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ABSTRACT
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An approach is proposed for computerized simulation of meshing of aligned and misaligned involute helical gears. Algofi@#nértmth
Contact Analysis) computer programs were developed. Influence of misalignment on the shift of the bearing contact andriransmidsas been
investigated. Numerical examples that illustrate the developed theory are provided.

NOMENCLATURE

a. parabola coefficient of function that represents the tooth profile of pinion rack-cutter (Fig. 10)
H; lead

My, gear ratio

Mij coordinate transformation matrix (froﬁno )

n(fi) i=12) unit normal vector to surfage represented in coordinate syst§m
ne) (=12 unit normal to surfack;

N; tooth number of the pinion € 1) or the geari E 2)

N, normal vector to the rack-cutter surfage (r =ct)

pi(i=1,2) screw parameter

pi (1=1,2) circular pitch in transverse section

P normal diametral pitch
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i (i =1,2) radius of base cylinder (Figs. A.1.1 and A.1.2)

i i=1,2) radius of pitch circle of the pinion (gear)

r]g) position vector of surfacg; represented in coordinate systgm
ri (u, 6) (i=1,2) position vector representedn

S gear tooth thickness on the pitch cylinder

S coordinate systern

U I (r=ct) Surface parameters df (Figs. 10 and A.5.1)

Wi Relative velocity of surfacg; point with respect to surfagg point

Wiq Pinion space width on the pitch cylinder

ay; Profile angle of the involute profile at the point of intersection of the involute profile with the pitch circle (FigaWdA11.2)
B helix angle on the pinion (gear) pitch cylinder (Figs. 9 and A.5.1)

6,y (i=1.2) surface parameters (d@én Figs. A.1.1 and A.1.2)

Hq half of angular width on base cylinder (Fig. A.1.1)

Aay, error of profile angle of normal section of pinion rack-cutter
Ay error of shaft angle (Fig. A.1.3)

A/\pl error of pinion lead anglﬁcepl

A, gear transmission error (Fig. 3)

n, half of tooth thickness on base cylinder (Fig. A.1.2)

Api (i=1,2) lead angle on the base cylinder of radiys

)\pi i=12) lead angle on the pitch cylinder of rad'iHs

2 (=12 pinion and gear tooth surfaces

> (r=cp rack-cutter surfaces

W, (=12 rotation angles of pinion and gear being in mesh with the rack-gyifier c,t), respectively (Fig. A.5.2)

1. INTRODUCTION

Computerized simulation of meshing and contact (Tooth Contact Analysis - TCA) was developed for spiral bevel and hypeabsgdtr thoth
surfaces are in point contact, (User's Manual, Litvin, F.L. and Gutman, Y., 1981, Litvin, F.L., etal., 1995, and Stadtfe®93). There is a great need
to develop TCA computer programs for tooth surfaces that are initially in line contact that become point contact duentoenisa&igypical example
of such gear drives is the conventional involute helical gear drive.

An approach is proposed that permits the investigation of the influence of gear misalignment on the shift of the beatriagdctvatamission
errors. Effective methods of crowning of gear tooth surfaces are proposed. The approach is complemented with a TCA cgraputélymnerical
examples that illustrate the developed approach are provided.

NASA TM-107451 2



2. SIMULATION OF MESHING

General Considerations

For simulation of meshing, coordinate syste&pandsS, that are rigidly connected to pinion 1 and gear 2, respectively (Fig. A.1.3), are applied. The
meshing, of the gear tooth surfaces is considered in the fixed coordinate s@stidwat is rigidly connected to the housing.
Coordinate systerq) is an auxiliary fixed coordinate system. Coordinate sysgmapplied to simulate misalignment (Fig. A.1.3). Gear tooth surface
2; (i=1,2) of a helical gear and the surface unit normal are represedyy ivector functions;(u;, 8;) andn;(8,), respectively, wheray, 6,) are the
surface parameters (see Appendix 1). Using coordinate transformatiof, flof), we represent the conditions of continuous tangency of gear tooth
surfaces by following vector Egs.(2-5).

ri(uy, 61, @) - 1P(uz, 65, ) =0 @

n®P (6, @)-nP(6,, ) =0 )
Vector Eqgs. (1) and (2) yield only five independent equations
fi(wor, @,Up,6,,9)=0 fOC(i=12,...,5 (3)
since
n®|=ph@|=1 (4)

