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1 Introduction conditions of meshing and contact at the mean contact point of
ngency of pinion-gear tooth surfaces. The TCA computer pro-

T ; ; am can simulate the conditions of meshing and contact for the
and truck transmissions. Design and stress analysis of such HNire meshing process

drives is a recent topic of research that has been performed by

many scientist§1—10. Reduction of noise and stabilization of Finite element method is used for stress analysis and the inves-
bearing contact of misaligned spiral bevel gear drives is still tigation of the bearing contact. A model of three contacting teeth
very challenging topic of research although machine tool mangomplemented with the boundaries conditions is applied for finite
facturers have developed analysis tools and outstanding equefement analysi-EA). A general purpose finite element analysis
ment for manufacture of such gear drives. The phenomenon @fmputer prograril2] has been used to conduct the stress analy-
design of spiral bevel gears is that the machine-tool settings 9. The design of contact models is automated and does not re-
spiral bevel gears are not standardized and have to be speciéi§re application of CAD computer programs. )
determined for each set of parameters of design to guarantee theomputer programs for synthesis, analysis, and automation of

Spiral bevel gears have found broad application in helicop:%

required quality of the gear drives. FEA are based on application of the same programming language.
A new approach is proposed for the solution of this problerraphic representation of results of computation is obtained by
that is based on the following considerations: application of a commercially available graphical program.

(1) The gear machine-tool settings are considered as given
(adapted, for instance, from the Gleason summaFpe to-be- 2 Basic Ideas of Developed Approach
determined pinion machine-tool settings have to provide the ob- . S
servation of assigned conditions of meshing and contact of theLocal Synthe3|§. The mean contact poid is c,hosen on gear
gear drive. tooth surface, (Fig. 2). Parame_tersé’, 72, andmy, are taken at

(2) Low noise of the gear drive is achieved by application of g{l and represent the mayor axis of the instantaneous contact el-
predesigned parabolic function of transmission errors of a limitd@Se. the tangent to the contact path on gear tooth surface, and the
value of maximum transmission error of 6-8 arcsec. A pred@erivative of the gear ratio functiomy,= w™/w® where »¥
signed parabolic function of transmission errors is able to abscdd »® are the angular velocities of the pinion and gear rota-
almost linear discontinuous functions of transmission errof®ns.
caused by errors of alignment that are the source of high noise and he program of local synthesis enables the pinion machine-tool
vibration [4,11]. The authors’ concept of reduction of noise hasettings to be determined considering as known the gear machine-
been confirmed by test of prototypes of existing design and pr@ol settings and parametees 7,, andm;, [11]. The program
posed design accomplished at NASA Glenn Research Center. Taguires solution of ten equations for ten unknowns but six of the
test showed that the level of noise was reduced by 18 decibelstefi equations are represented in echelon form. The algorithm of
the whole amount of 90 decibels and the vibration was reduced logal synthesis includes relations between principal curvatures and
50% at the spiral bevel gear meshing frequencies and its harmdirections proposed ifil1,13-15.
ics [4].

(3) The provided orientation of the bearing contact has to re-_. : " - =
duce its shift caused by the errors of alignment of the gear drii!Itm is based on conditions of continuous tangency of pinion-

(4) The developed procedure of design is an iterative proce%‘gar tooth surfacgs and is ||Ius.tra'ted in Fig. 2. The TCA program
based on simultaneous application of local synthesis and T Rables the funct|on_ of transmission errm$_2(¢l) to be de_ter- .
(Tooth Contact Analysis The local synthesis provides assigne(ﬁnmed and th.e bearlng contact to be obtained ff)r each iteration

whereas the input variable parametarsy,, andm;, of the re-

Contributed by the Mechanisms and Robotics Committee for publication in tP;SeDeCtlve Iteratlon. are applied. . . .
JOURNAL OF MECHANICAL DESIGN. Manuscript received December 2000. Associ- 1 e computational procedure is divided into four separately
ate Editor: M. Raghavan. applied procedures performed as follows:

TCA (Tooth Contact Analysis). The computer program al-
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Instantaneous contact ellipse

