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ABSTRACT

Power take-off (PTO) is widely used in automotive field but not commonly known to
most people. PTO and telescopic driveshaft systems are used to transmit power from the
engine to external machinery. The PTO system used by Light Fire Rescue Tender
(LFRT) manufactured by CME Technologies Sdn Bhd is not the best because it is
assembled by three telescopic driveshafts instead of one. The aim of this project is to
simulate and analyze the PTO and telescopic driveshafts on Light Fire Rescue Tender
trucks to identify area for improvement. Subsequently, this project also attempts to
suggest a new design to improve the performance of this system. In achieving the
objectives, smulation and analysis of the existing system will be performed and
recommendation of a new system which will enhance the performance of the system will
be proposed. It is hoped that the Design and Development Division of CME

Technologies Sdn Bhd will refer to this research after the completion of the project.
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CHAPTER 1

INTRODUCTION

1.1  Background of Projects

Power take off (PTO) is a mechanical device used to transmit engine power to
auxiliary equipment. Power take offs can be mounted either on main or auxiliary
transmission to draw power from the main engine. If the power take off is operating on
the transfer case and its operation is distance dependent, its rotational speed is given in
revolutions per meter off distance covered. It can be categorized due to ratio between the
output angular speed and engine speed. The auxiliary equipments like water pump or
hydraulic pump will be attached to tel escopic driveshafts and connected to PTO.

PTO can also be transmission mounted or engine mounted. In transmission
mounted PTO, it is located on the side, bottom or rear of the transmission. For manual
transmissions the PTO is generaly driven from a countershaft gear, but can also be
found being driven by the reverse idler gear. For automatic transmissions, the PTO will
either be driven before the torque converter and be subjected to torque converter dip. In
engine mounted PTO, it islocated at the rear of the engine. The PTO can be driven from
the timing gears, or a special gear train, and provides a constant drive for specid

applications.

The project undertaken here will focus on the PTO and telescopic driveshafts
used by Light Fire Rescue Tender (LFRT) manufactured by CME Technologies Sdn
Bhd where the author has gone for 32-weeks of industrial internship. This system is used

to draw power taken from engine via PTO and telescopic driveshafts and driven the



vehicle mounted water pump. Figure 1.1 shows the PTO mounted on the gearbox while
Figure 1.2 shows the assembly of the driveshafts.

Figure 1.2: Propeller shafts assembly

1.2 Problem Statements

The PTO in LFRT islocated at the side of the transmission box of the engine and
the pump is located at the rear of the chassis. The PTO location is slightly offset and not
perpendicular to the pump location. The pump connected to the PTO through an
assembly of three telescopic driveshafts instead of one. This arrangement has caused the
angular movement of the driveshafts to impose higher friction than if it is connected
straightly. The project will ssimulate the shafts work and anayze the load, stress and
works produced by this system. Appendix 1-1 shows the layout of the shafts assembly.



1.3 Significance of Study

The findings of the project would be offered as an option to the Design and
Development Division (DDD) of CME Technologies Sdn Bhd in their design
implementation for future projects and optimizes the performance of the water pumps. It

will also increase their engineering knowledge and would be useful for tender proposal.

Students in engineering field al'so can refer to this projects in the future because
the author believe that there are not many thesis produced by Malaysians in the area of

PTO systems especially when it applies to trucks.

1.4  Objectives

The project aims to propose a new design that will give better efficiency and
performance but till within the design and space limits of the LFRT specifications. In
order to achieve this, the following objectives must be accomplished:

1. To simulate and analyze the power transmission from the main engine to the

pump of the existing system.

2. To design and smulate an improved system with higher efficiency and

performance of the PTO.

15 Scope of Study

In the first semester, efforts were focused on the literature review, data
collection, simulation and analysis of the existing system. An interim report were
produced to summarize all the tasks accomplished during the first semester and to
identify future works. In the second semester, the author proposes a new design with

higher efficiency. Software used to achieve these objectivesis CATIA.



