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Abstract

Hollow Turbine shaft is a starting part for torque, revolutions or energy into another component of the transmission. It for a
transverse mounted four speed automotive automatic transmission whenever were introduced to study its stresses. It has two
splined parts at its ends and in between a bearing support mounting on the without splined part. The engine power has been
transmitted by a drive link assembly to the input gear sets shaft. The study of stressed states of splined and without splined
parts of hollow turbine shaft resulting in fatigue failure under two different working operating conditions of torque has been
done. Also, hollow turbine shaft is loaded by two vertical loads which are coming from torque converter, friction viscous
clutch and drive link and sprocket assemblies. From that, there are many critical combinations of forces (contact, normal, twist
and shearing forces) applied on hollow input turbine shaft. The critical forces can be possibility exist many types of cracks for
cross section of shaft they are: inclined (torsion stress), longitudinal and transverse (shear stress), and vertical (bending stress).

The torsion, shear, bending, and compound stresses are studied theoretically in this article.
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1. Introduction

The maximum tractive effort is a main parameter to evaluate
the vehicle performance potential. One of the methods to
determine the maximum tractive effort limit of a road vehicle is
the vehicle power plant and its transmission. The vehicle
performance is important as a source of stress and critical
stress combinations of Hollow Turbine Shaft (HTS) for
present transverse mounted four speed automotive automatic
transmissions, which they are resulting in failure. It is
common to focus as a first operation condition (first stage)
on main loads acting on splined and no splined parts of HTS
which are forces due to stall turbine torque and turbine
weight on right splined side and vehicle movement resistant
torque from rest, and drive link and sprocket assembly on left
splined side also focus on the loads acting on no splined
which are forces by resulting difference torque between stall

turbine torque and vehicle resistance torque and reaction
weights at bearing support point. [1]. Moreover, the study
guaranties a second operation conditions (second stage) from
that the above parts of HTS are forces due to engine torque at
its maximum power (when viscous friction clutch of torque
converter is active) and weight of torque converter with viscous
friction clutch and flywheel on right splined side and vehicle
movement resistant torque at minimum transmission
reduction ratio, and drive link and sprocket assembly on left
splined side also focus on the loads acting on no splined
which are forces by resulting difference torque between
engine at maximum power torque and new vehicle resistance
torque and also, reaction weights at bearing support point.
Turbine forces are transmitted to right splined part of HTS
and for easiest calculation, it is assumed that turbine transmits
force and torque to splined part of shaft at middle point of its
width, and study stressed is based on corresponding cross-
section, although, turbine force of interaction between
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turbine hub and splined shaft part is distributed along length
of turbine hub.

In studies of forces and stressed states of HTS resulting in
fatigue failure of HTS for transverse mounted four speed
automotive automatic transmission induce stresses which are
of torsional, bending, and shearing focus primarily on torsion
phenomena. In so doing, torsional, shear, bending and
compound stresses are considered for the most parts.

2. A Transaxle Automatic
Transmission Model [1-7]

The transaxle Automatic Transmission system is used for
the transverse wheel drive. The transaxle system Figure 1
gives three forward reduction speed drive and one overdrive
and one reverse with a Viscous Torque Converter Clutch
(VTCC) however the turbine and the planetary gears input
shaft are drive link chain assembly. The turbine torque
variation has two stages. The first one is given at low speed
ratio (n) of the torque converter which is turbine angular
velocity (or) over pump angular velocity (op) as equation 1,
and the ratio (Ry) between turbine torque (Tt) to pump
torque (Tp) as indicated in equation 2. The second stage is
occurred when the torque converter lock-up clutch is
activated (at the design point), the turbine and pump are
connected to the engine output. The angular velocities or, ®p,

(engine torque) are expressed as equation 3.

The transmission consists of compound planetary gear
systems employing two simple planetary gear sets with two
ring gears.