Tangent plane T at point M

Tangent plane T at point M

Tangent to the path of
contact at point M

Fig. 1 lllustration of parameters %, and a applied for local Fig. 3 Projections of various path of contact L+ on tangent
synthesis plane T

Procedure 1 The purpose of the procedure is to obtain the as-
signed orientation of the bearing contact. The procedure is acc
plished by the observation of the following conditions:

o mIN;< ¢y <m/N;. This goal is achieved by variation ofi;,
INd the sought-for solution is obtained analytically as follofs:

jy () The numerically obtained projectid.t{ri) is represented by a

(@ The local synthesis and TCA are applied simultaneous i .
olynomial function

whereas the variable parametemnig, and parametera and 7,
are taken as constant. The orientationygfis initially chosen as a i)y _ NG NG NG
longitudinally oriented bearing contact. The errors of alignment ~ Yt(Xt:M12)=Bo(Mip)™ + Ba(Mp) Xi+ Bo(mMyp) Xt (1)
are taken equal to zero. - o i) g ] ) )

(b) Using the output of TCA it becomes possible to obtain (i) Variation of my3” (i=1,2,3;--,n) in the iterative process
numerica”y the path of contact on gear tooth Surfé‘cg and based on simultaneous appllcatlon of local SynthESIS and TCA
determine its projectioh; on planeT that is tangent t&, at M  enables such a path of contact to be obtained whgn0 and

(Fig. 1. L{" becomes a straight line. Figure 3 shows various ling$,
(c) The goal of the iterative procesaccomplished by simul- L(TZ), and the desired shamé”) (Fig. 3.
taneous application of local synthesis and TG#to obtainL {” (iii) The iterative process is directed at obtainggm;,)" and

as the straight line for the process of meshing of the cycie based on the secant methidd] that is illustrated with Fig. 4.

Procedure 2 Procedure 1 is accomplished obtainib§” as a
straight line. However, the output of the TCA for the function of
the transmission errors, functioh¢{"(,) where — 7/N;< ¢,

T <m/Nq, is of unfavorable shape and magnitude. The goal is to
transformA ¢4 ( $,) into a parabolic function and limit the mag-
nitude of maximum transmission errors. This goal is achieved by
application ofmodified rollfor pinion generation.

Modified roll means that during the pinion generation the
angles of rotation of the pinion and the cradle of the generating
machine,i; and ¢, respectively, are related as follows

P =nP

lﬁ(lj)( We1) =Myciher — bz‘ﬁgl_ bSl//gl v

wherem,, is the first derivative of functiony;(¢.1) at ;=0

that is obtained by application of local synthegi3. The super-

scriptj in Eqg. (2) indicates that the¢-th iteration is considered.
The purpose of procedure 2 is the transformation of the func-

tion of transmission errora 45(2”)((;51) obtained at the final step of

Procedure 1. This goal is achieved as follows:

r=rP
Xy

(i) The local synthesis and TCA computer program are ap-
plied simultaneously and the errors of alignment of the gear drive
z, Qe taken equal to zero.
0, (i) The function of transmission errors¢S" (¢,) is the out-
put of TCA obtained at tha-th iteration of Procedure 1 and is
represented numerically. We represam(z")(qsl) as a polynomial
function of the third order designated as

A= el s Bl 8, b=y O
Fig. 2 Tangency of tooth surfaces of a gear drive Ny Ny
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Fig. 5 lllustration of variation of coefficients b, and b; of
modified roll

The designatiofj=1,2; -- ,k means that an iterative process for

modification of A S (¢;) is considered. Functiom ¢5P ()
=AY is obtained at the final iteration of Procedure 1.

of transmission errors with the assigned level of maximum trans-

(iii) The goal of Procedure 2 is to transform the function afission errors. However, these results have been obtained for an

transmission errors and obtain
o T

K _ k) 42
A d)=-a'dl, g =di=y
1 1

ks

2
o] o

|A (Zk)( ®1) | max— a(zk)

aligned gear drive.

