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Given: thickness ratio & =d /D =0.8; [r]=100 MPa; ] =1 degree/m;

G=8-10'"Pa; M; =10kNm; M, =70 kNm; M5 =40 kNm;
a=2m; b=3m;c=4m.

Goal:

1) copy from home problem No3 graph of torsional moment distribution;

2) calculate the diameters of solid and hollow shafts using conditions of
strength and rigidity;

3) draw the graphs of stress distributions in critical sections of solid and hollow
shafts;

4) estimate the type of stress state in an arbitrary point of critical cross-section
(selecting yourself solid or hollow shape of a shaft);

5) compare the weights of 1 meter-in-length solid and hollow strong shafts;

6) design the graph of twisting angle distribution for solid or hollow strong
shaft (select youself).

Full name of the lecturer signature

Mark:

Design problem
for solid and hollow uniform shafts

Goal:

(1) to determine internal torque
moment in the shaft cross-sections
and to design the graph of it's
distribution (clockwise rotation is
assumed to be positive);

(2) cdculate the diameter of solid
shaft satisfying conditions of strength
and rigidity;

(3) calculate the diameters of hollow
shaft satisfying conditions of strength
and rigidity, taking into account
thicknessratio a =d/D =0.8;

(4) draw the graphs of stress
distribution in critical cross-sections
of both shafts;

(5) determine the type of stress state
in an arbitrary point in critical cross-
section of solid shaft;

(6) compare the weights of one
meter-in-length  solid and hollow
strong shafts;

(7) caculate the angles of rotation for solid shaft and design the graph of twisting angle

distribution.
Solution

1. Determine internal torgue moments in an arbitrary cross-sections of the shaft applying
the method of sections. Corresponding sign conventions are shown on Fig. 1. The shaft is

shown on Fig. 2. M
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Il (0<x<c) M} (X) = M3 =40 kNm,
-1l (0<x<b) MY (x)=M3- M, =40- 70="-30 kNm,
-1l (0< x<a) M (x) =M3- My +M;=40- 70+10=- 20 kNm.

The graph M, (x) isshownon Fig. 2.

In result, [My(X)| =40 kNm and |- section is critical.




Note, that the graph M,(x) demonstrates that M )'(” (X) =- 20KNm. It allows determining

the value of unknown moment M. Actually it has opposite direction of rotation, which is
shown on Fig. 2 according to Fig. 1.
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2. Cdlculating the diameter of solid shaft:

2.1 satisfying the condition of strength:

® ‘Mxm \ ® 16‘Mxm ‘ 16° 40° 10°
tay = — X £1t|® D 3 X1 = =0,127 m.
W@ [t p[t] 314" 100" 10°




2.2 satisfying the condition of rigidity:

‘Mxﬂ ‘ 9 :f32‘|*’|xmax‘ 180 32" 40° 10%” 180
axX
=L "mXlely]® D? 3 X— = =0,131 m.
Y max Gl, [y] pG[y] p 3,142' 8" 100" 1

Finally, the solid shaft diameter is D@:O,Bl m. Note, it was calculated satisfying
the condition of rigidity, i.e.y max =V |-
3. Calculating the diameters of hollow shaftin a =d/D =0,8:

3.1 satisfying the condition of strength:
M
t@:‘ Xmax‘ﬁ[t],

w®
pD®” 16|M x| 16" 40" 10°
vvr©=—(1- a4)® DO=g M =3 : =0,151 m,
16 p[t]@- a®) 314 100" 10°" 0,5904

d®=0,8D%=0,121 m.

3.2 satisfying the condition of rigidity:

4
:ME[y]@ |r@:£(1- a4)® D@: 32|Mmax|4 '18O:
Gl ° 32 pGly]@-a*) P

Y max

=0,149 m, d®=08D®=0,119 m.

_ 32" 50° 10°" 180
314°° 8" 100" 1" 0,5904
Finally, the hollow shaft diametersare D® =0,151 m and d®©=0,8D?=0,121 m. Note,
they wer e calculated satisfying the condition of strength, i.e. t 5 =[t].

4. Drawing the graphs of stress distribution in critical cross-section for two designed shafts.

4.1 for solid shaft:
- 07 103
ooy = My max =16Mxn?f,X _ 16" 40" 10 _=90.7 MPa
W oD% 314" (0.13))
Note, that t 1S less than allowable stress for the shaft material since its diameter

was calculated satisfying condition of rigidity, i.e. ¥ max =[]

4.2 for hollow shaft:

_Mymax _ 16Myma  _ 16" 40" 10°

o g =100 MPa
W p®°1-a%) 3147 (015)%1- 08

Note, that t 5 1S equal to allowable stress for the shaft material since its diameters
wer e calculated satisfying condition of strength, i.e. tq =[t].




The graphs of stress distribution are shown on Fig. 3.
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5. Analysis of the stress state type in an arbitrary point A of critical section of solid shaft
with polar coordinate r = D/10.

Fig. 3

Mymax - D _ 32Mymax - D _ 3:2Mymg _ 3.2 40° 10°
;10 pp* 10 pp3® 314 0131°
Conclusion: stress stateis biaxial and deformation is pure shear.

=18.1MPa.

6. Comparing the weights of one meter-in-length segments of strong solid and hollow
shafts.
The left graph of stress distribution shows that the core of solid shaft is under the action of

low stresses, i.e. this part of cross-section is underloaded and can potentially withstand
larger stresses. This part of the cross-section material may be used more effectively if it
will be situated as far as possible from the cross-section centroid. Taking into
consideration this idea, hollow shaft must be more effective in weight to withstand the
same torque moment.

Check this idea and find relationship of the weights of the same in length solid and
hollow shafts:

GO Qv@® A® 1m 4(pD©2- pd@z) DO©2. 4@2°




Note, that to compare the weights, we will use the diameters which were determined from
conditions of strength. Then

c% 01272

=2 - ~1.97.
G® 0.1512- 0.1212

Conclusion. Solid shaft is approximately 2 times greater in weight than hollow
one due to mor e effective distribution of material in hollow shaft. This advantage will
depend on the thickness ratio a: increase of a leads to decrease of hollow shaft
weight.

7. Designing the graph of twisting angle distribution for solid shaft.
Note, that itsdiameter is D =0.131 m.

To design the graph, we will use the formula

] (X) :I\/g_l(x) = kx —linear function of the shaft length.
r

Also, angles of twist for C, B, A cross-sections we will calculate relative to reference D-
section:

1l on 13 -
jc=] DC:MX a_ 200 107 2 %2 4:-1.73’ 102 rad.
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=i o =i o+ e =] Mo _ 173 102430 10°°3 32
B=JpB=Jbc*lce=]DC =- 1 =
Gl, 8 10°- 314" 0.131%
=_-1.73 10°2-3.89" 102 =-5.62" 10" rad.
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=-5.62" 10°%+6.92" 102 =+1.30" 10" rad.
Corresponding graph is shown on Fig. 2.