CHAPTER 2

LITERATURE REVIEW

21  Power Take-Off (PTO)

The Power Take-Off (PTO) shaft is an efficient means of transferring mechanical
power between engine and implements. Figure 2.1 is adiagram of component parts of an
implement PTO. Two typical PTO system arrangements are shown. The top drawing is
of a PTO system involving a pedestal connection, such as is found on many types of
pulled machinery (hay balers, forage choppers, large rotary mowers, etc.). The lower
drawing is of a PTO system where the implement’s input driveline connects directly to
the tractor PTO stub. Examples of this type of connection include three-point hitch

mounted equipment (post hole diggers, small rotary mowers, etc.) and augers.

j |
['With Padosial)
U-Juimi
Trwar&

I leman
Padesial —/
PTO Gonnection Connaecilan Implamant
Padestal
>

Input Comneclion
\TEHBBMF‘W Shaft l

PO

Trag of

Inplamant

I impiament Inpid Driveline

P 1

Figure 2.1: Major components of PTO system [4]

American Society of Agricultura Engineers (ASAE) defines terminology for
three PTO configurations as continuous-running, independent and transmission-driven.

For continuous-running, the power to operate both transmission and power take-off is



transmitted through a master clutch. Both operate only when the master clutch is
engaged. Auxiliary means are provided for stopping the travel of the tractor without
stopping the power take-off. The continuous-running power take-off ceases to operate at
any time when the master clutch is disengaged. For independent, the power to operate
transmission and power take-off is transmitted through independent clutches. Travel of
the tractor may be started or stopped by the operation of the transmission clutches
without affecting the operation of independent power take-off. Likewise, the power take-
off may be started or stopped without affecting tractor travel. For transmission-driven,
the power to operate transmission and power take-off is transmitted through a master
clutch, which serves primarily as traction clutch. The power take-off only operates when
the master clutch is engaged. The transmission-driven power take-off ceases to operate
at any time the master clutch is disengaged. [4]

2.2 I ntroduction to shaft

Shafts are used in a variety of ways in al types of mechanical equipment. A
shaft, usualy a slender member of round cross section, rotates and transmits power or
motion. However, a shaft can have a noncircular cross section and need not be rotating.
An axle, a nonrotating member that carries no torque, is used to support rotating
members. A spindle designates a short shaft. A flexible shaft transmits motion between
two points (e.g., motor and machine), where rotational axes are at an angle with respect
to one another.

Most shafts are under fluctuating loads of combined bending and torsion with
various degrees of stress concentration. Many shafts are not subjected to shock or impact
loading; however some applications arise where such load takes place. Thus, the
associated consideration of static strength, fatigue strength, and reliability play a
significant role in shaft design. A shaft designed from the preceeding viewpoint satisfies

strength requirements.



2.2.1 Theory of Designing shafts

In the design of circular lender shafts that transmit power at a specified speed,
the material and the dimensions of the cross section are selected not to exceed the
allowable shearing stress or a limiting angle of twist when rotating. Therefore, a
designer needs to know the torque acting on the power-transmitting shaft. Equation
below may be used to convert the power supplied to the shaft into a constant torque
exerted on it during rotation. [2]

Tn

Power (kW) = ——
9549

Where
T =torque (N.m)
n = shaft speed (rpm)

After having determined the torque to be transmitted, the design of circular shaft to meet

strength requirements can be accomplished.

1. Assumethat, asis often the case, shear stressis closely associated with failure.

2. Animportant value of the shear stressis defined by tpa=TC/ J.

3. The maximum usable value of tma without failure is the yield shear strength Sys
or ultimate shear strength S;s.

4. A factor of safety nisapplied to tm to determine the allowable stressty = Si¢/n
or tai = S/ n. The required parameter J / ¢ of the shaft based on the strength

specification of is

Where
J = moment of inertia (m*)
C = outer diameter of the shaft (m)
T = torque (N.m)



tan = alowable stress (M Pa)

2.2.2 Driveshaft

Drive shafts as power transmission tubing are used in many applications,
including cooling towers, pumping sets, aerospace, trucks and automobiles. In metallic
shaft design, knowing the torque and the allowable shear stress for the material, the size
of the shaft’s cross section can be determined. Metallic drive shaft has the limitations of
weight, low critica speed and vibration characteristics. Composite drive shafts have
solved many automotive and industrial problems accompanying the usage of the
conventional metal ones because the performance is limited due to lower critical speed,

weight, fatigue and vibration.

“When the length of steel drive shaft is beyond 1500 mm, it is manufactured in
two pieces to increase the fundamental natural frequency, which is inversely
proportional to the square length and proportional to the square root of specific
modulus.” (Badie, 2006).

