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NUMERICAL SOLUTION STRESSED DEFRESSED CONDITION
OF MULTILAYER COMPOSITION BLADES
IN THE FIELD OF CENTRIFUGAL FORCES

Abstract. One of the main tasks of the mechanics of composite materials (CM) is the calculation of the
effective characteristics of the elasticity of CM based on information about the physicomechanical properties of their
components and the laws of the distribution of components over the volume of the material. The possible scattering
of the properties of a layer of multilayer CM is not taken into account when constructing models of structurally
inhomogencous media and when calculating their effective characteristics. Therefore, it is necessary to assess the
influence of the properties of the layer on the effective characteristics of the material, as well as on the reliability of
the structure as a whole.

The paper considers program, allowing numerically determine stress and strain state of a layered composite
blade in the centrifugal force field, has been compiled using proved engineering torsion theory of the random section
composite layered rod. The naturally twisted layered composite blade lies under combined action of stretching for-
ces, bending and twisting moments or under the influence of centrifugal forces. The program has solved engineering
problem on cutting of the blade to leaves (these leaves appear in a result of variable section along the blade length) in
planes, parallel to the rod axis. The blade, studied in this paper, is presented by eight sections.

Keywords: blade, torsion, stretching, bend, deformation, strain, cutting.

Introduction. Rotodynamic machine blade outline in potential engines becomes more complex.
There is a change from outlines, close to the rods with twist and high relative elongation, to outlines like
plates with low relative elongation, high twist and flexure, in the blade structures of fans, compressors and
turbines. Intermetallic compounds, metal-matrix composites and ceramic-matrix composites come into use
instead of modern metal alloys. With development of analysis methods of modern jet engines, geometrical
characteristics, acrodynamic and thermal loads of bladed disks and drums become more specific. This
allows use numerical method to determine the blades” stress and strain state [ 1, 6-21].

Research. Prospective models of air screws have blades with high sweep angle, twisted by the span
and bended towards the axis of rotation. These blades should function in rather complicated and heavy
acromechanic conditions.

Similar designs are known for a long time, however, up till now there were no methods for their cal-
culation and materials for their manufacture. Currently, the emergence of high-performance computers
and complicated engineering software, as well as the availability of modern composite materials allow
carry out more thorough and detailed analysis of the prospective turboprop engine blades. Therefore, using
materials, received in [1], the analysis computer program, allowing numerically determine stress and strain
state of the blades from the composite material, has been compiled.

The program is designed for investigation of the stress and strain state of naturally twisted layered rod
structures, which lie under combined action of stretching forces, bending and twisting moments or under
the influence of centrifugal forces. Each layer of the rod section under the investigation consists of
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orthotropic material with 9 independent elastic constants. At that, purposeful general property regulation
of the specific material can be carried out by choice of both fiber pattern in a separate layer and layer
arrangement with known properties in section. This is achieved by alteration of angles ¢; between the
material elastic symmetry principal directions in the layer and axes, where the body’s stress and strain
state is investigated. At that, amount of independent elastic constants (elastic modulus, shearing modulus,
Poisson’s constants, etc.) of the layer material in the general case will be equal to 13 [1].

The relevant rod structure cross section is arbitrary. The input program parameters are coordinates of
the line, limiting separate arbitrary plane section, usually set in the working drawings of projects. This line
is divided into two parts (further conditionally called “back™ and “backet”), to which two outer lines are
adjacent in the layer section. Coordinates of the layers’ superficies are specified. Proceeding from these
data, with the help of special procedure, the arbitrary configuration section is divided into separate layers
by defined thickness t. of the monolayer [3]. At that, numbers of each layer origin and end are formed.
Such designs are carried out for a series of following one after another rod sections (figure 1). As dimen-
sions of the section may vary along the rod length, then number of the layers in each section can be dif-
ferent. This predetermines the emergence of short layers inside the section. Taken from different sections,
the coordinates of origin and end of one layer determine the leaf length in the current rod section.

