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DETERMINATION OF STRESS AND TORSION ANGLE OF THE CARDAN SHAFT FOR KNOWN LOAD

Miroslav Milutinović
, Spasoje Trifković

Summary: In the course of the exploitation of freight vehicles there is a change of load and variations in working conditions. If the cardan shaft holds a certain time interval maximum load It can be considered that it will not come to its disadvantage at lower loads. In this paper are given the maximum voltage values on the shaft as well as the shaft tapping angles for the known load. Based on the obtained results, the diagrams are formed, which show the tendency of the stress development and curvature, for the results obtained. For the same load was performed numerical analysis of stress state on the cardan shaft cross.
Key words: cardan shaft, cardan shaft cross, torsion angle of the shaft, stress states.

1 introduction 

During the working life of a freight motor vehicle, there is a variation in the conditions of exploitation. These variations directly affect all the components involved in the torque transfer from the drive aggregate to the differential. In freight vehicles torque is transmitted through the gearbox and cardan shaft (usually built two) to differential (Figure 1). The built-in cardan shafts can be of constant (Shaft 1 (Figure 1)) and variable (Shaft 2 (Figure 1)) lengths. The basic task of choosing the right choice and installing a cardan shaft in a specific freight vehicle is the definition of the load that can be exposed to the shaft. For the determination of real loads under different conditions of exploitation it is possible to apply different methodologies, such as measuring the speed of the vehicle [1], with sensor installed in the engine [2], as well as methods of measuring torque using strain gauges mounted on the cardan shaft of constant length (Shaft 1 (Figure 1)) as explain the authors [3]. Due to the load on the shaft there is a torsion of the shaft  which must be within permitted limits, otherwise the shaft will start to act as a spring, which can lead to vibration. Based on known loads it is possible to define the shaft geometry together with the cardan shaft joints, which can transmit the default load for the defined lifetime. As a subject of analysis can be complete shafts with all segments or their segments individually (cardan shaft cross [4,5], Cylindrical shaft part [6], etc.).
In this paper, numerical analysis of different geometrical characteristics was carried out, for the purpose of defining the required geometric characteristics of the shafts and joints, which can be installed into freight motor vehicle for the maximum load measured at different conditions of exploitation. Also, for the same geometric characteristics,  the values of angle of shaft  torsion are given. Based on the results obtained, it can be concluded which cardan shaft, together with the joints as the circuits, can transmit the prescribed loads to the expected lifetime, without potential damage to the shaft [7,8].
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Figure 1. Torque transfer from the drive unit to the differential
2  DETERMINATION OF THE TORSION ANGLE OF THE CARDAN SHAFT

During the operation of cargo vehicles, or when transferring the torque from the drive unit to the differential, the cardan shafts are exposed to very great stresses that can lead to deformation. Since the cardan shafts are exposed to torsion stress, this leads to the appearance of shaft torsion. Due to torsion, the shaft as a torsion spring in itself accumulates a certain deformation work, which can cause torsional oscillations during the operation. If one shaft is loaded with the torsion moment T, then its two cross-section of the circumference l turn to the angle of torsion ( one in relation to the other (Figure 2). Also, the side line on the cylinder shell rotates for the angle (. Accordingly, the circular arc on the shaft size can be calculated:
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So that's the torsion angle
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Since the rotation angle of side line on the cylinder directly depends on the torsional stress and shear modulus: 
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a) annular part of the shaft                                 b) step part of the shaft
Figure 2. Torsion angle of the shaft
Based on the defined torsional stress 
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 torsional angle for the annular cross section (Figure 2.a) can be calculated as
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while the torsion angle of the shaft with a variable cross-section (Figure 2.b)
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Based on the defined moment of inertia in the appropriate shaft section 
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 the torsion angle for the annular cross section can be calculated as
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While the moment of inertia is in the full cross section 
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 and the torsion angle of the shaft with variable cross section can be calculated as
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Allowable angle of shaft torsion ranges from 0,25o  to 0,5° per meter length of the shaft, with that in trucks with a cardan shaft it also allowable 2 o/m.