An efficient design of composite drive shaft could be achieved by selecting the
proper variables, which can be identified for safe structure against failure and to meet
the performance requirements. As the length and outer radius of drive shafts in
automotive applications are limited due to spacing, the design variables include the
inside radius, layers thickness, number of layers, fiber orientation angle and layers
stacking sequence. In optimal design of the drive shaft these variables are constrained by
the lateral natural frequency, torsional vibration, torsional strength and torsiona

buckling.



2.3 M aterial Selection

To minimize deflections, shaft materials are generally cold-drawn or machined
from hot-rolled, plain-carbon steel. The shaft end should be made with chamfers to
facilitate forcing on the mounted parts and avoid denting the surfaces. Cold drawing
improves the physical properties. It raises considerably the values of ultimate tensile and
yield strengths of steel. Where toughness, shock resistance, and greater strength are
needed, alloy steels are used. The foregoing materials can be heated to produce the
desire properties. If the service requirements demand resistance to wear rather than
extreme strength, it is customary to harden only the surface of the shaft, and carburizing
grade steel can be used. Note that the hardening treatment is applied to those surfaces

requiring it; the remainder of the shaft isleft in the original conditions.

2.3.1 Steed properties

Steel is an aloy consisting mostly of iron, with a carbon content between 0.2 and
2.04% by weight (C:1000-10,8.67F¢), depending on grade. Carbon is the most cost-
effective alloying material for iron, but various other alloying elements are used such as
manganese, chromium, vanadium, and tungsten. Carbon and other elements act as a
hardening agent, preventing dislocations in the iron atom crystal lattice from sliding past
one another. Varying the amount of alloying elements and form of their presence in the
steedl (solute elements, precipitated phase) controls qualities such as the hardness,
ductility and tensile strength of the resulting steel. Steel with increased carbon content
can be made harder and stronger than iron, but is also more brittle. Table 2.1 shows the

material properties of steel and othermetal



Properties Carbon Alloy Stainless Tool

Steels Steels Steel Steels

Density (1000 kg/m°) 7.85 7.85 77581 | 7.72-80

Elastic Modulus (GPa) 190-210 190-210 190-210 190-210

Poisson's Ratio 0.27-0.3 0.27-0.3 0.27-0.3 0.27-0.3

Thermal Expansion (10°%/K) 11-16.6 9.0-15 9.0-20.7 9.4-15.1

Melting Point (°C) 1371-1454

Thermal Conductivity (W/m-K) 24.3-65.2 26-48.6 11.2-36.7 19.9-48.3

Specific Heat (Jkg-K) 450-2081 | 452-1499 |  420-500

Electrical Resistivity (10'9W-m) 130-1250 | 210-1251 75.7-1020

Tensile Strength (MPa) 276-1882 | 758-1882 515-827 640-2000

Yield Strength (MPa) 186-758 | 366-1793 207-552 380-440

Percent Elongation (%) 10-32 4-31 12-40 5-25

Hardness(Brinell 3000kg) 86-388 149-627 137-595 210-620

Table 2.1: Properties of steel [1]

2.3.2 Composite properties

The nature of composites with their higher specific modulus (modulus to

density), which in carbon/epoxy exceed four times that of aluminum, enables the

replacement of the two pieces metal shaft by one piece composite one which resonate at

higher speed and so keeping higher margin of safety. A drive shaft of composites offers

excellent vibration damping, cabin comfort, reduction of wear on drive train components

and increasing tires traction. Polymer matrix composites such as carbon/epoxy or

glass/epoxy offer better fatigue characteristics as micro cracks in the resin not growth

further like metals but terminated at the holes of fibers. Generally composites have less

susceptibility to the effect of stress concentration such as those caused by notches and

holes, than metals.




24  Torsional Analysis

Mechanical power transmission systems are often subjected to static or periodic
torsional loading that necessitates the anaysis of the torsiona characteristics of the
system. For example, the drive train of atypical automobile is subjected to a periodically
varying torque. This torque variation occurs due to the cyclical nature of the interna
combustion engine that supplies the power. If the frequency of the engine's torque
variation matches one of the resonance frequencies of the engine/drive train system,
large torsional deflections and internal shear stresses can occur. Continued operation of
the machinery under such conditions can lead to early fatigue failure of system
components. Thus, an engineer designing such a system needs to able to predict its
torsional natural frequencies and be able to easily determine what effects design changes

might have on those natural frequencies.