Figure 1 -

The compressor blade cross section
set layers, numbers of the blade sections
correspond to the sections, distant
from its root section

Therefore, the program has solved the engineering problem of “cutting” of each rod layer on the
leaves in planes, parallel to the rod axis.

Basic relations of the developed engineering theory on layered rods [1-6] are used to investigate the
layered rod stress and strain state. Based on this theory, stretching strain €, curvature changes 7y, x» and
unwinding 1, as well as strains &, &, Gus, Oias, O1s, 01, in separate points of the layer i are calculated

for each section.
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The input program parameters are stretching force P, bending M;, M, and twisting M, moments, as
well as 13 elastic constants of each layer [1] for the current layer. The layers’ set points coordinates and
numbers are also input parameters for the current section.

To investigate the rod stress and strain state in the centrifugal force field, stretching force, applied in
the current section, is calculated by formula:

R
P, =P=0[( | pdFrds . (1)
v F(n)
where F(r;) — cross sectional area; r, R — distance from the rotational axis to the gravitational center of the
current r and peripheral R section respectively (figure 2); o=n-N/30 — angular velocity (rad.turns/sec.),
where N — rotational velocity (turns/min); r; — integration variable; p - the section layer material density.

Figure 2 — The distance from the rotation axis to the center of gravity of the current r and peripheral R section

Thus, the force P in the current section r is equal by the centrifugal inertial force value, to the
developed layered rod part, concluded between the considered section r and peripheral section R [22].

Data about geometrical characteristics of all sections are necessary to calculate the centrifugal effort
by formula (1) and the current section gravity center coordinates. To this end, with the help of special
procedure, 15 geometrical characteristics and set densities of all sections are calculated at first [22].

The centrifugal effort for the current section r by the approximate value for (1) is calculated by
formula:

5 R Tin
P.=0°) |[Fpndr, (2)
i=l

where the current section area and density are measured linearly towards the previous section. i.¢.
F=F o+ (n —ri)Fpg = E) (g = 1),

3)
p=pi+ (1 = 1) pi1 = P i1 = 17).

Further, the layered rod stress and strain state is studied for the current section. The stretching strain
g, curvature changes ¥, ¥» and unwinding t are determined, physical and geometrical characteristics of
the layer and the whole section are calculated.

The program for described lower calculations is currently used to analyze the blade stress and strain
state at the preliminary design stage.

1. The studied blade description. The considered blade model is a reduced version of the full scale
compressor blade. This blade has been designed and manufactured with a view to follow the real blade
structural and aerodynamic equivalency. The blade, studied in the paper, is presented by cight sections
(figure 1). Figure 3 presents changes in the area (curve 2 on figure 3), in the highest thickness (curve 1 on
figure 3), in the chord B (curve 3 on figure 3) of the blade and relation ¢,../6 depending on 1/R,. The root
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Figure 3 — Change of ¢, ,area F, chord B and c,,../6 by the compressor blade length

blade section consists of 12 layers of uniform thickness t.=0,4 mm, however, the peripheral section
consists of 6 layers. The reference swirl angle per one unit of the blade length 1, — is equal to
0.006 rad./mm.

2. Calculation variants. As an example, the blade from the composite material in the centrifugal
force field has been calculated by the described program. At that, investigation for three different com-
binations of the elastic constants in the package of the composite blade layers has been carried out.

The blade consisting of boron aluminum (BAL) layers interstratified from the side of back and backet
has been considered.

3. Calculation result analysis. The stretching force P in the blade rotation has been calculated by
formula (1) for each its section r/R,. Averaged values of the tension stresses ., in the conditional
untwisted blade achieve the highest value in the third section. This is related to the fact that the force P in
the third section differs from the force in the root section on 17%, while their areas differ on 45%.

