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SOME ASPECTS OF INFLUENCE OF THE CONNECTING ROD DESIGN
ON THE OUTPUT PARAMETERS OF HIGH-SPEED INTERNAL
COMBUSTION ENGINES

A comparative analysis of the stress-strain state of the connecting rods with a tradi-
tional 1-beam and H-beam rod profiles was performed in order to compare various
designs of the connecting rods and identify the factors that affect the main parame-
ters of the internal combustion engine. Using the finite element simulation, it was
found that the H-beam conrod has a much greater transverse bending rigidity, but is
inferior to the 1-beam profile conrod in terms of its mass. The calculations also de-
termined that the frequency of natural oscillations of the H-beam profile conrod is
significantly higher as well, what was confirmed by the testing on high-speed en-
gines. The obtained data on piston operation with the H-beam conrod concluded that
a more rigid connecting rod makes it possible to exclude transverse oscillations, re-
duce mechanical losses and improve the characteristics of the engine.

Keywords: internal combustion engine, ICE, connecting rod, H-beam, piston, rigidity

Introduction. As is well known, the vast majority of internal combustion engines
use conrods of the traditional and generally accepted design that has been developing
rather well for decades in all aspects, including the materials, the form and size of el-
ements, production technology, etc. [1; 2; 3].

However, it should be noted that even such a well-developed system might expe-
rience changes. Thus, several years ago manufacturers of some types of engines (in
particular, passenger car gasoline engines) set a massive transition to the fracture split-
ting (FS) technique of the conrod [1; 4], in which the splitting of the conrod big end is
done after deep cooling.

The described change of technology took place due to the manufacturers’ urge to
reduce the cost of mass production — the "splitting" technology not only significantly
reduces the number of operations, but also simplifies the design.

The given example demonstrates that the change in the technical requirements of
such a well-established and widely used engine part as the connecting rod can be the
reason for their very serious modification.

There are a large number of studies on the simulation of conrod stresses and
strains [5; 6]. Most of them are devoted to conrods of traditional designs [7; 8], and
only a small number of works study other conrod designs, including the H-beam pro-
file conrods [9; 10]. However, these studies mostly concern specific designs, including
the analysis of their fatigue strength, and do not consider any general trends. Subse-
guently, many studies do not normally give due attention to the direct comparison of
the properties of the conrod types in question, however, if a comparison of some char-
acteristics is performed [9], no clear explanation is given as to which design is rec-
ommended to be used in what type of engine.

Consequently, the objective of this work is to analyze conrod designs and to iden-
tify the factors that influence the basic parameters of the engine.

Features of Modern Internal Combustion Engines. Even a superficial analysis
allows us to conclude that further improvement of the automotive ICE has taken the
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path to increasing specific power. If the standard power at the end of the past century
was 50 hp per 1 litre of volume, while 70 hp /litre suggested some kind of exclusivity
or even some special application of the engine, currently the level of 90-100 hp /litre is
no longer the limit even for mass designs.

All these processes are accompanied by an increase in the maximum rotation
speed. Since the 1970s, as the widespread introduction of the constructions with over-
head camshafts had begun, the maximum rotation speed was persistently kept at
around 6000 rpm. However, the engines with the maximum rotation speed of 6500-
7000 rpm gradually became more widespread.

It is clear that such serious changes could not have happened without affecting
most of the main engine parts. For example, low height pistons with thin (1.0-1.2 mm)
piston rings and 18-19 mm diameter piston pins, valves with a stem diameter of 5-5.5
mm, etc., have become widespread [10; 12]. However, the connecting rod was less
affected by these changes, which lets one hypothesize on possible trends for further
development of the connecting rod design.

Comparison of Various Conrod Designs. It is clear that the conrods of various
designs can find their application in internal combustion engines of different types. In
order to determine the effect the conrod design has on the engine parameters, it is nec-
essary to compare some features of these conrods.

As is known, the conrod of the traditional design has an element that connects the
big and the small end in the shape of the I-beam stem (Fig. 1).

Fig. 1. A typical traditional conrod with the I-beam stem.

Over the past few decades, this design scheme has undergone minimal changes,
which, in addition to the aforementioned "split" end, mainly concerned downsizing,
accompanied by the thinning of the stem section.