CHAPTER 3
METHODOLOGY

31 Simulation Tools

There will be no prototype produced at the end of this research. The following
software will be used to accomplish the project. CATIA will be used to build real model
of the telescopic driveshafts. Analysis can be done using CATIA where the required
moment will be applied and the Von Mises Stress development and deflection will be
observed.

3.1.1 3-D Mode

3-D models of the driveshafts were built using the CATIA software. The models
were disassembled into several parts to ease the process of the design. First of al, the
models were design in the Part Design of CATIA. After all the parts have been
complete, they are assembled in Assembly Design.

Here, al parts are combined into product space and the orientation of each part is
rotated into desired orientation.

Then, after the assembly is completed, the products were converted back into
part to define the material. For example, the front driveshafts consist of 4 parts that is
main shafts, telescopic part, end of shafts and universal joint.

Each of these parts was built in the Part Design, and then these 4 parts were
assembling in Assembly Design. After assembling and converting back into parts, the

middle and rear driveshafts were built using the same technique.



3.1.2 Analysis

Anaysis was conducted using CATIA software. After the models are completed in
design, the material of these driveshafts was defined. In this project, the materials used
are steels. Then, the models were exported into Anaysis and Simulation section and
generate structural analysis. The models were meshed into desired length and faces of
the models that wanted to be analyzed were selected. Then, the torque was applied at a
selected point and the software simulated the deformation, Von Mises Stress and

displacement of the models.

3.2 DataCollection

The information of the LFRT has been collected during week 8 of semester 1.
The detail is as below:

Date: 12" March 2008

Time: 11.00 am.

Venue: CME Technologies Sdn Bhd
The main data needed was the design of the telescopic driveshafts assembly and its
dimension. It is because the model in CATIA requirement al of this information for the
simulation. In addition, the specification for PTO and water also was collected for

reference in the future. The verification letter isincluded in Appendix 3-1.

3.3  Project Planning

Gantt charts for both semesters are included in Figure 3.1 and Figure 3.2. The charts

show the activities planned to complete this project in the allowed timeframe.
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CHAPTER 4
RESULTSAND DISCUSSION

41  Torque Transmission Efficiency of Hollow and Solid Shafts

tmin
c a
tmax
tmax
Hollow shaft Solid shaft

Given

c_45

b 40

c=1.125b

Solution

The maximum shear stress t . equals ta. Since the cross sectional areas of both shafts
areidentical,

p(c*-b*)=pa’

2= ?—p?

General equation for shaft



For solid shafts

For hollow shafts
T, 4 L4
J == (C b
> ( )

So, for solid shafts:

And for hollow shafts:

Tt
T, :‘Z_C (04 b4)T all

hollow

Dividing this 2 equations give:

Thollow — C4 - b4
Tsolid ca’
and & = ¢ —b*
Thollow — c'-b

Tsolid C(CZ _bZ)%

Substitute ¢ = 1.125b gives:
.

hollow —

T .
ad - (1.125h) %1.125b)2 -b?)
i

(1.1250)* - b*

3
2

4 14
Ty _1.602D 4b 201
T,  0154b

Result shows that hollow shafts are more efficient in transmitting torque than solid
shafts. Interestingly, thin shafts are also useful for creating an essentially uniform shear.

However, to avoid buckling, the wall thickness can’t be excessively thin.



4.2  PTO Calculation
Using data obtained from manufacturer, the torque rating can be calcul ated.

Standard Output Shaft Size 1.5" 10 spline with 1410 flange
Intermittent Torque Rating 575l bs.ft.

Horsepower Rating for Intermittent Service

at S00RPM 54.7HP

at 1000RPM 109.4HP

Approximate Weight 661bs

For the fire truck, PTO normally operated at 2500RPM
Using linear regression, horsepower rating is 273.5HP at 2500RPM and
1HP = 0.7457 kW
273.5HP = 203.9kW

Power Equation:
_Tn
9549
Where
T = torque (n.m)
n = shaft speed (rpm)
S0,
_ 9549(kw)

T
n

T - 9549(203.9)
2500

T =779N.m

The torque rating obtained will be used in analysis to simulate the effect on shafts. This
value of moments will be added in Finite Element Analysisin CATIA software to see

the Von Mises Stress devel opment.