W, U, V displacement pattern isograms by the blade length for the back and backet (figure 4) have
been drawn by the calculation results. As is clear from the Figure, normal displacements W on the peri-
pheral section have maximal values (MX point). W displacements rise on 4-5 times on the entry edge of
the back from the root section to the third section. They rise on 10 times on the feathered entry edges.
W normal displacement and U, V displacement patterns on the back are more proportional in comparison
with the blade backet. On the backet, concentration of the high displacements W is already observed in the
fourth blade section. Therefore, to increase the blade strength, it is necessary to change the layers from the
backet side by materials more rigid in the stretching.

Figure 5 gives deformation of the blade U, V,, W, towards the axis 0x, Oy, Oz. The highest changes
occur in the second blade section. The compressing deformation value towards the axis Ox on the trailing
edge on 3-4 times higher than on the entry blade edge. As a consequence, local strength loss may occur in
the tailing feathered layers’ edge. Therefore, these layers should be changed by materials with higher com-
pression-resisting properties. The highest blade deformation changes towards the axis Oy occur on the
third blade section. The stretching strain value towards the axis Oy in the trailing edge is 2 times higher
than in the entry edge of the second blade section and by its value is 3 times higher than the compressing
deformation towards the axis Ox. Consequently, to avoid the strength loss from the compressing and
stretching strains in the tailing feathered layers” edge, these layers should be changed by materials with
higher tensile and compression-resisting properties.

Figure 6 gives distribution of stresses Gx, Gyy, Gz on the back and backet by the blade length. The
highest normal stress is distributed on the root blade section (MX point), as the root blade section is
rigidly fixed. If not to consider it, then the maximum stress is achieved on the third blade section and
concentration of the normal stresses on the backet is higher on 1.5-2 times in comparison with the normal
stresses on the back. Concentration of the normal stresses on the third section is lower on 4-5 times in
comparison with its values on the root section. The compression stresses, conditioned by bending, twisting
and stretching interconnectivity, occur on the peripheral back sections. The average stresses in comparison
with the stresses Gy, Oyy, G, on 1.5-2 times higher and it is impossible to determine the compression
stresses” fields by them (figure 7). Therefore, to determine the blade stress and strain state it is necessary
to calculate all components of the stresses Gy, Gyy, Gz.
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Figure 4 — U, V, W displacement patterns on the back and backet by the boron aluminum blade length
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Figure 5 — Uy, Vy, W, displacement patterns on the back and backet by the boron aluminum blade length
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Figure 6 — Distribution of the stresses Gy, Gyy, 0., on the back and backet by the boron aluminum blade length
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Figure 7 — Distribution of the averaged stress oy, on the back and backet by the boron aluminum blade length

Figure 8 gives distribution of tangential stresses Gy,, Gy,, Oy on the back and backet by the blade
length. The highest tangential stress is distributed on the third blade section. The local highest tensile
tangential stress oy, is achieved on the third section near the entry back edge, and the compression one —
on the tailing backet edge and its value (MN point) is higher on 2 times in comparison with values of o,
near the entry back edge (MX point). As is known, in the feathered layers such concentration of the
tangential stresses may result in the blade’s local strength loss. As a consequence, the emergence of the
above values of the tangential stresses in the blades may be inadmissible. It has been deduced from the
experiments that the strength margin by the tangential stresses between the layers currently should not be
less than 3 [3]. The tangential stress Gy, by the value is 2 times lower than the tangential stress o, and is
distributed respectively on the thick back and backet layers. Therefore, in comparison with the tangential
stress Oy, its influence on the general blade strength is insignificant. The highest value of the tangential
stress Gy, 1s achieved in the third section (MX point) (figure 8). In comparison with the values of the
tangential stresses Gy,, Gy, the tangential stress G, is insignificant. Therefore, it may not be considered in
the calculations.

