.

In our case, it assigns the following notations to the
factors that consider this calculation:

— the tire air pressure after finished inflation is x,

X, —202.6
= )
50.65
— the inflating air temperature is x,
X,-10
X, = ; 3
T )
— the operating temperature for the tire is x,
X, -0
X, = . 4
= @

The matrix of the second order for processing of the
computational results has been used, since the studied
dependence is unknown [15]. Calculations are made ac-
cording to the matrix plan, and they are reduced to
table 2.
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Table 1 — The limits of change and factors variation intervals

Factors

The limits of factors Variation intervals

change

Tire air pressure after finished inflation P;, kPa (atm) 151.95-253.25(1.5-2.5) 50.65
Inflating air temperature #;, °C (K) 0-20(273-293) 10
Ambient temperature when the tire is operated ¢, °C (K) -30 —+30 (243 - 303) 30

Table 2 — Three-level plan of the second order with number of factors k=3 (N=N,+N, +n,)

Planning matrix Squared variables ) ) .
Calcula- (x,) () Factor interaction (xx,) | Tire pressure, kPa
tion number
X X5 X; x; x; x; XX, XX, X, X, v,
1 2 3 4 5 6 7 8 9 10 11

1 + + + + + + + + + 266

2 — + + + + + — — + 160

3 + — + + + + - + _ 281

N 4 — — + + + + + - _ 169
! 5 + + — + + + + _ _ 214

6 - + e - + - 128

7 + — — + + + - - + 225

8 - - - + + + + + + 135

9 + 0 0 + 0 0 0 0 0 246

10 — 0 0 + 0 0 0 0 0 148

N 11 0 + 0 0 + 0 0 0 0 192
¢ 12 0 — 0 0 + 0 0 0 0 203
13 0 0 + 0 0 + 0 0 0 219

14 0 0 — 0 0 + 0 0 0 175

15 0 0 0 0 0 0 0 0 0 196

7, 16 0 0 0 0 0 0 0 0 0 197
17 0 0 0 0 0 0 0 0 0 198

The calculated values of the pressure in the tire (col-
umns 11 in Table 2) are obtained on the basis of the air
composition data at the sea level [16], and under the
condition that the test tire has a volume of 25 liters and
the gas mass (inside the test tire) corresponds to the air
mass at a pressure of 202.6 kPa and a temperature of
20°C. The calculation is carried out according to the
formula

p MR,
o Va >
where M, — air mass in the tire, kg;
R4, — specific gas constant for dry air [16], J/(kg'K);
T, — air temperature in the tire, K;
V, — air volume in the tire, m>.

The table columns 2 - 4 represent a matrix that defines
the initial conditions for conducting calculations. The
table columns 5, 6 and 7 show the squared variables ob-
tained as a result of the data columns 2 - 4 squaring.
They acquire the values +1 or 0 and are marked as x7 .

)

Column 8 is obtained by sequential multiplication of
factors (variables interaction). For example, for the 8th
calculation according to the plan factors x; = —1 and x»

The last column 11 shows the calculation results of
the tire pressure at various combinations of factors
(«outputs»).

The calculation results are processed according to the
method [15]. In this case, an algebraic equation is ob-
tained. It reflects the relationship between the proper-
ties under investigation and the initial factors.

The algebraic equation in general terms is

)2. =b,+ ’Zb‘.x‘. + ibﬁxf + ’Zbﬁx‘.xj , @)
1 1 1

or

A
v, =by+bx, +byx, +byx; + b“xl2 + bzzxz2 + b33)632 + )