As a result, many of today's gasoline engines conrods have fairly openwork de-
signs that, even at the most superficial glance, do not have any outstanding stiffness
characteristic [13].

In fact, the I-beam profile of the stem can sustain the loads well enough in the
longitudinal (circumferential) direction, which cannot be said about the transverse one.
However, the conrod gets no apparent load in the transverse direction, therefore this
design continues to remain dominant in mass production [14].

At the same time, another conrod stem design is known, mostly used in sports
engines. These are the so-called H-beam connecting rods [4, 10], in which the I-beam
stem is deployed 90 degrees around the longitudinal axis of the conrod (Fig. 2). In the
past, such connecting rods were also used in some aircraft piston engine designs.

It is easy to notice that this type of the connecting rod differs rather seriously
from the traditional one. It evidently has a different stem profile, however it is not en-
tirely clear at first glance why such a special profile is needed or what it is good for.
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Fig. 2. Typical H-beam connecting rod.

Load Simulation of Stems of Various Types of Connecting Rods. Obviously,
in order to perform a comparison of conrods, it is necessary to simulate the loading of
the stems of these designs under the same conditions. A part of the study has been car-
ried out before on the conrod design fine-tuning for sports engines [4; 15]. For the
purpose, two beams were chosen that imitated conrod stems — the traditional I-beam
and the studied H-beam (Fig. 3).

X zl\l/\ VAN
NN/

A AN

a b
Fig. 3. The cross sections of the conrods under study: the traditional I-type (a)
and the H-type (b) beams.

To equalize the conditions, the cross-sectional area of the beam was evenly dis-
tributed over the structural elements and in both cases the value was 128 mm?®. To
simplify the task, the rounded edges were intentionally not provided.

The design scheme for the simulation was set as follows [15]: both beams had a
fixed seating on one edge and the other edge was left free, but the equal transverse
force of 1000 N was applied to it. This force was modeled as a load distributed over a
small section (Fig. 4).

Fig. 4. The design scheme of the conrod stem with transverse loading:
a — bottom view, b — side view, ¢ — stem shape.

Then, using the ANSY'S software [16; 17], a computational experiment was con-
ducted to determine the stress-strain state of the beams, for which the finite element
method (FEM) was used. The resulting finite element model consists of approximately
6 thousand elements, for which the program calculated stresses and strains.

The calculation results are presented in the form of the so-called contour plots
(Fig. 5), which make it possible to see not only the state of the part under load, but
also its initial position. At the same time, for greater clarity, the scale of the beam de-
formation was increased by 5 times on the graphs [15].
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Fig. 5. The nature of variations of the transverse deformation and von Mises stress on the stem
of traditional design (a) and the H-beam stem (b) with the same load.

The obtained data allowed us to draw the following conclusions. When testing the
traditional beam profile, the maximum lateral deformation (along the y axis) under the
given load was 2.69 mm, while, when testing the H-beam profile, the deformation was
3.5 times less and that is 0.763 mm. Similarly, with the same load of 1000 N, the max-
imum von Mises stresses in the traditional profile beam are 3 times higher and amount
to 946 MPa instead of 316 MPa for the H-beam one (Fig. 6).
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Fig. 6. Deformation as the free end displacement (a) and stresses (b) in the conrod stems of the
analyzed designs in dependence on the cross load.

Thus, the conrod with the H-beam stem provides 3.5 times more transverse rigidi-
ty than the conrod with the standard profile stem, with the cross-sectional area being
the same, and even requires a slightly less durable material for the same mass. How-
ever, in the longitudinal direction (in the rotation plane) both types of the connecting
rods demonstrated little difference in terms of rigidity (determined by the thickness of
the horizontal elements in Fig. 3).

Load Simulation of the H-beam conrod. This type of research helps identify cross
sections with increased stresses under normal loading of the part, which may be of
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practical importance. Examples of such studies are known [5; 6; 7] but they normally
deal with purely specific tasks [8; 9] and do not perform comparison with the conrods
of the traditional design.

Indeed, since the shape of the H-beam conrod is significantly different from the
traditional design, it is desirable for practical purposes to check it for critical sections.
For this purpose, a 3-dimensional model of the connecting rod (Fig. 7) was built,
which was then used to create the finite element model (Fig. 8).

A

Fig.7. 3-dimensional model of the conrod.

Fig. 8. Splitting the conrod model into the finite elements (mathematical model).