Equation system (3) contains six unknowns but one parametes, $agty be chosen as input. The continuous solution of equation system (3) is an
iterative process that is based on the following considerations:
(1) Assume that system (3) of nonlinear equations is satisfied at a point

PO = (0. 60,600, 00.f%)  ®

and the Jacobian of the fifth order satisfies the requirement

o= Oh O O O,
0w, 06, du, 06, 0%
(2) Then we can solve Egs. (3) in the neighborhod®®fby functions

{u(a)ea) uw(a) b2(a) @(@) oct @

(3) Inequality (6) is observed when the gear tooth surfaces are in point contact. In this case, using functions (7) we @veaabl§ the path
of contact on surfacg; (i = 1,2) represented as

r(u.8) u(e).6(q) (8
and (i) the transmission errors determined as
N
Ae0) = @(@) —N—;col (9)

The solution discussed above is found numerically. A subroutine for solution of nonlinear equations is represented imUslerl98%a The
approach discussed is applied for simulation of meshing of misaligned helical gears. As a reminder that due to misaliineeantaet of tooth
surfaces is turned out into point contact.
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Edge Contact

Equations (1) and (2) describe continuous surface-to-surface tangency. However, it is not excluded that due to misaliynoreateddl occur
that means curve-to-surface tangency when the edge of a surface of one gear (represented as a curve) will contact tthkesorédicey @ear.
Considering the case when the edge of the pinion is in mesh with the surface of the gear, we will use the following equations

rO(w(6). 6. @) =rP(u ,,0) (10
argl) @ _
g, M =0 1D

Equations (10) and (11) represent a system of four nonlinear equations in four unkp@wmngidered as the input paramter). The solution to the
system of Egs. (10) and (11) allow to obtain functions

61(9). 6:(). u2() @ (o) 12)

All three cases of meshing, such as surface-to-surface with instantaneous point contact, edge contact, and line colota}t ifs@e deast in
meshing of involute helical gears when they are misaligned or aligned.

Simulation of Meshing of Aligned Helical Gear s

In this case, the gear tooth surfaces are in line ctonact and the Jacglian (8)) becomes equal to zero. The TCA is based on the algorithm
represented in Appendix 3. Two input parametersf;sagdu,, must be applied and then we will get that the matrix

of of of of| [ —
o of o of| ;_77 13
‘ael 3u, 06, 9% (=12 13

will be of rank 4. THe instantaneous line of contact on suifaie=1,2) is theg—line of the vector function; (u;, ¢;). This line is the tangent to the helix
on the base cylinder of geiaffFig. 1). Computations confirm that the transmission funciton is a linear one represented as

»(o) = E—;(pl (14)

and the transmission errors are zero.

Simulation of Meshing of Misaligned In __volute Helical Gear s

The TCA computer program developed was applied to investigate of the following erros: Dg—the shaft angle error (when ahenases b
crossed), B, normal proifle angle error of the rack-cutter that generates the pinion, fdhion lead angle error on the pitch cylinder.

The manufacturing of helical gears is based on application of two imaginary rack-cutters that like a molding compleniegts aea#ion and
the gear are generated separately, but the imaginary rack-cutters have the same pradj|énathgl@ormal section. Errord); means thaa,; # a,,.

Parameten, does not exist directly in the surface and surface unit normal equations (see Appendix 1). Howeves, gafted the design
parameters,,, Iy, and |, as follows (see Appendix 2)

Aay (15)
Sin2A, tana
1= i o/ odihad 4§ Aatl

(16)
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Contact lines -

L Base
cylinder
helix

Figure 1.—Contact lines on tooth surfaces of a
helical gear.

Al =Ty sinay Aay a7

In the real process of manufacturing, err%ﬁﬂ caused due to lead ertdy. Using the relationships between the design parameters (see Appendix
2), the following isobtained:

N2 ot gy (18)
PL™ 2H, !

Equation (18) permits 'Bi to be obtained considering the lead errét;0s known.

Due to misalignment, the line contact of tooth surfaces is turned into point contact. The TCA for point contact is basapptoatien of
equation system (3). The algorithm for initial guess for the solution of equation system (3) is represented in Appendix 4.

The influence of errors Dg,d),;, and Dbl was investigated in the following ways: (i) as the impact by the separate action of each of the errors, an
(ii) as the impact by action of the following combination of errors: Dg,,Rind [&,; and D},.