The goal of Procedure 3 is to reduce the shift of the bearing
contact caused by errors of alignment and this is achieved by the
proper change of orientation af; assigned initially in Procedure
1. The procedure is based on the flow chart shown in Fig. 6.

Errors of alignment of the gear drive will cause the shift of the
bearing contact but they will not affect the obtained function of

(iv) The goals mentioned above are obtained by variation gnsmission errors since it is a parabolic function that is able to
coefficientsby? and by’ of the function of modified roll. The absorb the linear functions of transmission errors caused by mis-
secant methol16] is applied for this purpose whereas variationglignment[11,13-13.
of b andb{’ are performed separately and illustrated in Fig. 5. Procedure 3 is performed as follows:

Procedure 3 Procedures 1 and 2 discussed above enable to ob{i) Computer programs developed for local synthesis and TCA

tain: (i) a longitudinally oriented projectioh; of the path of are again applied simultaneously, but the expected errors of align-
contact and represeht; is a straight line{ii) a parabolic function ment are simulated.
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Parameter 1 of
orientation of E (a)
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Local synthesis 1 Sg
b
’ Oq (v) A~ ] Xy
Gear machine—tool Pinion machine—tool | R‘% R”}'é
settings settings | -
{ ! Rus !
Gear tooth surface Pinion tooth surface X !
+ + o
. Zg
Gear errors of Pinion errors of (a)
alignment alignment
* + Convex side

!

TCA: Simulation of meshing
and contact

Output:

(1) Path of contact

(8) Parabolic function of
transmission errors

|Correction of 1} |

Unacceptable]

Check:

Permissible tolerances of
alignment errors

Acceptable! (b) )]

Fig. 7 Blade and generating cones for gear generating tool:
(a) illustration of head-cutter blade; (b) y (c) generating tool

Fig. 6 Flow chart for procedure 3 .
cones for concave and convex sides

(i) The effect of all errors of alignment on the shift of the
bearing contact is investigated separately. The sensitivity of the
shift of Lt is reduced by the proper choice of paramejer(Fig. low the gear tooth surfaces to be determined. The head-cutter is
1). Thus, the variable parameter of the local synthesis in Proderovided with blades that are rotated about #gaxis of the
dure 3 is7,. head-cuttefFig. 7) during the process of generation. Both sides of
(ii) Application of procedure 3 causes that finally will be the gear tooth are generated simultaneously. The profile of the
chosen as the deviated from the longitudinally one. The deviatibtade consists of two part&ig. 7): (i) of a straight line, andii) of
depends on the design parameters of the gear drive, particulalyillet formed by two circular arcs connected by a straight line.
on the gear ratian,, (see Section )6 and on the errors of align- The blades by rotation about th&-axis form the head-cutter
ment that are applied. generating surfaces.

Procedure 4 After completion of Procedures 1, 2, and 3, the ob- Applied Coordinate Systems. Coordinate systen$;,, S,

tained pinion machine-tool settings guarantee that the desigrid are the fixed ones and they are rigidly connected to the cutting

gear drive is indeed a low-noise gear drive with reduced Se”SitirYrachine(Fig. 8). The movable coordinate systems SeandS,

ity to errors of alignmen{see numerical examples of design in. . . G .

Section 6. rigidly connect(_ad to _the gear and the cradle, respectively. Coo_rdl-
The goal of Procedure 4 is the stress analysis and the invedf® .systerrSg Is rigidly connectgd to the gear head-cutt.er. It Is

%?nsudered that the head-cutter is a cone, and the rotation of the

gaﬁon of formation of t_he bearing contact whereas the C-omahead cutter about th#,-axis does not affect the process of gen-
ratio ism.>1 (see Section )6 The approach developed for finite tion. The head- ttg ) ted on th dFI) q gd' t
element analysi¢FEA) has the following advantages: eration. the nead-cutier Is mounted on the cradie and coorainate
systemsS, is rigidly connected to the cradle coordinate system
1 The computer language applied for automation of FEAis tH&,. The cradle and the gear perform related rotations about the
same as applied.for the synthesis and analysis of the gear .dri\@m -axis and thesz-axis, respectively. Angles/,, and ¢, are
2 The contacting modefformed by three teeth of the pinion 1o |16 and represent the current angles of rotation of the cradle