Figure 9 gives the displacement pattern isograms on the fourth blade section. As is seen from the
Figure, displacement area on the backet is higher by its value on 25% from displacement on the back. The
highest displacements occur in the middle of the blade back section. The highest displacement U occurs in
the back layers neighboring to the gravitational center. V, W displacements occur on the tailing blade edge
(MX point). Consequently, it is necessary to select materials of the layers neighboring to the gravitational
center and tailing section edges with the tensile properties.

Figure 10 gives distribution isograms of the stresses Gy, Oyy, G, on the fourth blade section. As is
seen from the figure, displacement area of the normal stress ©,, on the backet is higher by its value on 20
times from the normal stress o,, on the back. The highest normal stresses occur in the middle of the blade
backet section. The highest normal stress o,, occurs in the points neighboring to the backet layers
gravitational center and comparable to the values of the average stress (figure 12). Consequently, it is
necessary to select materials of the layers neighboring to the gravitational section center with the tensile
properties.

yzs
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Figure 8 — Distribution of the tangential stresses Gy, Gy,, Oxy 0n the back and backet by the boron aluminum blade length
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Figure 9 — U, V, W displacement patterns on the fourth boron aluminum blade section
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Figure 10 — Distributions of the stresses Gy, Gyy, G, on the fourth boron aluminum blade section
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Figure 12 — Distributions of the stress 6, on the fourth boron aluminum blade section

In the same manner, distributions of the tangential stress ., (figure 11) on the fourth blade section
show that the tangential stress oy, concentration area is lower by its value on 200%-300% from the normal
stress 6,,. The highest tangential stress cyy occur in the backet layers neighboring to the gravitational
center. In the feathered layers (4™ section) of the entry and tailing blade edge, the compression tangential
stresses are equally distributed. Values of the tangential stress oy, in the concentration areas are com-
parable with values of the stresses oy, G, Therefore, materials in the layers, neighboring to the
gravitational center should have higher tensile and compression-resisting properties.
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The tangential stress oy, distribution isograms on the fourth blade section show that the tangential
stress Gy, distribution area is lower by its value on 15-20 times from the normal stress c,,. The highest
tensile tangential stress oy, is distributed in the layers of the entry blade edge and is insignificant by its
value.

The tangential stress oy, distribution isograms on the fourth blade section show that the tangential
stress Oy, distribution area is lower by its value on 5-7 times from the normal stress ©,,. The highest tensile
tangential stress oy, is distributed in the layers in the middle back part, and the compression tangential
stress — on the backet. In the feathered layers (4™ section) of the tailing blade edge, the compression
tangential stresses are equally distributed and insignificant by their value. The highest tangential stress oy,
by its value is higher on 4-6 times in comparison with values of the tangential stress Gy, and from value of
the normal stress is lower on 5-7 times. Therefore, it is necessary to consider influence of the tangential
stress oy, for the layered thin rods.

Conclusions. Thus, the studied examples show that selecting material for the separate layers or
reinforcing in them, it is possible over a wide range regulate the level of stress and deformation in the
same physical rotor cycles. There is no such wide regulation opportunity for the isotropic material blades.

Thus, in the given geometrical blade form, selected from acrodynamic considerations, by two-way
reinforcement of its layers, the level of stress ., may be reduced, at the same time avoiding high com-
pression stresses on the profile edges and achieving their more uniform distribution (c,,) by the section.

The carried out calculations of the blades of specific types showed that the peripheral blade section
unwinding angle may be reduced both by increasing the torsional stiffness by the layers’ two-way
reinforcement and using the stiff material layers in the package of materials. When increasing the layers’
rigidity curve ratio level (the layers’ curve ratio (elastic modulus, shearing modulus, etc.), difference of
the normal stresses in the cross section and value of the tangential stresses between the layers increase.
The high tangential stresses between the layers occur due to the different rigidity of the contacting layers.
Continuous transition of the material properties from layer to layer is required.

The multilayer composite materials’ operation analysis in conditions close to the working conditions
of the blades allowed determine a series of the stress distribution features in reinforced materials. It is
found that increase in the normal stresses on 2-4 times in comparison with their average values occurs
when stretching the blades from the composite materials in the centrifugal force field in external layers.