The separate action of errorsddDI ; causes an edge contact (Fig. 2) and a discontinuous, almost linear function of transmission errors (Fig. 3
Error Da,,; causes paths of contact shown in Fig. 4 but does not cause transmission errors. The drawings shown in Figs. 2 to # eoenpasation
for a gear drive with the following dathl; = 30,N, = 100,a,, = 2C, P, = 5(1/in.), 1): 60°, andL = 1.6(in.).

The combination of errors Dg andrg)l/vhen |Ay| Z |A)\ p1| causes also an edge contact (Fig. 5). The function of transmission errors for one cycle
of meshing is a combination of two almost linear functions with different values of slope (Fig. 6). The combination obgyramsl D[ﬂ causes the
path of contact on the edge of the tooth length (Fig. 7) and an almost linear function of transmission errors (Fig. 8).

There is a particular case, thﬁy| ¢1A)\ p1|- The meshing of gears may be considered in such a case as meshing of crossed involute helical ges
which tooth surfaces are in point contact. The path of contact on the tooth surface is shown in Fig. 9, the transmissiag ddimetar one, and there
is no transmission errors. However, the meshing of gear is not stable because even a small differendétabﬁ;{éhm will cause an edge contact
and transmission errors.
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Figure 2.—Edge contact caused by Ay or AApl = 3 arc Figure 3.—Function of transmission errors caused by
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Figure 4.—Path of contact caused by Aanl = 3 arc Figure 5.—Edge contact caused by Ay = 3 arc min
min: (a) pinion tooth surface, (b) gear tooth surface. and A\pl = -4 arc min: (a) pinion tooth surface,

(b) gear tooth surface.
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Figure 6.—Function of transmission errors caused by
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Figure 7.—Edge contact caused by Aan1= 3 arc min
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3. GENERATION AND MODIFICATION OF TOOTH SURFACES

The derivation of tooth surfaces is based on the imaginary process of generation of conjugate surfaces by applicatiak-otitigosral he
generating surfaces of the rack-cutters are represented respectively by, @adecylindrical surfacg . that differs slightly from plang, (Fig. 10).
The rack-cutter surfacgg, andy , are rigidly connected each to other in the process of the imaginary generation, and they are in tangency along strai
line oyz, (Fig. 10). This line and axes of the gears form ahgteat is equal to the helix angle on the pinion (gear) pitch cylinder. Figure 11 shows the
normal sections of the rack-cutters. Rack-cutter sufaagenerates the pinion tooth surfgcg and a rack-cutter surfagg generates the gear tooth
surfacey ,.

Applied Coor dinate Systems

Movable coordinate systers(r = c,t), S; andS, are rigidly connected to the tools (rack-cutters), the pinion and the gear, respectively. The fixed
coordinate systent§, andS; are rigidly connected to the frame of the cutting machine (Fig. A.5.2).
Generating Surface

The rack-cutter surfacg, (r = ct) is represented i§ by the equation

re =re(up, 1) (19)
whereu,, |, are the surface parameters.
The normal to the rack-cutter surface is represented as
or, _or
pE XL (20)
ol, du,

Equations (19) and (20) must be derived twice to represent the working surfaces of two rack-cutters that generate tdehnijmaamespec-
tively (see Appendix 5).

Parallel to gear axes

()

\\2cué Xo2)

Ui

/6b Ye2

3t

Figure 10.—Rack-cutter surfaces. Figure 11.—Normal sections of rack-cutters.

() XA
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Generated Surface

The generated surfacg;. (i = 1,2), the pinion or the gear surface, is determined as the envelope to the family of rack-cutter surfaces.;Surface
is determined ir§ (see Appendix 5) by the Egs. (3) and (4).

(e 1o @) = Mie (@ )ri (U 1) (21)

N, v = f(up, 1, 4;) =0 (22)

Here: (i, 1) are the rack-cutter surface parametgyss the generalized parameter of motion in the process for genehgtisrihe normal to the
rack-cutter surfaceyrrI is the relative velocity in meshing of the rack-cutter and the generated surface. Equation (21) repigdbataimily of
rack-cutter surfaces. Equation (22) is the equation of meshing that is the necessary condition of envelope existence.

Equations (21) and (22) represent surfacdy three related parameters. Taking into account thg linear parameter in equation of meshing,
it can be eliminated and surfafg can be represented in two-parameter form, by parametgy¢see Appendix 5).