Further, when simulating the loading of the connecting rod loading under tensile
and compressive forces, it was found that, in case of the H-beam profile conrod, un-
like that of the traditional design, the attention should be paid to the ribs of the stem
profile in the lower part near the transition to the big end. With the thickness of the
stem profile ribs being constant, these places are subject to increased stress (Fig. 9, a),
which can be reduced mainly only by increasing the thickness of the ribs.

a
Fig. 9. Simulation of the compression of the connecting rod indicates the presence of potential-
ly dangerous areas on the outer surface of the ribs near the big end (a) and the zone of high
stresses at the small end of the conrod as indicated by the simulation (b).
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Other areas of the ribs that require attention are located near the conrod small
end. Conrods of traditional design have them close to the critical areas. However,
while the critical points of the traditional conrod design are considered to be the cross
section of the transition from the stem to the small end, the H-beam conrods have the
increased stresses localized a little lower at the edge of the ribs (Fig. 9, b).

Despite the above-mentioned advantages, it is necessary to point out the drawback of
the H-beam scheme, which is related to the so-called scale factor. When considering the
cross-sectional shape of the traditional and the H-beam conrod types (Fig. 3), one can see
that the area will be the same only if the ribs of the H-beam conrod are two times thin-
ner than the base of the traditional I-beam one.

It is impossible to achieve that in practice, since the ribs of the H-beam stem
would have to be extremely thin — 1.5-2.0 mm, which would make the practical appli-
cation of such a design seem doubtful. As a result, the H-beam conrod, with all the
other conditions being the same, is at least 10-15% heavier than the traditional one.

Nevertheless, even the overmass is actually acting towards increase in rigidity,
which suggests that with the engine working at close loads, the H-beam conrod will
deform many times less than the traditional one, especially in the transverse direction.
It remains only to address the following questions: why is it so important as well as in
what cases, how and what can the increased mass of the conrod affect.

The Study of the Conrods Working Features by Various Indirect Signs, in-
cluding Abnormal Piston Swing inside the Cylinder. Despite rather large capabili-
ties, the load simulation does not provide complete information on the working fea-
tures of various conrod designs. Therefore, collecting and analyzing experimental data
becomes an important stage of research.

However, before conducting any sort of analysis, it is necessary to understand
which data are required and how they can be used.

The practice of investigating the causes of internal combustion engine faults
shows [18] that one of the indicators of normal operation of the ICE is the piston — by
the nature of its contact with the other parts and elements, it is possible to determine
the damage or the defect, as well as its exact place or point.

So, in the well-known phenomenon — the change of direction of the piston
movement at the dead centers — the piston swing occurs in the rotation plane and is
limited by the piston skirt, therefore with a normal clearance in the cylinder and the
corresponding skirt profile the swing is insignificant. In this case, the skirt that makes
up the piston guide area, fully determines the position of the piston inside the cylinder.
The way the piston will then look like is shown in Fig. 10.

Fig. 10. A normally working piston always has the top land area evenly covered with soot
around the entire circumference.
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However, in the case of, for example, large wear of the skirt and/or cylinder sur-
face, the piston swing at the dead centers will become significant and may lead to the
piston touching the cylinder with its upper area (top land). This is the cause for the
appearance of the corresponding traces on the piston top land above the skirt such as
the scuffed (polished) areas or areas free from carbon deposits (Fig. 11). A piston
knock may begin too [18], especially at cold start [19; 20].

B g
Fig. 11. A worn piston does not only lead to a large clearance inside the cylinder, but also to a
significant piston swing, which can easily be seen from the traces of contact of its top land.

The above-mentioned signs of the contact traces (the touch and the impact) reveal
the abnormal (i.e. absent in normal operation) interaction of the piston with the cylin-
der, which is important as it directly affects the engine output parameters.

Indeed, as is known, the piston group accounts for the main share of mechanical
losses of the engine — up to 50% [2; 3]. This means that any abnormal contact of parts
will inevitably cause an increase in mechanical losses and will lead to deterioration in
the basic parameters of the engine. And precisely here, as experience shows, one
should look for the difference between conrods of various designs.