and the gear and the boundary conditjossletermined automati- and the gear. The ratio of gear roll is designatedras and is
2

cally. There is no need in application of intermediate CAD com- termined
puter programs to develop the finite element models for applicgf? ermined as

tion of FEA (see details in Section)5 0?  dy, die,
Moey™ e~ dt*at

(6)
3 Derivation of Equations of Gear Tooth Surfaces

Remember at this point that the machine-tool settings for the The installment of the tool on the cradle is determined by pa-
gear are considered as given and the to-be-derived equationsraretersS;, and g, that are called radial distance and basic
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Fig. 8 Coordinate systems applied for gear generation: (@ Fig.9 Blades and generating cones for pinion generating tool:
and (b) illustration of tool installment for generation of right- (a) convex side blade; (b) convex side generating cone;  (c)
and left-hand gears; (c) illustration of corrections of machine- concave side blade; (d) concave side generating cone

tool settings

cradle angle. ParametefsXg,, AE;, , AXp , and yp, represent are rigidly connected to the pinion and the cradle, respectively.

the settings of the gear. Figga8 and 8b) show the installment of SystemsS, and S, are rotated about thg, -axis andZ, -axis,

the head-cutter for right hand and left hand gears respectively.respectively, and their rotations are related by a polynomial func-
Procedure of Derivation. The head-cutter generating surfacdi®n #1(#c1) wherein modified roll is appliedsee below. The

is represented in coordinate systeBy by the vector function ratio of instantaneous angular velocities of the pinion and the
ro(Sy.0,) wheres, and 6, are the surface parameters. cradle is defined amy (i1 (c1)) =M (Ye1)/w!. The magni-

The family of generating surfaces is represented in coordindtd® Mac(#1) at ¢, is called ratio of roll or velocity ratio. Pa-
systemsS, rigidly connected to the gear by the matrix equation fametersAXp , AXg , AEn, ym, are the basic machine tool
settings for pinion generation.
rz(Sg,9911/’2):M29(1//2)rg(39,9g) (7)

wherey, is the generalized parameter of motion.
The equation of meshing is determined as

o Yoy
fag(Sg.0g.12)=0 ®) Tt t
determined a$11,14 X,
Z
ary f9r2) ry s, N\a, x,, X,
(55 50 ©) ou e ek
Zyn,, Zo, T, [*1\p
or as[11,13,14 T ™ i
Z,
Ny #$2'=0 (10) (a) ()
Here Ny(sy,6,) is the normal to the head-cutter surface repre -
sented in coordinate syste8) and vggz) is the relative velocity
represented 15, . AXp
Equations(7) and(8) determine the gear tooth surface by thre v Oy Koy
related parameters. ; bE,
/ <
z, B ¥
4  Derivation of Pinion Tooth Surfaces . \ 5% .
ay, @1
The two sides of the pinion tooth surfaces are generated se %
rately. The machine-tool settings applied for generation of ea Za, 04,0, %
tooth side are determined separately by application of Procedu h
1, 2, and 3 mentioned above. Profile blades of pinion head-cutt A% b
are represented in Fig. 9. (©)

Applied Coordinate Systems. Coordinate systems applied Fig. 10 Coordinate systems applied for the pinion generation:
for generation of pinion are shown in Fig. 10. Coordinate syste and (b) illustration of tool installment for generation of right-

Sm,» S, S, are the fixed ones and they are rigidly connected hy |efi-hand gears; (c) illustration of corrections of machine-
the cutting machine. The movable coordinate syst&mand S,  tool settings
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Procedure of Derivation. The pinion head-cutter surface is Bigibn
represented by vector functian(s,,6,) (Fig. 9 where &,,6,) Tooth
are the surface parameters.