4.3 ExistingMode (Part)
4.3.1 Front shaft

Figure 4.1 : Front Driveshaft

Front driveshaft is the one that connects
PTO to the middle driveshaft. It has one
side of telescopic part that can vary its
length and the end part can rotate due to
the angle of assembly. The detail drawing
is attached in Appendix 4-1.

4.3.2 Middle shaft

L

Figure 4.2 : Middle Driveshaft

Middle driveshaft is used to connect the
front driveshaft to the rear driveshaft. Itisa
static driveshaft without any telescopic
part. The detail drawing is attached in
Appendix 4-2.

4.3.3 Rear shaft

Figure 4.3 : Rear Driveshaft

Rear driveshaft is the one that connects
pump to the middle driveshaft. It is almost
the same as the front driveshafts. The detail
drawing is attached in Appendix 4-3.




4.3.4 End of shaft

Figure 4.4 : End of shaft

End of shaft is attached to one or both ends
of the shaft based on its location. Then, it
will be connected to the universal joint
part. The detail drawing is attached in
Appendix 4-4.

435 Universal joint

Figure 4.5 : Universal joint

Universal joint is used to connect from one
driveshaft to another. It can be rotated
horizontal and vertically. The detail
drawing is attached in Appendix 4-5.

4.3.6 Telescopic part

Figure 4.6 : Telescopic part

Telescopic part isthe part where the
overall shaft length can vary according to
the equipment and chassis length. The
detail drawing is attached in Appendix 4-6.




4.3.7 Middle shaft mounting

Figure 4.7 : Middle shaft mounting

Middle shaft mounting is used in middle
shaft and mounted into the chassis. The
front and rear do not need the mounting
because the front shaft is connected to PTO
while the rear to the pump. The detail
drawing is attached in Appendix 4-7.

44  Existing Model (Assembly)
4.4.1 Front driveshaft assembly

Figure 4.8: Front driveshaft assembly

The front driveshaft assembly
consists of 4 parts that is the
main shaft, telescopic part, end
of shaft and universal joint.
The telescopic  will  be
connected to PTO and the
universal  joint  will  be
connected to the middle
driveshafts. The detail drawing
is attached in Appendix 4-8.




4.4.2 Middledriveshaft assembly

Figure 4.9: Middle driveshaft assembly

The front driveshaft assembly
consists of 7 parts that are the
main shaft, 2 mounting parts, 2
ends of shaft and 2 universal
joints. This middle driveshaft
will connect the front and rear
driveshafts and the mounting
parts will be mounted on the
chassis. The detaill drawing is
attached in Appendix 4-9.

4.4.3 Rear driveshaft assembly

Figure 4.10: Rear driveshaft assembly

The rear driveshaft assembly
consists of 4 parts that are the
main shaft, telescopic part, end
of shaft and universal joint.
The telescopic  will  be
connected to the pump and the
universal  joint  will  be
connected to the middle
driveshafts. The detail drawing
is attached in Appendix 4-10.




4.4.4 Assembly of existing model

Figure 4.11: Driveshafts Assembly
All 3 shafts are assembled as shown in the Figure 4.11 above. It represents the
real assembly of the driveshaftsin LFRT.

45  Analysisof Existing System

Based on the calculation that was made before and the data obtained from reference
book, structural anaysis is made in CATIA software. The 779N.m torque value is
obtained from previous calculation. The torque is applied to each of the 3 shafts to

observe the outcome of the anaysis. Von Mises Stress and displacement is obtained

from the analysis.
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Figure 4.12: Steel Properties Figure 4.13: Moment value




LI CLndary

Figure 4.16: Von Mises Stress for existing system

From analysis of the assembled shaft, the highest stress developed is 6.83x10’'N/m.
From the Figure 4.14 and Figure 4.15 above, the critical part in the shaft is the telescopic
part and universal joint, but it is shown that none of the above parts experience the
plastic deformation. Figure 4.16 shows the value of Von Mises Stress obtained from
Figure 4.14 and Figure 4.15. The vaue is relevant for al parts of the driveshafts
assembly of the existing mode!.