The Cross Loads that Act upon the Conrod. It is commonly assumed that the
connecting rod is not subject to cross loading. Indeed, the axes of the big and the small
ends of the conrod are defined by the technology of its machining and are strictly par-
allel, as are the axes of the conrod and the main journals of the crankshaft. Additional-
ly, the axis of the cylinder is strictly perpendicular to the axis of the crankshaft and is
also defined by the machining technology, just like the axis of the piston is perpendic-
ular to the axis of the piston pin hole.

Under such conditions, there are no additional transverse forces that could affect
the conrod stem, while various kinds of deviations in the mutual arrangement of sur-
faces as well as the manufacturing defects and/or operational damage are, as they say,
force majeure and are not related to the normal engine operation.

It is clear that if one makes an assumption that there are no transverse loads, then
the conrod requires no additional transverse rigidity — the rigidity of the traditional I-
beam conrod would appear sufficient.

However, the assumption that no transverse forces act upon the conrod can be
applied to ideal conditions only. In general, such an assumption can be disproved by
the known experience in engine operation and repair [18; 21], which suggests that the
real working conditions of engine parts are far from the ideal ones. In order to under-
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stand the source of the problem it might be necessary to investigate the signs that
could appear if some kind of transverse load began to affect the conrod at some point.

Symptoms and Causes for the Piston Working with Cross-Skew. Even if one
does not conduct a detailed analysis of the causes and features of the transverse forces
that may arise, it is easy to imagine the consequences of such an effect: the piston is
tilted inside the cylinder in the direction perpendicular to the rotation plane, i.e. in the
vertical plane that passes through the crankshaft axis.

The piston inclination in the cylinder in this direction is not limited by the skirt
the same way as in the rotation plane — simply because modern petrol engines have
pistons that have no skirt on the sides of the pin hole (Fig. 10). In fact, the skirt is not
needed there, since the piston is connected to the conrod small end with the help of a
piston pin. And since during normal operation the clearances in this connection are
measured in hundredths of a millimeter, any piston transverse swing in the cylinder is
possible only together with the conrod small end.

In other words, the transverse inclination of the piston can only be caused by a bend
in the conrod [21; 22]. Then it becomes clear what consequences the skew of the piston in
this direction may lead to — the exact same polished areas, as shown in Fig. 12, will ap-
pear on the piston top land, but above the piston pin holes. That is, when the connect-
ing rod is bent in the cross direction, the piston will inevitably touch the cylinder with
its top land. This is nothing more than an abnormal contact of the parts, which can
cause an increase in mechanical losses and a decrease in the maximum engine power.

It should be noted that the transverse deformation of the connecting rod is not an
uncommon occurrence in the ICE operation [18; 22; 23], its main causes being hy-
drolock (which is the result of various liquids entering into the cylinder), piston impact
damage (valve breakage, foreign objects) as well as poor-quality repair of the engine
in general and the connecting rod in particular (Fig. 12).

Fig. 12. A typical and clearly marked one-sided wear of the piston top land over the pin hole is
caused by the work of the piston with an inclination.

With this kind of damage the piston has a pronounced one-sided skew, as a result
of which the contact area of the piston top land with the cylinder is only on one side
(besides this, there are also other symptoms of the piston operating with the deformed
conrod). But all these cases are associated with either operational damage or defects in
repair production.

Symptoms of Transverse Bending Oscillations of the Connecting Rod. High-
speed highly powered sports engines have displayed another type of abnormal piston
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operation (Fig. 13), with the scuffing of the piston top land observed not from one, but
from two sides at once.

b

Fig. 13. Small two-sided marks of scuffing over the pin holes on the top land of sports
engine pistons — from a slight touch (a) to a wide contact area (b).

It was clearly a symptom of the piston operating with inclination, but it was un-
clear how and why the inclination occurred in both directions at the same time. Even
after examining several engines it was not easy to figure out the cause of the phenom-
enon — presumably, the observed nature of the scuffing was not associated with the
piston thermal expansion, since the pistons that exhibited the two-sided scuffing were
of different geometry and design.

Results and their discussion. It turned out possible to resolve the contradiction
with the piston inclination occurred in both directions at the same time by assuming
that the cause of the two-sided scuffing of the piston top land lies in the transverse os-
cillations of the connecting rod. Indeed, such oscillations are possible and lead to the
bending of the conrod [24], which is confirmed by known studies [25; 26].