In the transaxle system Figure 1, first starting ratio, torque
from the engine is multiplied through the torque converter by
1.6, transaxle sets by 2.92 and final drive by 2.84 to the
vehicle’s axle shafts. In the first set, Tt is transferred to the
input sun gear (S;) as a driving member, this occurs when the
input clutch is applied and forces the input sprag (outer) race
to rotate. The input sprag (inner) race is forced to rotate
through the holding sprag elements, and the input sun gear
(S;) which is splined into the input sprag (inner) race is also
forced to rotate. The teeth of S;, transferred the torque to the
four planetary pinion gears (P;) and reaction internal gear
(R;) which is part of the input carrier assembly (C,). Then the
reaction internal gear (R,) transfers the torque to planetary
pinion gears (P,) through the reaction carrier assembly (C,)
and forces the planetary pinion gears (P,) to rotate around the
stationary reaction sun gear (S;) and Reaction Sun Gear
Drum (RSGD). S, and RSGD is held stationary by the 1-2
band brake. When the transaxle is operating in this mode,
reduction through the gear sets is 2.92:1

n= oy/op (1)

Ry = T1/Tp = (U+o,, nUR~0,R)/(U+o,~ouR,)  (2)

and og (engine angular velocity) and torques T, Tp, and Tg or=op=og, Tr=Tp=Ts 3)
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Figure 1. Transaxle Four Speed Automatic Transmission system for the transverse wheel drive.

Where:

1. flywheel. 2. torque converter cover with pump. 3.stator 4. turbine. 5. viscous friction clutch. 6. drive sprocket. 7. oil pump shaft. 8. Input Hollow Turbine
Shaft (HTS). 9. Drive linked assembly. 10. driven sprocket. 11. Input gear sets shaft. 12. 2" roller clutch (brakes S; at holding clutch). 13. Input sprang clutch
(S; runs at holding clutch). 14. parking gear. 15. Final drive sun gear. RRD = reverse reaction drum. B;, B, = 1-2band brake and reverse band brake
respectively. RSGD = reaction sun gear drum. cl;, cl,, cl;, = input (first), second, third clutches assembly. cl, = 4" clutch assembly as Bs. Sy, S, = sun gears. Py,

P, = planet gears. R, R, = ring gears. C,, C, = carriers.
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2.1. First Stage of Torque Converter
Operation [1,4]

When there is a significant difference in speed between
torque converter turbine and its pump, it is stall torque stage
for torque converter. The maximum resistance torque (Tg;) on
Hollow Turbine Shaft (HTS) based on equation 4 is appeared
when the maximum drive line torque applied to move the
vehicle from the rest. The maximum drive line torque (Ty.x)
based on equation 4, comes from torque converter stall torque
(T,) formed on equation 5. T,,,x occurs from turbine torque over
pump torque ratio Symbolizes him Ry, and formulate by Ry
as setup in equation 2. Also, T, equal to engine torque at
maximum power (Teymaxp) multiplying by both highest
reduction ratio value of transmission (iymax) and final drive ratio
(ig)- The applied torque (T;) and Tgy, and loads (W,

of turbine (Wt) + viscous friction clutch (W.g), and W, =
weights of drive link assembly (W) + drive sprocket (Wys))
are exhibited on HTS through this stage instituted on Figure 2.
Through the stall torque stage, oil pump drive shaft has
torque (Tp.snas) and speed (Npgnatr) €qual to engine torque and
speed because pump shaft is splined to torque converter
cover. The other side of oil pump shaft has resistance torque
(Tpr) which is advent from rotational torque of oil pump
rotor and pump vanes however rotor is splined to pump shaft.
Tpr value is depending on required line pressure which
becomes main supply of fluid to various transmission shift
components and hydraulic circuits in the transaxle.

TRl = Tmax = RTstall*Teatmax-p*itrmax*ifd (4)
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Figure 2. HTS Mode, at Torque Converter Stall and Maximum Vehicle Drive Line Torques

2.2. Second Stage of Torque Converter
Operation [1, 4]

The second stage is started at the design point of torque
converter ((1/®p) 0.4). Through this period torque
converter lock-up clutch is activated, then turbine and pump
are connected to torque converter cover which bolted to
engine flywheel. The angular velocities ((w1/wp) = 1), torques
of both torque converter pump (Tp), turbine (Ty), applied
torque (T;) and Teumaxp are equaled as formed in equation 6.
The resistance torque (Tg,) on HTS are manifested in equation