The cardan shaft (Figure 3), which is often installed in cargo vehicles, is made of several parts that merge with the welding method. Two basic parts that are most exposed to torsion are ring and step part of shaft (Figures 2.a and 2.b). Both parts are made of the same material whose shear modulus is G=0,8.105 MPa. The basic geometrical characteristics of one and the other part are given in Tables 1 and 2. In different operating conditions occur load changes. These loads depend on several factors and are defined in the paper [3]. Bearing in mind that if the shaft satisfies the requirement for the transmission of the maximum load during a given lifetime, its destruction will not occur at lower loads. For the defined maximum load of T = 4660Nm [3], the calculation of torsion angle was carried out for both parts individually (Table1 and 2), as well as the overall torsion angle of the shaft (Table 3).
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Figure 3. Cardan shaft
Table 1. Geometrical characteristics of the annular shaft section and the torsion angles
	s [mm]
	4
	5
	6

	d [mm]
	80
	90
	100
	100
	120
	110
	120

	L2 [mm]
	1450

	T[Nm]
	4660

	( [rad]
	0.061
	0.0421
	0.030
	0.025
	0.0141
	0.0158
	0.0120


Table 2. Geometrical characteristics of the stepped shaft section and the torsion angles
	d1 [mm]
	80
	90
	100
	110
	120

	d2 [mm]
	72
	82
	92
	98
	108

	d3 [mm]
	66
	76
	86
	88
	98

	d4 [mm]
	60
	66
	76
	78
	88

	L1 [mm]
	6

	L2 [mm]
	12

	L3 [mm]
	16

	L4 [mm]
	116

	T[Nm]
	4660

	( [rad]
	0,0061
	0,0041
	0,0023
	0,0021
	0,0013


Table 3. Total torsion angles of the cardan shaft with respect to the annular and step part of shaft
	( [rad]
	0.0671
	0.0462
	0.0323
	0.0273
	0.0154
	0.0179
	0.0133


2 TORSIONAL STRESS OF SHAFT STEP part
Depending on the conditions of use of a freight vehicle in which a cardan shaft is installed, it is possible to vary the torque value as well as the direction of operation. If the vehicle moves uphill, the torque acts from the gear unit to the drive shaft, or if the vehicle moves downhill, the load acts from the drive shaft to the gearbox via the cardan shaft. If these changes often occurred, the shaft stresses would be alternately variable. The number of these variations depends on the conditions of exploitation. In practice, such changes are rare, ie changes in stress are in the limits 0 < R <1 and stress changes on the shafts are one-way change. Provided the vehicle is moving at constant speed and at constant load Ie there is no change in the direction of the torque, it is possible to calculate the torsional stress on that shaft based on known load values.
 Depending on the exploitation conditions it will depend and calculation of fatigue strength. If frequent load changes occur so that the relationship between the middle and the upper stress can be considered approximately the same during the lifetime, fatigue strength can be calculated according to: 
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If it comes to unloading because of load changes, so it is (d=const., provided that (d is not less than 0, fatigue strength of the cardan shaft can be calculated as:
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Bearing in mind that the exploitation conditions are stochastics and dependent on several factors, so the application of the appropriate formulas depends on these changes. 