To simplify, if the "conrod-piston” system is represented as a beam clamped on
the crank side with a load (the piston with the pin) applied to the center of the small
end of the conrod, the lowest frequency of the natural transverse oscillations of the
system can be approximately calculated, according to [27], by the simple equation:

3EL,/[I3 (M + 0,235 M,)],
where E is the elastic modulus of the conrod material, ly is the moment of inertia of
the conrod stem in transverse bending, | is the length of the stem, M,MO are the mass-
es of the piston (with the pin) and the conrod, respectively.

The moment of inertia ly depends on the geometrical characteristics of the stem,
which determines the dependence of the resonance frequency not only on the type, but
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also on the dimensions of the stem profile, in particular, on its relative width h /Db,
equal to the ratio of the width h of the profile to its thickness b.

The calculation shows (Fig. 14) that for automotive engine conrods with the I-
beam stem the natural transverse oscillation frequency is close to 7000-7500 rpm,
which may be the cause of increase in mechanical losses when the rotation speed ap-
proaches resonance. At the same time the H-beam stem profile immediately increases
the natural frequency by 1.5-1.6 times, up to 11000-12000 rpm, especially with an
increased width of the profile.

11, rpm
12 000 //
/
/
10 000 //
8000
6000 H —

I-beam ‘
e )

1,00 117 1,33 1,60 “h/b

Fig. 14. The influence of the conrod stem type and size on the rpm corresponds to the natural
frequency of the transverse oscillations of the conrod stem.

4000

To test this hypothesis, similar connecting rods were made for several 1.6-liter
engines, but with the H-beam conrods [28]. When testing the engines, it turned out
that the transition to the H-beam profile resulted not only in the disappearance of
scuffing on the piston top land above the pin, but also in a simultaneous increase in
power characteristics, mainly due to the possibility of a significant increase of the
maximum rotation speed.

The best result was obtained on a sports 2.0-liter atmospheric 4-cylinder engine with
the cylinder diameter of 81.8 mm and piston stroke of 95 mm: with the H-beam conrods it
could easily go up to 9000 rpm (at higher rpm power blockage appeared). At such rotation
speed, the average piston speed reached 29 m/s, significantly exceeding the values of this
parameter in similar engines, normally within 22-24 m/s [11; 29; 30].

It is characteristic that a slightly higher mass of the H-beam conrod did not manifest
itself in any way during the study. On the one hand, the excess weight of the conrod could
cause an increase in the load on the piston skirt and, consequently, lead to higher mechani-
cal losses. However, in all likelihood, the mechanical losses due to friction of the piston
top land at high rotation speed were much greater, and their reduction completely compen-
sated for a certain increase in the friction losses of the skirt.

It is clear that the effect of the use of the H-beam conrods was observed only at
high rotation speed, above 6000-6500 rpm, below which no changes in one direction
or the other could be identified.
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Conclusions. The traditional design of the 1-beam connecting rod still used in the
vast majority of gasoline engines, has practically exhausted its high-speed reserves. At
rotation speeds above 6000-6500 rpm, signs of bending transverse oscillations of the
connecting rod are found, which lead to an increase in mechanical losses and deterio-
ration of the basic parameters of the ICE, especially in small-size high speed modern
engines of different purposes. The obtained results indicate that a possible solution to
the problem is the transition to the connecting rods with the H-beam stem profile,
which ensures significant stress reduction, many times greater cross rigidity, thus re-
ducing mechanical losses and improving the output parameters of the internal combus-
tion engine.

The plans for future studies involve the simulation of transverse oscillations of
the connecting rod as well as the estimation of the influence of the stem geometric
characteristics on the amplitude of such oscillations and on the engine parameters.
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C. A. IMUTPUEB, A. 3. XPYJIEB

HEKOTOPBIE ACHIEKTbI BJIMSIHUSI KOHCTPYKIIMU LHIATYHA HA BBIXO/IHBIE
IAPAMETPBI BEICOKOOBOPOTHBIX JIBUT ATEJIEI BHYTPEHHEI'O CTOPAHUS