Is.
lsLs >

7 when the vehicle doesn’t need high torque to move.
Minimum drive line torque (Ty,,) comes from engine torque
at pump and turbine speeds are equals (wg = wp = ©r)
multiplying by lowest reduction ratio value of transmission
(igmin) and final drive reduction ratio (ig). T,, Tro, and loads
(W; = weights of torque converter (W) + viscous friction
clutch (W) + flywheel (Wg,), and W,) are modeled on HTS

through this stage as is evidenced in Figure 3.
T2 :TP = TT= Teatmax-p at RT =1 (6)

at RT =1 (7)
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Figure 3. HTS Model at the Equality of Torque Converter and Engine Torques, and Minimum Vehicle Drive Line Torque
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3. Critical Stress Combinations for
HTS [8-10]

Figure 2 and Figure 3 show two models of HTS with
different loads and torques. The models are both sides
overhanging beams with one support. In Figure 2, the support
reaction R; is equal the summation of weights W; and W,
however, support reaction R, in Figure 3 is equal the
summation of weights W, and Ws. The both two models of
HTS consist of two parts have spline and two others without
spline.

In the first stage of variation in turbine torque, the front
spline of HTS (l..s) Figure 2 affected manly torsion moment
(no bending) which comes from torque converter stall torque
and the rear spline influenced manly by Tg; (no bending)
which moves vehicle from rest. W, cause bending moment
(My;) from front till support point of HTS and W, occasion
bending moment (My,) from front till support point of HTS.

Also, from W, to W, shear force (F.;) take place and on
the part between front and rear spline parts torsion moment
(T5) happens. While In the second stage of variation in
turbine torque, the front spline of HTS (l..s) Figure 3 affected
manly torsion moment (no bending) which comes from
engine torque at maximum power and the rear spline
influenced manly by Tk, (no bending) which moves vehicle
at lowest need torque. W3 cause bending moment (My;) from
front until support point of HTS and W, occasion bending
moment (My,) from front to support point of HTS. Moreover,
from W3 to W, shear force (F,,.,) take place and on the part
between front and rear spline parts torsion moment (T)
happens.

3.1. Torsion Stress (Inclined Crack)

The computing of torsional stress for HTS means that: a.
torsion stresses Ti..s, and Ty .s for two splined parts which can be
obtained from equation (8) for I and equation (9) for Iy,
with considering d;.and dy. are equaled, b. torsion stress tg_g
for Iy, part from end of 1. to end of 1y can be got from
equation (10).

Tie-s1 = Kep ¥T 1/ Wi stage one
Fo1 = 2T/ (Dn* nyess) stage one
Tre-s2 = Kot ¥To/ Wie stage two
Fy =2Ty/ (Dp* nye.s) stage two ®)
Tos1 = Ko *Tri/ Wit stage one
Feri = 2Tri/ (D™ ng16) stage one
Ty2 = Ko *Tro/ Wi stage two
Fro = 2Tgo/ (Dp* ng15) stage two 9)
To.1 = K¢ *(Try-T )/ W, stage one
Fys.1=2(Tr;-T1)/ Diy stage one

To.2 = Ko ¥(Tro-T2)/ W stage two

Fs-s-2 = 2(TR2-T2)/ Dml Stage two

(10)

Where:

Wies = Wy =2%(Ix + Iy)/D=4
*L/D at D = (D, -2d;es), I =
(n/64) (D*-DY), Ix =1y

Wi = ((n/16) (D*-D;*)/ D =
0.2 (D*-D*/ D

Polar moment of inertia for
splined parts

Polar moment of inertia for

W,=0.2 (DO4-Di4)/ D, part from front spline to rear

spline

D, Outer diameter of HTS

D; Inner diameter of HTS

D Minor diameter of splined
parts

D,, = (D, + D)2 Mea}n d1amete;r for cross
section of spline

Dy = (D, + Di)2 Mea}n diameter for cross
section of 1

Contact forces from torsion
(splined parts) for one tooth
Tangential forces from
torsion