The family of head-cutters is represented in coordinate syste
S, rigidly connected to the pinion by the matrix equation

r1(Sp vep W) =M 1p( ‘/fcl)rp(sp ) 0p) (11)

Unlike the case of gear generation, modified roll is applied fc
the generation of the pinion, and functiof (¢.,) relates the
angles of rotation of the pinion and the cradle of the pinion gel
erating machine by a polynomial but not linear functisee Eq.
(2)).

The equation of meshing is determined as

fpl(sp ’ gp vwcl) =0 (12)
that is derived by application of two following alternative ap-
proacheg11,13,14:

ar ar ar

(e
a6, dsp

Auxili
Intermediate
Surfaces

e =0 (23)

or
Np-#PM =0 (14)

whereN,, is the normal to pinion head-cutter surfakg that is
represented i15, .

Equations(11) and (12) represent the pinion tooth surfaces by
three related parameters.

Fig. 11 [lllustrations of (a) the volume of designed body, (b)
. . . . auxiliary intermediate surfaces, (c) determination of nodes for
5 Appllcat|on of Finite Element AnaIyS|S the whole volume, and (d) discretization of the volume by finite

Application of finite element analysis permits the following: elements

(1) Investigation of the bearing contact when multiple sets of
teeth may be in contact under load simultaneously.

(2) Determination of contact and bending stresses. the volume of the designed body. Fig.(alshows the designed

Application of finite element method 7] requires the develop- Pody for one-tooth model of the pinion of a spiral bevel gear
ment of the finite element mesh, definition of possible contactirtg!Ve. o ) o
surfaces, and the establishment of boundary conditions to load ##€P 2 Auxiliary intermediate surfaces 1 to 6 shown in Fig(d1
gear drive with the desired torque. Finite element analysis is p&ray be determined. Surfaces 1 to 6 enable to divide the tooth in
formed by application of general purpose computer prodrkzh ~ SiX subvo_lume_s _and control the discretization of these tooth sub-

The authors have developed a modified approach to perform ¥fdumes into finite elements. _ _
finite element analysis that has the following advantages: Step 3 Analytical determination of node coordinates is performed

taking into account the number of desired elements in longitudinal

(@ The same programming language is applied for synthesigd profile directior(Fig. 11(c)). We emphasize that all nodes of
analysis, and generation of finite element models of the geg@g finite element mesh are determined analytically and those ly-
drives. Graphic interpretation of the output is obtained by usingig on the tooth surfaces are indeed points belonging to the real
commercially available graphical program. surfaces.

(b) The generation of the finite element mesh required for finitstep 4 Discretization of the model by finite elements using nodes

element analysis is performed automatically using the equatiogétermined in previous step is accomplished as shown in Fig.
of the surfaces of the tooth and its portion of the rim. Nodes of they(d).

finite element mesh lying on the tooth surfaces of pinfgaay he developed h for finite el ¢ vsis. the t .
are guaranteed to be points of the real tooth surfaces of the pin’&nt € developed approach for finite element analysis, the torque IS
(gead. Loss of accuracy due to the development of solid mode plied directly to the pinion and is transmitted to the gear

using CAD computer programs is avoided. The boundary conq rough the contact between the pinion and the gear tooth sur-
tions for the pinion and the gear are set automatically as well. aces. No assumption of normal tooth load or load distribution

(c) Investigation of the bearing contact for a cycle of meshin ver the surfaces is required. The contact area is obtained as the

permits investigation of the influence of the contact ratig sult of finite element analysis.
(whereas the contact is formed on neighboring tooth surfaces if
m.>1) and find out the possibility of edge contact. :
(d) There is no need to apply CAD computer programs fo§ Numerical Examples
development of finite element models. Three examples of design of face-milled spiral bevel gears with
different design parameters have been accomplished for the illus-

The development of the solid models and finite element mes ion of the developed theory. Details of the examples of design

using CAD computer programs is time expensive, requires skillegly represented in Appendix 1. A torque of 700nNhas been

users of used computer programs, and has to be done for evgtyjied to the pinion of examples 1 and 2. A torque of 30@nN
case of gear geometry and position of meshing to be investigatgds peen applied to the pinion of example 3. The material is steel