Figure 4.17: Middle shaft analysis

In Figure 4.17 above, it is observed that at the mounting of the middle shafts, the shaft
tend to rotate out of the bearing ring. It is shown by the above red circle. It is the result

of the assembly with gradient between the driveshafts.

Power to Weight Ratio
Power = 203.9kW
Weight = 50.931kg (obtained from CATIA)

203.9KW
50.931kg

ratio = 4kW / kg

Thisratio will be used in the calculation to compare with new optimizes system.

ratio=




4.6  New system dimension
Using shafts equation:
J_ T

cC Ty,
Where
J = moment of inertia (m®)
¢ = outer diameter of the shaft (m)
T =torque (N.m)
tan = allowable stress (Mpa)

For hollow shafts and factor of safety 4:

Te'-b*) _ 779(10)
B ¢ 300(10°)

I
2

Substitute ¢ = 1.25b (this value is selected to avoid buckling):

- %.44145‘ -b*)

= =25967(10")
2 128

[M14414b*

Tizo =1.6531(10'5)

1.15310° = 1.6531(10‘5)

b=96.0245m 24.5mm
d. =49mm

Substitute b = 24.5mm in ¢ = 1.25b equation:

¢ =9©.0306m 61.2mm
d, =61.2mm



Safety factor is 4 because of this consideration:

ky = 10 = safety coefficient

k. = 10 = vibration coefficient because system in dynamic.
k=x/(k, k)

k=10

So, the inner diameter for new shafts will be 49mm and outer diameter will be 61.2mm.



4.7  Analysisof new model
For the model, the diameter is reduced to the new dimension as calculated, but the length

remains the same as before. Then, the following discusses the outcome of new system.
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Figure 4.18: Analysis of new system
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Figure 4.19 Von Mises Stress for new system




Figure 4.18 above shows that the analysis of the shaft after the moment has been applied
to al 3 shafts. It is indicated by colour yellow. It shows that even though the same
amount of moment is applied, this new shafts does not tend to rotate off its path. Thisis
because all 3 shafts are axially linear. It also shows that the maximum Von Mises Stress
i52.94 x 10’N/m. It is shown in Figure 4.19 above. This result will be discussed further.

Power to Weight Ratio
Power = 203.9kW
Weight = 30.713kg (obtained from CATIA)

o = 203.9kW
30.713kg

ratio = 6.6kW / kg




4.8 Comparing the data

4.8.1 Power-to-Weight ratio

For the existing system, the power to weight ratio is 4kW/kg while for the new system
design is 6.6kW/kg. To find the percentage increase:

Increment[ %] :x6'64—_4 100

Increment[%] = 65%

4.8.2 Von Mises Stress

Maximum Von Mises Stressin existing system: 6.83x10'N/m

Maximum Von Mises Stressin new system  : 2.94 x 10'N/m
2.94(10") - 6.83(10’

i 6.8)3(107) ) 109

Reduction[%] = 56.95%

Reduction[%]

From both calculations, it shows that the new system design is optimized in term of 3
data that’s weight reduction, Von Misses Stress reduction and the observation of the
driveshafts which can contribute to improve the existing system. The weight of the
driveshafts was reduced from 50.931kg to 30.713kg. The joining between 3 shafts also
did not tend to rotate out from the permitted range.



CHAPTER 5
CONCLUSION AND RECOMMENDATION

51 Conclusion
The project has accomplished the task of designing and optimizing of the
existing system. It also has achieved both of the objectives which are:
1. To simulate and analyze the power transmission from the main engine to the
pump of the existing system.
2. To design and smulate an improved system with higher efficiency and

performance of the PTO.

The models of existing system have been built in CATIA and anaysis has been

conducted. The results were used in fulfilling the second objective.

From the new design model, it has been proved that it can be optimized to a more
efficient system. Comparing existing and new system, the power-to-weight ratio has
increased 65% because of the shafts weight have been reduced from 50.931kg to
30.713kg. The Von Mises Stress also has been reduced 56.95% with this new system.

5.2  Recommendation

It would be beneficial to CME Technologies to review the outcome of this research in
the LFRT pump system. It is recommended that this research will be continued using
more variables like materials, thickness ratio and factor of safety to observe the

outcome.
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