Simulation of Meshing

Using the conditions of continuous tangency of gear tooth surfaces (1) and (2), and solving the equation systems (Ipiwéheacooibact path
on pinion and gear tooth surfaces, respectively. Since the pinion tooth surface is modified and generated by cylindrigab$tintacack-cutter, the
pinion and gear tooth surfaces are in mesh in point contact. The contact path is directed along the tooth length. Attfisaligmtinent Dg occurs,
the contact path is still close to the mean line. Figures 12 and 13 show the TCA results for the case of Dg = 3 arc rhihskagese¢hat the contact
path is in the middle of the pinion (gear) tooth surface and Fig. 13 shows that the function of transmission errors idiaraimbe results of TCA
confirm that the localization of contact is a necessary but not a sufficient condition of the improvement of meshinggédmsliélie to the shape of
transmission errors shown in Fig. 13, the transfer of meshing to the neighboring pair of teeth will be accompanied withdragioacand vibration.
This defect can be avoided by application of a predesigned parabolic function of transmission errors that is able toadbvsrstitiear function of
transmission errors (Litvin, F.L., 1994). Various methods of the predesign of a parabolic function of transmission ernomepoased in
Litvin, F.L., et al., 1995.

Ad2
A
20 —
Tip
15 —
10 —
* -0 -0 -0 0 0-0-90-0-0 -
5 —
Root
(a) 00 0
Tip -5 —
-10 —
-0 -0 0-0-0-0-0-0-0 -
-15 —
P T T O
(b) Root -25-20 -15-10 -5 0 5 10 15 20
Figure 12.—Path of contact caused by Ay = 3 arc Figure 13.—Function of transmission errors for
min: (a) modified pinion tooth surface, (b) gear tooth modified involute helical gear drive when
surface. Avy = 3 arc min.
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4. CONCLUSION
Based on the study contained herein the following conclusions can be drawn:

1. Equations of gear tooth surfaces with localized bearing contact were developed.

2. Algorithms for TCA (Tooth Contact Analysis) of aligned and misaligned involute helical gear drives have been developed.

3. Numerical examples that illustrate the developed theory and permit one to determine the influence of errors of aligmessritade Lead
correction may be accompanied with edge contact (Fig. 2).
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APPENDIX 1. EQUATIONS OF PINION AND GEAR TOOTH SURFACES

The equations presented in Litvin, F.L., 1994 for tooth surfaces of helical involute gears and the coordinate systenihartootiedide surface
Il (3,) of a left-hand pinion (see the cross-section in Fig. A.1.10) and the unit ngrioahe surface are represented as follows:

Oy cos{6; + 14y + Uy cosAy sin(6y + ) O
ri(u, 6) = %rm sin(6, + 1) + Uy COSApy cog6, + ul)a(A.l.l)
0O “WSinAy + py6; 0

OFsinApg sin(cg +my) O
0 O

(o) = %‘Sin}\bl cos{qy + ml)% (A.12)
B

H  -coshy

The surface tooth side Ip§) of a right-had gear (see the cross-section in Fig. A.1.2) and the unit myrtoahe surface are represented by the
equations

Uryo 005(32 - ’72) +U, COSAy, sin(62 - ’72) g
rz(UZv 92) = Dy, sin(02 - ’72) +U, COSAy, cos(92 - ’72)D(A-1-3)
Uy SINA, = py0,

[$inAp, sin(6; - )0

ny(6,) = %”)\bz cos(6; - 11,)
0 —COSA ), 0

(A.14)

OO

Here: (4, ) (i =1,2) are the surface parameters. The relationships between the design parameters are represented in Appendix 2tarstheir not:

are given in the nomenclature.

For simulation of meshing coordinate syste&3pands, that are rigidly connected to pinion 1 and gear 2, respectively (Fig. A.1.3) are applied. The

meshing of the gear tooth surfaces is considered in the fixed coordinate Systatis rigidly connected to the housing. Coordinate sygpiman
auxiliary fixed coordinate system. Coordinate sysﬁar’m; applied to simulate the errors of assembly (Fig. A.1.3).

2 Projection of n
Profile of Il — | apf 2

L Profile of Il

Figure A.1.1.—Cross section of helical pinion (1). Figure A.1.2.—Cross section of helical gear (2).
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Figure A.1.3.—Applied coordinate system.