A.Y. Hypumberos', C. 9. Opsmbaes?, M. III. T:xynuc6exon?, 7K. Omapos®

1M9c1<ey aBHALIMS UHCTUTYTHI, PeceH,
M. X. Jly natu arsiaaarsi Tapas MEMICKETTiK yHHBEpCHTETI, KasakcTam,
Kaparanasl MeMICKETTiK TEXHHKANBIK YHHBEpCHTETi, Kazakcran

KOIMKABATTEI KOMITIO3UTTIK KAJAKIIAJIAPABIH
OPTAJIBIK TEBY KYIITEPJIH OCEPIHEH KEPHEY JE®OPMALUSJIAHFAH
KYIIH CAHIBIK AHBEIKTAY

Annoramusa. Kommosuttik MatepuangapasH (KM) MEXaHHKACBIHBIH HETI3TT MOCCNICICPiHIH Oipi, OHBIH KY-
pammac OeMKTCPiHIH (PH3HKA-MCXAHHUKATHIK KACHCTTCPIHC >KOHC ONAPABIH MATCPHAT KOJCMIHICTI Tapany 3aH-
JBUIBIFBIHA cy¥ieHe oTwIpbim KM THiMal cepmimziiik cumarramanapbiH ecenrey. Kem kabartsr KM kaOaThIHBIH
KACHETTEPiHIH BIKTHMAJI IAIIBIPAy Bl KYPHUIBIMIBIK OIPKEIKi eMec opTanap YArUIepiH Kypy Ke3iHIe *KOHE OJIapIblH
THIMAI CHIATTAMAJNAPBIH ¢cenTey Kesinae eckepimMeiimi. COHOBIKTAH KAa0aT KACHCTTCPIHIH MATCPHAJIBIH THIMII
CHIIATTaMAaNapbIHA, COHMAM-aK TyTacTail KYPhIIBIMHBIH CEHIMIUTITIHE dCEpiH OaFamay Ka’keT.

JKympIcTa, K3 KeNTEeH KMMAIarbl KOMIIO3HTTIK Ka0ATTaNFaH JAeHE OypaiybIHbIH TEXHUKAIBIK TCOPHICHIH TAk-
JATIAHA OTHIPHI, OPTAIBIKTAH TEIKIII KYIITEPAiH dCEPiHACTI KA0aTThl KOMIIO3UTTIK KAJAKIIAHBIH KEpHEY Acdopma-
ISUIAHFAH KYHIH CAaHIBIK AHBIKTAYFa MYMKIHZIIK OepeTiH OaraapiaMa KypacThIPBIIIbL.

Taburn OyparmFaH KemKa0ATTHI KOMIIO3HMTTI KANAKIIA CO3BUFBIN KYIITEPIIH, WLy >koHE OypamyiblH Oipik-
TIPIITCH OPCKETI COTTCPIHAC HEMECE OPTANBIKTAH TCOY KYINTEPIiH OCCpiHAC KapacTepbutanbl. barmapiamana, ka-
JaKIa OCIHE TApajicib OPHANACKAH JKA3BIKTHIKTA, KAJAKIIAHBI KaOaTTapIblH SKANBIPAKIIANAPBIHA IOy TiH
TEXHOJIOTHSJIBIK MOCeIeCi meminmi (OyT KANAKIMAHBIH Y3BIHABIFBI OOWBIMCH OPTYPIl KHMATAPHl OOIFAHIBIKTAH
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KATAKIMIAHBIH Y3BIHIBIFRI OOWBIHINA JKAMBIPAKTAPBI Maiaa Oomamsl). Bya KyMbICTa 3CPTTCATCH KajaKma Ceri3
KUMAZAH TYPAIbI.
Tyiiin ce3aep: Kamakma, Oypy, CO3y, MAHBICTHIPY, AC()OPMALHSA, KCPHEY, OOPOATUTFOMUHIH, KHMA.
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"MoCKOBCKHiT ABHALIHOHHBII HHCTUTYT, Poccus,
*Tapasckuii rocy IapCTBEHHBIH yHuBepcHTeT uM. M. X, Jlynaru, Kasaxcran,
KaparaHIuHCKHI roCyIApCTBEHHBIH TEXHHYECKHH yHIBEpCcHTET, Kasaxcran