Fatigue stress concentration
factor for torsion

Mass moment of inertia for

Fsl, FsZa FsRls FSR2
Fs-s-la Fs-s-2

st =3.5at Ihub>Ishaft

I
hub hllb

I Mass moment of inertia for
shaft shaft

3.2. Shear Stress (Longitudinal and
Transverse Cracks)

Moreover, when HTS is loaded by twist force, shearing
force at section always parallel to tangential force
(circumference force or contact force from torsion). For
spline parts of HTS equations 8 and 9 is studied the contact
forces which can be caused inclined crack for spline tooth
however, equations 11 and 12 are deliberate resultant
shearing stress (tg) at tooth section to check longitudinal
crack of HTS at splined parts (torque converter mounting
part Tqics) and drive sprocket mounting part Tq.). Also,
transverse crack (Tyc.s) torque converter mounting part and
Tyslsy drive sprocket mounting part) can be checked for
splined parts which is coming from direct shearing force
because of weights Wi, W,, and W3, and 1y transverse
crack for 1;; because of reactions R; and R, by equations 13
and 14.

Tsie-s)1 = Fist1 /B1%licos stage one
Fi11 = 2T/ (D* ny.) stage one
Tsiisl-s)1 = Fis12 /Bo*lgs stage one
Fi2 = 2T,/ (D* ng.) stage one (11)
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Tsi(te-s)2 = Fiso1 /B1*lic.s stage two
Fi1 =2T,/ (D* ny.5) stage two
Tsi(sl-s)2 = Ft522 /BZ*lsl-s Stage two
Fis22 = 2T/ (D* ng) stage two (12)
Tstte-s)1 = F1/(B1*dies™nees)  stage one
Tosi-syl = Fo/(Bo*dg.s*ng.)  stage one & two
Tsissy1 = 4FRr1 / D, stage one (13)
Tst(te-s)2 — F3/(B1*dtc-s*ntc-s) Stage two
Tst(s-s)2 — 4FR2 / TE*Dzml stage two (14)
Where:
Fu11, Fs12,  Twist forces from torque for one tooth of
Fio1, Fisa splined parts
Bi, B, Splined tooth width
dies=des  Splined tooth depth
Fi =W, *g, F, =W, *g, F3 = W; *g, Fr; = R *g, Fry = Ry*g
g Acceleration of gravity = 9.81 m/s
N Number of splined teeth for torque converter,
tc-ss Hsl-s

and drive sprocket mounting parts on HTS
3.3. Bending Stress (Vertical Crack)

3.3.1. Portion of HTS Without Splined

The level of bending stress through portion 1l of HTS
certainly at middle point of the bearing is measured by two
forces F; and F, multiply by their distances starting from
forces applied points to HTS bearing support point as
mentioned in equation (15) and equation (16) for stall torque
stage (stage one) of torque converter. However, equation (16)
and equation (17) is measured level of bending stress through
same portion from two forces F, and F; multiply by their
distances starting from forces applied points to middle of
bearing this bending stress when torque converter lock-up
clutch stage (second stage). Also, modulus of shaft section
effects on bending stress value.

0p3 = F3 * (I - (Le-/2))/ Wy stage two (17)

Where:
_ 4 a4 Bending section modulus for portion
W= 010 =DYDo - i st splined of HTS

3.3.2. Portion of HTS with Splined

The level of bending stresses Oy and Oy o for 1.5 and Ly
splined parts respectively is calculated slightly different for
lss without splined part from that two forces W;*g and W,*g
multiply by their distances starting from forces applied points
to the end of 1., and Iy splined parts (stage one) as in
equations 18 and 19. This is repeated for stage two by
multiply forces W,*g and W3*g by stage one distances as in
equation (19) and stage two bending stress On for I
equation (20). Also, modulus of shaft section effects on
bending stress value and it doesn’t same in stages HTS
without splined and with splined.

Ops1 = F1 * L./ (2*¥Wps1) stage one (18)
Opsi2=F» * [4./(2*Wy)  stage one and two  (19)
Ops2 = F3 * L./ (2*¥Whs1) stage two (20)

where:

Wi = do. * B, Y6 Bepdmg section modulus for portion
splined L

Bending section modulus for portion

= * ¥
W= dgis * B, /6 splined 1y

4. Compound Stress [8-10]
4.1. Portion of HTS without splined

The reliable study of power transmitting shafts stress
sources and critical stress combinations are supported on
three steps of study for same cross section without splined.
First; torsion stress characteristics were studied for given
shaft section 3.1. Second; shear stresses were calculated
section 3.2. Third; bending stresses were established section
3.3 Finally; compound stresses (0eqs.s1) Stage one and
compound stresses (0qq.ss2) Stage two into without splined
part of HTS can be calculated by equation (21) and equation
(22) respectively.