NASA TM-107451 12



APPENDIX 2.—RELATIONS BETWEEN THE DESIGN PARAMETERS

The input design parameters af¢;; N, P, a,,, andA . For ideal gearing we havey; = a,,, /\pl = }\pz, Ap1 = Apo-
The remaining design parameters (see the nomenclature) are determined as follows

an dp;

tenay = 209N (=1 2) (A.2.1)
sin pi
Tt
T A22
P PySinA (A-22)
P
Wy = —2 (assuming that the backlash is zero) (A.2.3)
5, = 12 (A.2.4)
2
N.
n sinA pi
Thi = I'pi COSAi (A.2.6)
tani
COSOlyi
Bi = i tan)\bi =i tanA pi (A28)
Hi = 2T[pi (A29)

r
&:rb—l:ﬂ:m:mzj_ (A210)
P2 T2 Tp2 Np
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APPENNDIX 3.—ALGORITHM OF TCA FOR ALIGNED GEARS
The TCA computer program requires the solution of the system of Eq. (3). The algorithm developed is based on computétimwiygisteps:

Step 1 In the case of aligned gears we have
Apr =Ap2 = Ap (A3
Step 2 Consideringn%) = ng) and n%) = ng), we obtain the equation
Ot -@=6 -2+ (A.32)

wheref, is the input parameter.

Step 3 Consideringxgl) = XE‘Z) and Egs. (A.3.1) to (A.3.2), we obtain

(rbl + rb2)¢03(91 + 1y = @) + (ug +up)

(A33
xcos)\bsjn(91+u1—qq) =E
Step 4 Consideringy(fl) = y(fz) and Eqgs. (A.3.1) to (A.3.2), we obtain
My + T2 )sin{O + Uy — @) +(up +U
(bl b2) (1 1 %) (1 2) (A.3.4)

X COSAp 005(61 - (@) =0
Step 5 Consideringzgl) = chz) and Eq. (A.3.1), we obtain

(Ul + Uz)Sin)\b - p_]_el - p292 =0 (A35)

Step 6 Equations (A.3.3) and (A.3.4) yield

GL=0t+@— 14 (A.3.6)
Step 7 Equations (A.3.4) and (A.3.5) yield
0N, O Ny
6, = +1tanoy ——=6 A.3.7
2 BN_Z Hanay N, Ot (A3.7)
Step 8 Equations (A.3.2) and (A.3.6) yield
@ =Ny -0y +ay (A.3.8)
Step 9 Equation (A.3.5) yields
+
u :M_ul (A.3.9)
COSAp

Note: parameteu, is the second input parameter, in additiogtathat is required for the TCA for aligned gears.
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APPENDIX 4.—TCA ALGORITHM FOR MISALIGNED GEAR DRIVES

An initial guess is required for the solution of equation system (3) in the case of gear misalignment. The required saetefgara
PO = (u£0),9£0),¢£0), Ugo),ego),(ﬂgo)), can be obtained by the following derivations

Step 1 Using equatiomg) = ngfz), we obtain

COSA |y — COSA o COSAY
SiNApy SINAy

(P2=6,-n+®)

cos®d, =

(A.4.0)

We consider that when pinion lead angle errog, Diccurs, we havé\p # App and A g # A 55 (see Appendix 2).

Step 2 Using equatiom®),; = n(2), ; we obtain

snd, =32 gno, (0=6+m-@)  (A42)

Sln)\bl

Step 3 Using equationx(fl) = X(fz)’ we obtain

1

u :—_(E—r cosd —x(l)) A.4.3
2= Coshpp SN, b2 2 X5 (A43

Step 4 Using equatiorlyg) = ygcz), we obtain

1 1 . .
() :—[ D 4 u,sinAy, sinA
2 D, Sndy Vi 2 b2 Y

— (2 SIN® — Uy cosApy CosP,) cosAy] (A.4.4)

Step 5 Using equatonz(fl) = Z(fz), we obtain

6, = i(z(fz) ¥ ulsin)\bl) (A.45)
P
Step 6 Equation (A.4.2) yields
@ =6+ - (A.4.6)
Step 7 Equations (A.4.1) and (A.4.2) yield
(pzzcbz —92 +1o (A47)

Whenu, is chosen, the other five parameters may be determined by Egs. (A.4.3) to (A.4.7). Parginesdated with the magnitude of the
position vector of the pinion cross-section by the equation

NASA TM-107451 15



\ r12 - rbzl
Uy =L B (A.4.8)

COSA 1

wherer j; <1<
Equations (A.4.3) to (A.4.5) and (A.4.7) to (A.4.8) permit one to determine param®ers the initial guess for the solution of the system of Eq.
(3) considering thatt is given.
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APPENDIX 5.—SURFACES OF TOOTH RACK-CUTTERS