[TpoBeneH cpaBHMUTENBHBIA aHANIN3 HAMPSKEHHO-IE(OPMUPOBAHHOTO COCTOSHHS IIATYHOB C
TPaAMLMOHHBIM JBYTaBPOBHIM U H-00pa3zHbIM NMpOQUISIMU C LENbI0 CPaBHEHMS PA3IMYHBIX
KOHCTPYKLMI IIaTyHOB W BBISBICHHS (DAKTOPOB, BIMSIOIINX Ha OCHOBHBIC MapaMeTphl BHYT-
peHHero cropaHusi. beuto oTMedeHo, 4TO HecMOTps Ha 00LIen3BecTHOCTh H-00pa3zHoro mpo-
¢uns maTyHa, B HAacTOsIIEE BPEMsl NMPAKTUUECKH OTCYTCTBYIOT PaOOTHI, B KOTOPBIX OBI IO-
JIpoOHO paccMaTpUBaIUCh OCOOCHHOCTH, BO3MOXKHBIE IPEHMYIIECTBA M PEKOMEHJAIMHU 10
npuMeHeHno0 H-00pa3HbIX MIaTyHOB B JABHIATEINsIX pa3jIMUHBIX THUIOB. Vcmonb3ys Monenupo-
BaHHE METOAOM KOHEYHBIX 3JIEMEHTOB, OBIJIO yCTaHOBIEHO, 4YT0 H-00pa3HBIH mIaTyH MMeeT
ropaszio OOJBIIYI0 JKECTKOCTh MONEPEYHOTO M3ruda, HO yCTYHaeT IaTyHy ¢ OOBIYHBIM ABY-
TaBpoBBIM Tpo¢mieM o Macce. Kpome Toro, 6put0 00HApyKEHO, YTO, B OTJIMYHE OT CTaH-
JApTHBIX IATyHOB, Y H-00pa3Horo maryna Hanbosiee Harpy>kKEHHBIMU JIEMEHTAMH SIBIISIOTCS
pebpa B HIOKHEH 9acTH BOJIHM3H Nepexoa K KPHBOIIUITHOM ToyoBKe. PacdeTs! Takxke MoKasany,
YTO YacTOTa COOCTBEHHBIX KoiyeOaHmii H-0Opa3sHOTo CTEpKHS 3HAYUTENBHO BBINIE, YEM Y
OOBIYHOTO JBYTaBPOBOTO, Y KOTOPOTO 4YacTOTa COOCTBEHHBIX KOJIeOAaHMH MOXKET OKazaTbCs
OnM3KO# K paboueil Ha BHICOKMX YaCTOTax BPAIICHHS M BBI3BATh POCT MEXaHUUECKHX MOTEPb.
VcnpiTaHusi CIOPTUBHBIX OCH3MHOBBIX JABHIATelNeH TIOMOTIIH MOJYYUTh HOBBIC JAHHBIE O TOM,
KaK KOHCTPYKIUS IIaTyHA BIMAET HA MEXaHHUECKUE MOTEPHU M MOIIHOCTHBIE XapaKTePUCTHKU
nBurarens. Tak, ObUIO BBISBICHO, YTO TPH BBICOKMX CKOPOCTSX BpAILEHHS MOPIIEHb MOXKET
paboTaTh B HMJIMHIpPE C MONEPEYHBIM NEPEKOCOM, UTO, BEPOSTHO, BHI3BAHO ITONEPEYHBIMHU KO-
ne0aHNsAMHY IIATyHA, KOTOPBIE MOXHO YCTPaHHTh C NMOMOLIBIO nepexona Ha H-oOpasuble mra-
TyHBI. [lomydeHHbIe JaHHBIE 0 pabOTe MOPUIHS C MIATYHAMHU Pa3HBIX TUIIOB IIO3BOJIMIIN CIENIATh
BBIBOJI O TOM, 4TO OoJiee )KECTKHH IMIaTyH NOMOTaeT MOJAaBUTh IOINepeyHble KoJieOaHus, CHU-
3UTh MEXaHWYECKUE MOTEPH U YIIYUIIUTh XapaKTEePUCTHKH JABUTATEIIS.

KiroueBble cioBa: nBuratens BHyTpeHHETo cropanus, JIBC, martyn, H-o0pasHeIil cTepKeHb,
MOPIIIEHb, KECTKOCTb.