3 Numerička analiza kardanovog vratila i krsta kardanovog vratila

Based on the geometrical characteristics of the shafts given in Chapter 2, as well as the maximum load that is generated on the shaft under the various conditions of exploitation, a numerical analysis was performed based on which the maximum Von Mises stresses at the end of the shaft were defined. For all test cases, the same geometric limit of L=1600 mm was used. This limitation is defined by the bearing and spacing from the gearbox to the telescopic cardan shaft (cardan shaft 2 (Figure 1)). The numerical results obtained are given in Table 5. In the first case, a shaft with a maximum diameter d=80 mm and a wall thickness of s=4 mm is defined. The maximum numerically calculated stress at the end of the shaft is 572.2 MPa, while the torsion angle is 3,95o. In the second case, the shaft maximum diameter d = 90 mm and the thickness of the walls s= 4mm was investigated. Based on the obtained results, the maximum stress is 441.4 mpa, while the torsion angle is 2,71o.
By increasing the maximum diameter to 100 mm, while retaining the same thickness of the wall, the maximum stress is reduced to 306.3 MPa, while the torsion angle decreases to 1,92o. For the same value of the maximum diameter, while increasing the wall thickness to 5 mm, the maximum stress decreases to 252.7 MPa and the torsion angle to 1,65o. By further increasing the maximum diameter or thickness of the wall, the stress is further reduced, so that for the diameter d=120 mm and the thickness of the wall s=6 mm the maximum stress is 149 MPa and the torsion angle is 0,81o.
Table 5. Stress values and torsion angles for different geometric characteristics
	Goemetric characteristics
d x s
	Von Mises Stress at the end of the shaft
	Maksimalni ugao uvijanja vratila
	Goemetric characteristics

 d x s
	Von Mises Stress at the end of the shaft
	Maximum torsion angle of the shaft

	80 x 4
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The diagram (Figure 4) shows the change of the maximum stress at the shaft end depending on the maximum diameter of the shaft step part  section and the thickness of the wall. With the change of geometrical characteristics of the annular shaft part, the dimensions of the stepped shaft section are also changed, which is also taken into account in these analyzes.

On the basis of the results obtained, a diagram (Figure 5) is formed showing the change of the torsion angle depending on the maximum shaft diameter and the thickness of the wall, taking into account changes in the geometrical characteristics of the stepped shaft section.

In addition to the cardan shafts concerned, appropriate wrists are incorporated as constituents for their functioning. The cardan shaft cross (Figure 6) consists of four half yokes spaced apart at an angle of 90o. On each of these half yokes the same force is applied and transmitted via the fork and the bearing from the shaft. When operating the cardan shaft cross, the two half yokes are loads from the shaft over the fork, while the other two are opposed to the rotation of the cross.
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Since in this case, the cardan shaft has a load of 4660 Nm, the force intensity acting on one half yoke depends on the prong of the half yoke. In the case of the maximum length of the cross of 110 mm and the circumference of the opposing half yokes 46 mm the force value is 72812,5 N. When operating this force intensity, the maximum stress on one half yoke is 4050 MPa. In the other case, when the maximum length of the cross is the same and the range of the opposing half yokes 55.8 mm the force value is 85977.85 N while the stress value on the half yoke is smaller and amouts 2964 MPa. Increasing the maximum value of the cardan shaft cross at 120 mm and the diameter of the half yoke at 30 mm reduces the force value to 72585.67 N and the stress to 1467 MPa. Based on the geometrical characteristics of the cardan shaft end (Table 6), a numerical analysis was performed and maximum stresses on the half yokes due to the load effect were obtained (Figure 7).

Table 6. The basic geometrical                                    
Figure 6. Cardan shaft cross
 characteristics of the cardan shaft cross
	L [mm]
	46
	55,80
	55,80
	55,80

	Lu [mm]
	110
	110
	110
	120

	D [mm]
	20
	22
	26
	30


[image: image28.png]Create  Parametric | Assign
Simulation  Table

Manage Material

)

%5

Stress Analysis

98 Animate

SN -

: @
¥ 3 2 |2 & @
& Frictionless o Manual =1 Offset Probe L Adjustedx1  ~
Force Pressure Find Thin Mesh View Simulate | & B L o Report | Guide | Stress Analysis Finish
Bodies s 1 Convergence || 85 2~ Sttings | Stress Analysis
Constrants Loads ~ Contacts Prepare Mesh Solve Result Display Report | Guide | Settings
> | Nodes:468124