YNCJEHHOE PEHNEHUE HAIIPSTKEHHO-AE®@OPMHPOBAHHOI'O COCTOSTHUA
MHOTI'OCJIOMHBIX KOMITIO3NIIUOHHBIX JIOITATOK
B ITIOJIE HEHTPOBEKHBIX CHJI

Annoramus, OxHOH W3 OCHOBHBIX 33024 MCXAHHKH KOMITO3HITHOHHBIX MatepnaaoB (KM) gBmIeTCa BBIMHC-
nerne 3 pexkTUBHBIX XapakTepucTuk ynpyroctd KM Ha ocHOBe mH(popManuu 0 GH3NKO-MEXaHIMICCKUX CBOMCTBAX
HX KOMIIOHEHT M 3aKOHAX PacIpeIcIcHUsI KOMIOHECHT O 00BeMy MaTeprana. Bo3MoKHOE paccessHue CBOWCTB CIIOS
MHOTOCNONHHOTO KM HE yUHTHIBACTCS MPH MOCTPOCHUM MOJCICH CTPYKTYPHO-HEOAHOPOIAHBIX CPEI U IPH BBIMHUC-
JeHUH X 3(QPEKTUBHBIX XapakTepucTHK. [103TOMy HEOOXOIMMA OLECHKA BIMSHHI CBOWCTB CNOSI HA 3((ekTHBHBIC
XAPAKTCPUCTHKH MAaTEPHAa, a TAK)KEC HA HAJCKHOCTh KOHCTPYKIIMH B IICTIOM.

B pabore, uCHoib3ysl MOIYUCHHYIO TEXHUYCCKYIO TCOPHIO KPYUCHHS KOMIO3HIMOHHOTO CIOMCTOTO CTEPKHSA
TPOM3BOJIFHOTO CEUCHMS, COCTABJICHA IMPOrpamMMa, MO3BOJLIFOINAS YHCICHHO OIPEICIUTh HANPDKECHO-Ie()OPMHUPO-
arHOC coctogrue (HJIC) cnoncToi KOMIIO3HIIMOHHOH JIOTATKH, HAXOJIMICHC B TI0JIC ICHTPOOCKHBIX ci. EcTect-
BCHHO-3aKPYUCHHASI CIIOWCTAs KOMIIO3HIMOHHAS JIOTATKA HAXOJHUTCS TOJ OOBCAMHCHHBIM JCHCTBHEM PACTATH-
BAIOIIMX CHJI, M3THOAIONIMX M CKPYYHMBAIOIIMX MOMEHTOB HIIHM IOJ BJISIHHEM LIEHTPOOCKHBIX CHI. B mporpamme
pelIcHA TEXHOIOTHYECKAs! MPOOIeMa PacKpOsl JOMATKU HA JICTIECTKY (3TH JICHIECTKH 110 JAJHMHE JOTATKH ITOSBIIFOTCS
B PE3yJIbTaTe NMEPEMCHHOTO CCUCHHWS IO JUIMHE JIOTIATKH) B IDIOCKOCTAX, IMAPAUICIBHBIX OCH CTEPKHS. Jlomartka,
HCCICIOBAHHAS B JAHHOH padoTe, MPEeICTaBICHA BOCEMBIO CEUCHH M.

KmoueBnie ¢10Ba: J1OMACTh, KPYUCHHE, PACTSDKCHHS, H3THO, medopmanms, HanpspKCHHE, OOPOaTFOMHHH,
CCUCHHE.
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