As a reminder, that two rack-cutters are applied for the separate generation of the gear and the pinion (Fig. 11(a)jadkewtaris a
conventional one that is used for generation of involute gears and its normal section is repreSgnteiri 1(c)) as

0 uwcosa, [
rea(U) =M copr () = E*‘m‘“gf‘”ang (A.5])
B 1 B

where (Fig. 11(c))

am :Tg],rb(ub) =[w 001" (A52)

The equations of the surface and the unit normal to the surface of gear rack-cartterepresented B as

(U 1) = Micorea () (A5.3)
o on
Y s
ory , ory
ol ou,

where (Fig. A.5.1(b))

a 0 0 0 O
M M cosB snB lsinf
2 = [ -sinp cosP |, cosnBO
Mm o o0 1

(A.5.5)

For the purpose of localization of contact, the normal section of pinion rack-cutter deviates from the normal sectioarafitie gdter and is
represented i, as (Fig. 11(b))

0 -y, cosa, -au’sina, O
Fea(Us) = M gaot (Ug) = [ SNC, — 8UZ ST, — A [1(A.5.6)

| 0 g
g 1 g

=4

002 &
;yt
ot
/ %‘ycz

Figure A.5.1.—To derivation of rack-cutter surface.
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where

rb(uc):[—uc -agu 0 1]T (A5.7)

The surface equation of pinion rack-cutferis represented i§,

rc(UCa Ic) =M cclrcl(uc) (A.5.8)
where (Fig. A.5.1(a))

0 cosp -sinp I, sinpr

_ @ cosp -sinP -l.sinBg

ccl = [0 —sinB cosP IcccosBD (A-5.9)
B o o0 1 H

M

The unit normal tg . is represented i§, by equations

n, = Ne N =%, (A.5.10)
NG| d,  ou,

that yield

1 0 -sina,+2au.cosa, U

— ]
ne = ﬁ 7 (cosan, +2acu; cosay,) cosP(A 5.11)
acUc B(cosay, +2acU cosay, ) cospH

Equation of Meshing

In the process for the generation, the two rigidly connected rack-cutters perform translational motion, while the pingrparfdmge rotational
motions as shown in Fig. A.5.2.

The equation of meshing between surfacér = ¢, of the rack-cutter and the pinion (gear) tooth surfgqé=1,2) can be represented as

Xt Xm
St
I
X
Uy Yo
Uy
Y
(b) Om’ 02 m

Figure A.5.2.—Generation of pinion and gear by rack-cutters.
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fu, I, ,)=0 (A5.12)

wherey; is the angle of rotation of the gear in the process for generation. The derivation of equation of meshing is basedremttiattike common
normal toy . andy; must pass through the instantaneous axis of rotaton. Thus, we have

X =% _Y-% _4 -7

(A.5.13)
Ny Ny Ny

Here (Fig. A.5.2) we have
(i) (X=0,Y;= rp2y2) in the case for gear generation.
(i) (X.=0,Y,= —rplyl) in the case for pinion generation.
After transformations, we obtain the following equations of meshing betjugand} ., and} , and},, respectively

f(uC'|C!w1) =i —lgsinf —ay, cosB

(A.5.14)
uc(1+ 2a§u§)cos[3 0
sina, —2a.U. cosa, -
f(up. I, W2) = rpotz =1y SinB - a, cosp
(A.5.15)
L cosP _ 0
sinay,

wherey (i =1,2) is the angle of pinion and gear rotation.

Tooth Surfaces
Pinion tooth surfacg , is generated by rack-cutter tooth surfacend is represented #) by the equations

rl(“c*'cx‘ﬂl) =M M ncrc(uc’lc)v f(uc1|c1(»ul) =0 (A.5.16)

where (Fig. A.5.2(a))

Qcosy, sing; 0 00O
_[Fsinyq cosy; 0 0O

Mm-D 0 1 0 1 100 (A.5.17)
H O 0 015

m100 oy O

M, =010y D (A.5.18)
c"lho1 o E
00 1 H

Gear tooth surfacg, is represented i8, by the following equation

ro(Uerles W) = MonM et (U, 1), (w1, w2) =0 (A5.19)
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where (Fig. A.5.2(b))

NASA TM-107451

[@osy, —siny, 0 0

_&ny, cosy, 000
Mam ="t Y2 200 (A520)
g 0 0 01F
d00 rp O
Mg =010 ooy, 0 (A5.21)
01 0
oo 1 H
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