[71 B VonMses swress
8 1stPrincpalStress
8 3rdPringpal stress
8 Diplocement

8 sefety Foctor
(Estress

] Displacement
[Estan

Elements:328046
Type: Von Mises Stress
Unit; MPa
01/11/2016, 20:05:04
4050 Max
3240
2430
1620

810

0Mn

s et Sy RN
Se el e T T SR
=
e L s
““ﬁﬁu; "‘"""‘uﬁunu?uv‘v‘u o aﬁ\
i §VaYa! )
SRR RN o 2
KRR RRRES!
RS RRRRRRRERER Rt
SIS RRRRR RIS RERE o
KEE‘HEQEFFNNHHHEHE=>‘nmnu y
NSRS Pl o
RSN RRSSS RN T S E
L S
= e R e
SRR e
e
BRI e bl
EEER ey

el
ey
e

%

]

I

R
Di
%)
o
il

A
l
n

ol

<
i

= |

L
i

ITALNN;
AN

o

%
e

For Help, press F1

= [y Home ] zgiobiot = ]

2005
017112016



  [image: image29.png]l@ oz (@ Pin

= Frictionless
Force Pressure

Constraints

L

f
¥

Loads ~

Nodes:553591
Elements:391017

Type: Vo Mises Stress
Unit; MPa
01/11/2016, 20:01:56

2964 Max

2371

1778

1186

593

0Mn

For Help, press F1

=] o J zoicbiet ™ ]

 |= @

[0 B9 5L Adiustedxt

I Convergence

sy

N
NN Sy

=7

X
-

G

b ool

INES

o
it
N

i
i

71

4
!
parsy

Rt
Pt
o

para

AT

!
e

]

oA

=

vk

YA
o
i

AT
avai
7%

!
o
]
!

vl
0

UL

A

TAPATATATATa)
2

Fara!

rava’at
o
Wi

%]
vata}
q
)
i

AP
STt

i/
i
iri)
K
)

NN

S
il

vATaTATa"
N

pivara:
IAVArATATATAE

1
AN
Yarari

i
AR
Nt

N

v
U]

%
5

N
7

AT
A
i
]
Y1
)
i
NPT
i
i
i
)
s
IR
i
X
A,

W

i
N
AN
T
N
i
7
17
17
i
R
L
I,
N

,
i
N
i
i
4
7
i
il
A
W
0

i
i
th

il

i





a)                                                           b)
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c)
                                                  d)

Figure 7. Stress values for different loads
4 CONCLUSION
During the use of freight vehicles under different conditions of exploitation different load values are created. For the maximum load 4660 Nm on the cardan shaft, analysis of the loads and torsion angles were carried out. For the different geometrical characteristics of the cardan shafts, the torsion angles for the cylindrical and step shafts parts as well as the overall torsion angle for both parts were obtained by analytical method. Numerical method was performed by analyzing the cardan shaft, based on which the results of the torsion angle and the maximum stresses on the shaft were obtained. The values of the torsion angles obtained numerically are slightly higher, due to the fact that in the case of numerical analysis the part of the joint that is connected to the gearbox was taken into account. Based on the results, the diagram which showing the trend of decreasing of torsion angles and maximum shear stress with the increasing of the maximum shaft diameter and thickness of the wall was formed. The results for a given load shows that all torsion angles that not exceeding 2o/m satisfy the limitations for torsion of  the cardan shafts.
As a second segment of the analysis, there are different geometric restraints of cardan shaft cross that can be fitted with the shafts. An analysis  was carried out to obtain the maximum stress values on the half yokes. According to the obtained values, it is recommended to use cardan shaft crosses with a larger diameter and smaller length, which confirms the values of the maximum stress on the half yokes.
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Figure 4. Changing of maximum value of the torsion angle on the shaft





Figure 5. Changing of torsion angle of the shaft
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