The dgveloped approach is free of all these disadvantages angii$, the properties of Young's Modulus E=2.068
summarized as follows: % 108 mN/mn? and Poisson’s ratio 0.29. The output from the
Step 1 Using the equations of both sides of tooth surfaces and themputations for the examples given are represented in Fig. 12
portions of the corresponding rim, we may represent analyticallgat shows:
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amples. First order elements have been used to form the finite

(@ element mesh. Such elements are enhanced by incompatible nodes
to improve their bending behavior. The total number of elements
is 33606 with 42076 nodes for each finite element model. Figure
13 shows the 3-pair-of-teeth finite element mesh for example 2.

Fig. 14 Whole gear drive finite element mesh for example 2

Fig. 12 Bearing contact and predesigned function of trans-
mission errors: (a) longitudinally oriented bearing contact for
gear drive of example 1; (b) adjusted bearing contact for gear
drive of example 2; (c) adjusted bearing contact for gear drive

of example 3; (d) function of transmission errors for examples

1, 2, and 3 Bending stress: 143 N/mm2
s, Mises (mN/mm2)

(i) The bearing contact has a longitudinal direction in exampf 20
1 for an aligned gear drivéFig. 12a)). ihabiend
(i) The bearing contact in example(Rig. 12b)) is deviated
from the longitudinal direction to reduce the shift of bearing cor
tact caused by errors of alignment.
(iii) Example 3 of desigiiFig. 12c)) shows that the gear drive
with a gear ratio close to IN,/N;=26/17) is very sensitive to
errors of alignment. The shift of bearing contact due to misalig!
ment is reduced by larger deviation of the bearing contact fro
the longitudinal direction.
(iv) The function of transmission errordig. 12d)) for all
three examples is indeed a parabolic function up to 8 arcsec

maximum amount. i . ) )
Fig. 15 Formation of the bearing contact in example 2 at the

Finite element analysis has been performed for all three exeel position of the gear

530 / Vol. 124, SEPTEMBER 2002 Transactions of the ASME



Figure 14 shows the whole gear drive finite element mesh. w(i=1,2)
The accomplished stress analysis has enabled the contact and

bending stresses to be obtained. Von Mises equivalent stress iss, (j=1,2)

used to represent the stress distribution. The units used ares, (k=p,qg)

mN/mn?. Figure 15 shows the formation of the bearing contact in

example 2 at the heel position of the gear. The maximum fillet Ady(dy)
stress at this position of contact is 143 N/fwhen a torque of AD
700 N-m is applied to the pinioriFig. 15. AA;,AA,
7 Conclusions AE Ay
Based on the study conducted the following conclusions can be AE
made: ™
(1) An integrated computerized approach has been developed AXg
for design of low-noise spiral bevel gears with an adjusted :
bearing contact based on the following ideas: AX
D

(i) Application of a parabolic function of transmission errors i
with limited values of maximum transmission errors per-
mits to absorb linear discontinuous functions of transmis&i(i=0,1,2,3)
sion errors caused by misalignment and limit transmission

errors. Ly
(i) The orientation of the bearing contact is adjusted to reduce )
the shift of contact caused by errors of alignment. ULP)
(i) The approach developed is an iterative procedure based on
simultaneous application of local synthesis and TCA My
(Tooth Contact Analysisusing modified roll for pinion My
generation. My,
(iv) The contacting model for finite element analysis is formed M
by three teeth and the boundary conditions, it is automati- ~ Mj; ,L;;,
cally designed and does not need intermediate CAD com-
puter programs for application of finite element analysis. ni(k) ,Ni(k)
(v) The same computer language is used for numerical com-
putations performed for all stages of design, and automatic ai(i=1,2)
generation of finite element models. The developed theory
is illustrated with three numerical examples. Rp Ry
(2) The approach developed may also be applied for design of
formate cut spiral bevel gears, hypoid gear drives and other r
gear drives.
Sp1Sq
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(i])
14
Nomenclature