C. O. IMHTPIEB, O. EXPVJIEB

JIESIKI ACIEKTH BILJIMBY KOHCTPYKIII INATYHA HA BUXIJTHI
HAPAMETPHU BUCOKOOBOPOTHHUX JIBUTI'YHIB BHYTPIIIHBOI'O 3I'OPAHHA

[TpoBeneHo MOPIBHAIBHUI aHAJI3 HAIIPYKEHO-e(OPMOBAaHOI0O CTaHy IIATYHIB 3 TPAAULIHHUM
JBOTaBpoBUM 1 H-moniOHMM npodisisiMu 3 METOIO MOPIBHAHHS Pi3HUX KOHCTPYKI[H MIATYHIB 1
BUSIBJICHHS] YNHHUKIB, 110 BIJIMBAIOTh HA OCHOBHI IapaMeTpH BHYTPIIIHBOTO 3ropsHHs. byio
BiZI3HA4Y€HO, L0 BCylleped 3arajbHoBinoMocTi H-moxiOHOrO mpodinio maryHa, B AaHUH 4Yac
MPAaKTHYHO BiICYTHI pOOOTH, B SIKNX O JETAJIBHO PO3IIISAAINCS OCOOIMBOCTI, MOXKJIMBI Iepe-
BarW Ta PEKOMEHJAIIi 1010 3acToCyBaHHS H-MONIOHUX IATYHIB y JBUTYHAX Pi3HHUX THIIIB.
BukopucToByroun MOAENIOBaHHS METOJOM KIiHIEBHX €JIEMEHTIB, Oyso BcTaHOBIEHO, o H-
noAiOHUH maTyH Mae HabaraTo OLIBIIY YKOPCTKICTh HONEPEYHOTO BUTHHY, aJle IOCTYIAEThCS
IIaTyHy 31 3BUYafHUM JBOTaBPOBHM IpodineM o maci. Kpim Toro, Oymo BusABIEHO, 10, Ha
BiIMIHY BiJ CTaHIAPTHHUX INATyHiB, y H-moaiOHOTrO maTyHa HalOIbII HABaHTaKEHHIMH eJie-
MEHTaMH € pedpa B HIKHIM YacTHHI MOOIM3y Mepexoay A0 KPUBOIINIHOI ToJiBKH. Po3paxyH-
KU TaKOX MOKa3aliy, [0 YacTOTa BIACHUX KOJMBaHb H-10AI0HOTO CTPHIKHSI 3HAYHO BUILE, HIXK
Y 3BUYAIHOTO JABOTABPOBOI'0, Y SIKOTO YaCTOTa BIACHUX KOJIMBAHb MOXE BUSBUTHUCS OJN3bKOIO
JI0 poO0OYO0T Ha BUCOKHMX YacTOTaX OO0EpTaHHS 1 BUKJIMKATH 3pOCTaHHS MEXaHIYHMX BTpar. Bu-
npoOyBaHHS CHOPTUBHMX OCH3MHOBUX JBHTIYHIB JIOTIOMOIJIM OTPUMAaTH HOBI JaHi Ipo Te, SIK
KOHCTPYKIIis IIaTyHA BIUIMBA€ HA MEXaHIUHI BTPATH Ta NOTYXKHOCTI XapaKTEPUCTHKU IBHUI'YHA.
Tak, OyJ10 BUSIBIICHO, 1110 IIPH BUCOKUX IIBHJIKOCTSIX 0OEpTaHHS NOPLIEHb MOJXKE IPaLOBaTH B
LIJIHJPI 3 TONEPEYHUM MIEPEKOCOM, 10, HMOBIPHO, BUKJIMKAHO IOTIEPEYHUMH KOJUBAHHIMU
LIaTyHa, SIKi MO’KHA YCYHYTH 3a JIoIoMorolo nepexony Ha H-nmoniOHi matynn. Otpumani naHi
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npo poOOTy MOPIIHS 3 INATYHaMH Pi3HUX THUIIB JO3BOJHMIM 3pOOMTH BHCHOBOK IO T€, IO
O1IIBII YKOPCTKMH IMIATYH JONOMAarae NpUIYLINTH IONEPEYHI KOJWBAHHS, 3HU3UTH MEXaHIuHi
BTpaTH Ta TOJIIIIINTH XapaKTePUCTHKHU JIBUTYHA.

Kuro4oBi ciioBa: IBUTyH BHYTpimHbOTO 3ropsuus, B3, matyn, H-noxibuuit nmpodins, mop-
IIEHb, )KOPCTKICTb.
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