Ov1 = F1 * (li-(lics/2))/ Wy, stage one  (15)

6b2 = F2 * (1HTS - 1tb - les - (151-5/2))/Wb stage one and two (16)
Gequs_st = \/ (Bo + 602)? + 4((Ty_s1)? + (Taris_sy1)?)  Stage one @1)
Geqs_ss = \/ (6bz + 6552 + 4((Ts_s2)? + (Tars—sy2)?)  Stage two 22)

4.2. Portion of HTS with Splined

Compound stresses (O¢q-tc.s1 and O¢q-51.51) can be calculated for two cross sections (A-A) and (B-B) stage one and Compound
stresses (Oeq-rc-2 aNd Ocqg1.52) can be calculated for two cross sections (A-A) and (B-B) stage two of HTS splined parts by
equations (23 and 25) and equations (24 and 26) respectively after applying the same four steps in section 4.1.
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6eq—tc—sl = \/(6bsl)2 + 4((th—sl)2 + (Tsl(tc—s)l)2 + (Tst(tc—s)l)z) stage one

6eq—sl—sZ

(23)
— 2 2 2 2
6eq—tc—52 = [(6ps2)? + 4((Tre-s2)? + (Tsl(tc—s)z) + (Tst(tc—s)z) ) stage two (24)
_ 2 2 2 2
6eq—sl—sl - (6b51,2) + 4((Tsl—sl) + (Tsl(sl—s)l) + (Tst(sl—s)l) ) Stage one (25)
2
= \/(6bsl,2)2 + 4((Tsl—52)2 + (Tsl(sl—s)z) Stage two (26)

5. Basic Data for Study HTS Stresses
[1-3, 9, 10]

Many data were collected to study HTS stresses. Table 1
has required data for the paper’ case study. The data contents
valuable useful engine, transmission, and final drive
specifications. Also, diameters, lengths, number teeth of
splined parts, teeth size of splined parts, weight of the
effective components such as torque converter parts, drive
link and sprocket assembly, section modulus for torsion,
section modulus for bending all of them putted into table 1.

Table 1. Required Data for Paper’ Case Study.

Symbol Value Symbol Value
Rerganl 1.6 D1 4.5 cm
Negmrap = 13 150.6 N.m Dys 8.6 cm
g 2.921 Lies = las = les 3.175 cm
it 0.705 Nies 35

ifd 2.385 Ngl-s 40

Tri = Tiax 1678.67 N.m. ngs in mesh 10

T, 240.96 N.m. dic-s = das 4 mm
Tro = Thin 253.22 N.m. Lurs 15.24 cm
W, 5kg Wies = Wi 25 cm®
W, 8 kg Wes 40.5 cm®
W 18 kg W 20.5 cm®
R1 13 kg Wbsl 6 cm3

R, 26 kg Whs 10.67 cm®
K¢ 35 B, 3 mm

D, 6 cm B, 4 mm

D; 3 cm Iss 5715 c¢m
D 52 cm lib 6.033 cm
Dn 5.6 cm [6cq] 900 Mpa

many stresses which are written as equations in section 3.
Torsion stress equations (8-10) study the attitudes of HTS
under splined contact forces (Fs;, Fgp, Fri, Faro) and no
splined tangential forces (Fy.1, Fss.,) which are resulted from
turbine torques and vehicle operation conditions resistance
torques. The contact and tangential forces examining to avoid
limitation of cross sections inclined crack. Twist forces (F1,
Fu12, Fio1, Fupo) parallel to tangential forces based on
equations 11 and 12 and normal forces (F,, F,, Fry, F3, Fro)
based on equations 13 and 14 are from shearing stresses.
Twist and normal forces examining to avoid limitation of
cross sections longitudinal and transverse cracks. Contact,
tangential, twist and normal forces for two stages of HTS
summarized in table 2. The highest value of forces is Fg; and
Fys12 per tooth which resulted from resistant torque Tg;.