angular velocity of the pinioni& 1) or gear
(i=2) (in meshing and generatipn

= pinion (i=1) or gear {=2) tooth surfaces

pinion (k=p) or gear k=g) generating sur-
faces

function of transmission errors

maximal level of transmission errotEig. 5)
pinion and gear axial displacements, respec-
tively

offset and change of shaft angle due to errors
of alignment, respectively

blank offset of pinion {=1) or gear {=2)
(Figs. 8, 10

sliding base for pinioni(=1) or gear {(=2)
(Figs. 8, 10

machine center to back for piniom=1) or
gear (=2) (Figs. 8, 10

coefficients of polynomial functions

A ¢,(¢,) of transmission errors

projection of path of contact on the tangent
planeT (Fig. 3

second derivative of transmission function
ba( 1) |

gear ratio

ratio of pinion roll

ratio of gear roll

mean contact pointFigs. 1, 3

matrices of coordinate transformation from
systemsS; to systemS

unit normal and normal to surfacg, repre-
sented in coordinate syste

installment angle for head-cutter of the pin-
ion (i=1) and geari(=2) (Figs. 8, 10
head-cutter point radius for the pinion and
gear(Figs. 7, 9

position vector represented in syst&n(i
=1,2b1,b2,h,|,m1,m2,p,g)

surface parameters of the pinion and gear
(Figs. 8, 10

coordinate system
(i:112b11b2:h1|1m17m2!pvg)

radial setting of the head-cutter of the pinion
(i=1) and geari(=2) (Figs. 8, 10

relative velocity at contact point

(I vj = 112,01 1C2 !plg)

a(k=g,p) = blade angle of geark=g) and pinion k Appendix
=p) head-cuttergFigs. 7, 9
Bi(i=0,1,2) = co_efficient_s of numerically_obtained _polyno- Table 1 Blank data
mial function for presentation of projection .
of path of contact on tangent plafie Appendix 1
¥m(i=1,2) = angles of pinion i{=1) and geari(=2) root
cones, respectivelgFigs. 8, 10 Examples 1,2 Example 3
7i(=1,2) = parameter for presentation of tangent to the Pinion Gear Pinion Gear
path of contact on the piniori € 1) and gear  wumber ofteeth of the pinion and gear | 20 3 17 26
(i=2) tooth surfaces respectivelfig. 1) Diametral pitch (1/mm) 0.1676 0.2600
0,0, = surface parameters of the pinion and gear Shaft angle (deg.) 90.0000 90.0000
head cutters, respectivelfigs. 7, 9 Mean spiral angle (deg.) 320000 320000 | 300000  30.0000
N¢, Ay = surface parameters of the pinion and gear  fand of spiral RH LH LH RH
fillet parts of the head cuttdFigs. 7, 9 Face width (mm) 410000  410000] 203700  20.3700
e (i=1,2) = angle of rotation of the cradle in the process Mean cone distance (mm) 1209400 1209400 |  49.5600  49.5600
for generation of the pinioni (: ]_) or gear ( Whole depth (mm) 11.2600 11.2600 8.4400 8.4400
=2) (Figs. 8, 10 Pitch angles (deg.) 249439 650561 | 331785 568215
¢I(| = 1]2) = angle of rotation of the pinioni é l) or gear Root angles (deg.) 23.1666 61.8166 30.4500 51.4000
(| :2) in the process for generaticﬁﬁigs_ 8, Face angles (deg.) 28.1833 66.8333 38.6000 59.5500
10) Clearance (mm) 1.1200 1.1200 0.9100 0.9100
Pt Pw = fillet radii for the pinion and the gea(Flgs Addendum (mm}) 6.8900 3.2500 5.0200 2.5100
7, 9) Dedendum {mm) 4.3700 8.0100 3.4200 5.9300
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Table 2 Parameters and installment settings of the gear head-

Table 5 Errors of alignment allowed in examples 2 and 3

cutter Enml‘ﬂe 2 Example 1
= Maximal Minimal Maximal Minimal

Examples 1,2 | Example3 “axial disph of the pinion, Ad, 0320 mm 0350 mm 0100 mm | -0.060 mm
Average cutter diameter R,, (mm) (Fig. 7) 152.4000 444500 Axial displacement of the gear, A, 0250 mm ~0.150 mm 0200mm | -0.150 mm
Point width sz (mm) (Fig. 7) 3.5560 1.7780 Change of shaft angle, Ay 1.000 deg. -0.800 deg. 1.000 deg. -1.000 deg.