+b,%,%, + by x,X; + byyx, x5,
where i,j=1,2,..., k — factors order numbers, i+ j;
¥; — property under investigation — tire pressure;
X1, X2, X3, X4, ... X} — initial factors;
bo, b1, by, ... ba, b1, ... by, bii — equation coefficients.
The coefficients for the plan of the second order with

the number of factors k = 3 are calculated according to
the formulas:

k
= —1 should be set at the lower level, and the estimated b, =0.1831[0y]-0,0704 > [iiy]; )
value of the interaction is !
x-x, =(=1)-(-1)=+1. (6) b,=0.1[iy]; (10)
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k
b, =—0.0704[0y]+0.5[iiy]-0.1268 > [iiy]; (11)
1
b; =0.125[ijy] (12)
where
N
[GIEDIHF 13)
1
N )
i) =2 x5, 5 (14)
1
N
[V]= 2 %0 15)
1
Ny
[Uy] = Z'xiu'xjuyu > (16)
1
according as i # j;
vy, — value of property under investigation in wuth
calculation;
x,, — value of ith factor in uth calculation;

x,, — value of jth factor in uth calculation (i # j);
N — total quantity of calculations in plan (null point
included).

After processing the calculations for the adopted plan,
the following equation is obtained

y=197.19+49.2-x, —53-x,+21.8-x, —0.26- X7 +

+0.24-x7 —0.26-x7 —1.25-x, - x, +5.25x, - x, —

—0.75-x, - x;.

Statistical analysis of the quadratic dependence is car-
ried out according to the method [15]. In order to check
the significance of the coefficients in the factors, the er-
ror is artificially set in the calculations of pressure at
the null points within £5%.

According to the results of calculations at the null
points, it is determined:

a) arithmetical average

(17)

)

Z.VOL,
1

Yo = 5
ny

(18)

where y,, — value of property under investigation at
the null point in uth calculation;
n, — quantity of calculations at the null point;

b) dispersion at the null point

i(;o ~You )2

S;_Sg: 1 (19)

ny—1

¢) mean-square deviation

(20)

d) root-mean-square error in determining coefficients

> 1)
N

The estimated value of Student-test is determined in
the following form:

S{bi}:

(22)

and compare the resulting value ¢, with the tabular one
¢, with number of freedom degrees £ by which it was

determined S [15];

f;:no_l . (23)

In the case ¢, <¢, with a level of significance o =0.05

, the coefficient is taken to be equal to zero, and the
corresponding equation member is rejected.
After mathematical processing of data, the refined

equation is obtained in the form:
y=197.194492-x,-53-x,+21.8-x,+5.25-x,-x,. (24)

To verify the suitability of the obtained refined equa-
tion, the adequacy dispersion is calculated

Ny A 2
Z(yl, —yu)

where y, — value of property under investigation in uth

(25)

calculation;

)A;“ — value of property under investigation in uth
calculation, which is calculated according to the refined
equation;
m — quantity of significant coefficients together with
b, .

The estimated value of F-test F, is obtained

. S

and compare it with the table value F' [15] for degrees
of freedom with which were defined §2, and 2, that
is (
S =Ny —m,

J5=n =1, (28)

In our case F, < F, therefore, the equation is consid-

27

ered suitable for calculations.
The resulting equation (17) connects tire pressures at
different ambient temperatures and the required inflat-
ing pressure at a given temperature of the inflating air.
The designations P, = y, P; = xi, t; = x2, t, = X3, are
introduced, and the values of x, x2, x3 from the formu-
las (2 — 4) are substituted into (17). Then the equation
of tire pressure dependence P, from the named factors
in the natural form is obtained after simple mathemati-
cal transformations:
P, =5.69+0.971-P,—0.53-1,+0,027 -1, +
+0.0035- P, -1, ’
Since, in the conditions of service stations, the practi-
cal interest is not so much the pressure in the tire de-
pending on the ambient temperature, but the required
pumping pressure depending on the temperature when
the pump is carried out. So the value of the pump pres-
sure P;, kPa, is set from the equation (29):
p _P=5.6940.531,-0.027 4,
o 0.971+0.0035-7,

(29)

(30)
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Conclusion

As a result of the undertaken research, mathematical
relationship between pressure in the pneumatic tire at
the operating temperature and the required pressure of
inflating air into the tire, if the inflating and operation
temperatures differ, has been obtained.

Using the given equation at the known temperature in
the room, where the inflation is made, and at the known
temperature of the environment, where the tire is oper-
ated and at the pressure in the car tire, recommended by
the production plant, it is possible to determine the re-
quired pressure of air inflation.
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