Calculation results of torsion stress equations 8 to 10
presented in table 3. It has total and per tooth torsion stress
for three different cross sections (A-A, B-B, C-C) of HTS.
The elevated value resulted from resistant torque Tg; on left
side splined part. Results for total and per tooth shear stress
equations 11 to 14 plotted in table 4 over sections (A-A, B-B,
C-C) while total and per tooth shear stress equations 15 to 20
collected in table 5. Same resistance torque Tg; occurred
highest shear stress and bending stress at cross section B-B.
The compound stresses calculated from equations 21 to 26
and putted in table 6. As mentioned above, highest compound
stress occurred at cross section B-B.

Table 2. Contact, Tangential, Twist and Normal Forces.

Contact, Tangential, Normal, Twist and Shearing Forces N

6. Results and Discussions

The turbine input shaft specifications of transaxle
automotive automatic transmission from view of shape,
dimension, number of its splined parts, hollow or solid,
material, place of its support points, weight of mounted on it
pats .... etcetera is very important to give correct models as
are given in Figures 2 and 3. HTS models have many torques
(Ty, Ty, Tgry, Tro), normal loads (W;, W,, W3) and two
reaction forces (R;, Ry) which gives many stresses and crack.
Two stages of operation conditions for HTS were
investigated. Both two stages of operation condition resulted

Name Total Per tooth
Fa 8605.8 245.88
Fo 5378.45 153.67
For1 56352.4 1498.81
Firo 9043.6 226.09
Fssa 6389822 e
Foso 4560.89 s
Fisit 9267.69 264.79
Fisi2 64564.23 1614.1
Fi1 5792.3 165.49
Fi 9739.23 243.48
F, 49.05 1.5

F, 78.48 1.962
Fri 12753 e

Fs 176.58 5.05
Fra 255.06 e
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Table 3. Torsion Stress for Three Cross-Sections.

Torsion Stress N/mm”

Name Total Per tooth
Tie-sl 33.73 0.96

Tie-s2 21.08 0.6

Tsl-sl 235.01 5.875
Tsls2 35.45 0.886

Tl 12425 e

Ts-s1 07—

Table 4. Shear Stress for Three Cross-Sections.

Shear Stress N/mm”

Name Total Per tooth
Tsl(te-s)1 97.3 2.78
Tsl(sh-s)1 508.38 12.71
Tsl(te-s)2 60.18 1.74
Tsi(sl-s)2 76.69 1.92
Tst(te-s)1 4.09 0.117
Tst(shs)1 491 0.123
Tst(s-s)1 008 e
Tst(te-s)2 14.715 0.42
Tsi(s-s)2 016

Table 5. Bending Stress for Three Cross-Sections.

Bending Stress N/mm’

Bending
Moment N mm

Section
Modulus mm®

Ob1 0.12

Ob2 0.17

On3 0.39

Name Total Per tooth
Obs1 129.78 3.71
Obs1.2 116.76 2.92

Obs2 467.2 13.35

2180.52
3488.04
7849.86
Total

1557.34
2491.74
5606.42

20250
20250
20250
Per tooth
6

10.67

6

different normal forces and torques on splined and un-
splined parts cross sections of turbine shaft. First
operation condition is at vehicle starts motion from rest.
Second operation condition is at maximum vehicle
speed. The torque converter torque is input torque
applied on front splined part and vehicle traction torque
simulates resistance torque on the end splined part,
these torque changes at each operation condition. Also,
normal force on front splined comes from turbine and
viscous friction clutch once and in other comes from
torque converter as a packed with engine flywheel
while normal force on end splined part doesn’t change
and it comes from drive link and drive sprocket
assemblies. So, reaction on turbine shaft’s bearing
support change according vehicle operation conditions.

. All turbine shaft length has torsion, shearing, and

bending stresses. These stresses studied for three cross
sections (A-A, B-B, C-C). Finally, combined action of
compound torsion, shearing, and bending has been
considered in studying the stressed state of splined and
un-splined parts of turbine input shaft.

. By using real data for the paper cases, the concluded is

the highest value of torsion, shear, bending, and
compound stresses occurs for end splined cross section
which can result all types of crack (inclined-
longitudinal-transverse and vertical).
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between no splined part. It translates the torque
converter torque to transmission planetary gear sets by
drive link and drive sprocket assemblies.

Two vehicle operation conditions investigated resulting
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