; 0.150 75.160 0.100 20.100
Pressure angle, concave O s (outside blade) (deg.) (Fig. 7) 20.0000 20.0000 Shortest distance between axes, AE - = 7 i
Pressure angle, convex ¢, (inside blade) (deg.) (Fig. 7) 20.0000 25.0000
Root fillet radius, concave and convex p, (mm) (Fig. 7) 2.4130 1.1430
Machine center to back AX;, (mm) (Fig. 8) 0.0000 0.0000
Shiding base AX ; (mm) (Fig. 8) 0.0000 0200  References
Blank offset AE,, (mm) (Fig. 8) 0.0000 0.0000 [1] Handschuh, R. F., and Litvin, F. L., 1991, “A Method for Determining Spiral-
Radial distance S, (mm) (Fig. 8) 135.2870 53.5653 Bevel Gear Tooth Geometry for Finite Element Analysis8IASA Technical
i 12 g Fie 8 61.8166 51.4000 Paper 3096, AVSCOM Technical Report 91-C-020

Machine root angle 7, (deg.) (Fig. 8) [2] Lewicki, D. G., Handschuh, R. F., Henry, Z. S., and Litvin, F. L., 1994, “Low-
Cradle angle ¢, (deg.) (Fig. 8) 72.8081 34,3532 Noise, High Strength Spiral Bevel Gears for Helicopter Transmission,” J. Pro-
Velocity ratio m,, 1.1011 1.2250 pul. Power,10(3) pp. 356-361.

Table 3 Parameters and installment
head-cutter

settings of the pinion

Example 1 Example 2 Example 3
Concave __Convex_| Concave __Convex | Concave _ Convex
Catter point diameter R, (mm) (Fig. 9) 1527500 1522802 | 152.6964 1523493 | 404643  48.2959
Pressure angle @, (deg.) (Fig. 9) 180000 220000 | 180000 220000 | 25.0000  20.0000
Root fillet radius 2, (mm) (Fig. 9) 10160 10160 | 10160 10160 | 07620 07620
Machine center to back AX, (o) (Fig. 10) 22268 -17319 | 22066 -18271| 12392 07604
Sliding base AX, () (Fig. 10) 08572 07002 | -0.8492 07376 | 00559  -09574
Blank offset AE,, (mm) (Fig. 10) 114197 -11.8235 | 77182 68138 | 18219 -1.5402
Radial distance s: (mm) (Fig. 10) 1253700 145.6443 | 1288831  140.9091 | 52.1695  55.2535
Machine root mg,; 7. (deg) (Fig. 10) 23.1666  23.1666 | 231666  23.1666 | 304500  30.4500
Cradie angle ¢, (deg) (Fig. 10) 730017 719026 | 734721 713245 | -S45158  -44.4546
Velocity ratio ;. 22467 24848 | 22941 24260 | 18286 19251
Coefficient b, of modified roll (Eq. (2)) 000011  -0.00012 | 000006  -0.00005 | -0.00002  -0.00013
Coeflicient b, of modified roll (Eq. (2)) 002845 003079 | 001772 -001579 | 000582  -0.00852
Table 4 Parameters for local synthesis
Example Example 2 Example 3
Concave _ Convex | Concave _ Convex | Concave _ Convex
Direction of path of contact 77, (deg.) (Fig. 1) 1540000  171.0000 | 1520000 1680000 | 148.0000  155.0000
Length major axis contact elfipse 2 (mm) (Fig. 1) 120000 120000 | 120000 120000 | 80000  9.0000
Derivative of gear ratio function ', 0003144 -0.003144 | 0.003144  -0.002555 | -0.002555  0.002555
Elastic approach 8 (mm) 000635 0.00635 | 000635 000635 | 0.00635 000635
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