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ABSTRACT

Soil compaction is one of the most critical components in the construction of roads, airfields, embankments and foundations. For
a developing country like Nigeria, the equipment needed to compact soil for the above-mentioned purposes especially in the rural
areas needs to be readily available. However, this is usually not the case as most of the available equipment like Roller
compactors are imported. A cheaper and faster way to make them available is by reproducing the existing ones through ‘Reverse
Engineering’. Reverse Engineering (RE) can be defined as the process of discovering the technological principles of a device,
object or system through analysis of its structure, function and operation usually for the purpose of reproducing it or for a more
competitive procurement. In this project, the Reverse Engineering design (mechanical) of a parallel shaft gearbox for use in a
hand roller compactor was carried-out. Its entire functionality was outlined and the engine capacity to be coupled to the gear box
in order to provide the required energy for an acceptable soil compaction was determined. The energy required according to
Standard Compaction Test AS 1289 — E1.1 ranges from 595 KJ/m® to 2072 KJ/m® according to the Modified Compaction Test AS
1289 — E2.1. Therefore, the energy required for various levels of compaction, ranges between these two values. Four different soil
types were considered and the energy required for different ‘Compacted lift thicknesses’ using the parameters of the hand roller
compactor were found to fall within the above values (595 — 2072 KJ/m®), thus, justifying the viability of this design procedure.

Key Words: Base pitch, Circular pitch, Pitch circle diameter, Compacted lift thickness, Specific energy.

1. INTRODUCTION

Reverse Engineering (RE) used to be a nefarious term. It formerly meant copying a product or the outright stealing of ideas from
competitors. In current usage however, reverse engineering (RE) has taken on a more positive character and now simply refers to
the process of creating a descriptive data set from a physical object [1]. Over the years, the meaning of reverse engineering has
evolved based on the different techniques and tools used, and also the intent of carrying it out. Below are some of its definitions.

Reverse engineering is taking apart an object to see how it works in order to duplicate or enhance the object [2]. It is the process
of duplicating an item functionally and dimensionally by physically examining and measuring existing parts to develop the
technical data (physical and material characteristics) required for competitive procurement [3]. Reverse engineering (RE) can be
defined as the process of obtaining a geometric Computer-Aided Design (CAD) model from three-dimensional (3-D) points
acquired by scanning/digitizing existing parts/products; which is a concept of producing a part based on an original or physical
model without the use of an engineering drawing [4]. Reverse Engineering is the process of retrieving new geometry from a
manufactured part by digitizing and modifying an existing CAD model [5]. Reverse Engineering was later referred to as
‘Computer-Aided Reverse Engineering (CARE)’, and can be seen as a more advanced technique for data capturing of the original
part. Earlier advanced techniques had involved the use of a Coordinate Measuring Machine (CMM). From these various views,
reverse engineering can be generally defined as ‘the process of taking a finished product and reconstructing design data in a
format from which new parts or molds can be produced.” [6]. Purposes for carrying out Reverse Engineering may be that the
original manufacturer of a product no longer produces the product, e.g., the original product has become obsolete, or that the
original product design documentation has been lost or never existed. Also, RE maybe carried-out for the purpose of exploring
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new avenues to improve product performance and features, amongst others [7], [8], [9], [10], [11], [12], [13]. The aim of this
study is to carry-out the Reverse Engineering design of a damaged/malfunctional gearbox for a hand roller compactor, for the
purpose of determining the operational principle and the power of the engine to be coupled with a similar type that will be
produced as a proposed replacement. Also, it should be note that, ‘Soil Compaction’ is basically a three-stage process of
mechanically densifying a soil—which essentially comprises of three consecutive stages i.e. Compression stage [during which
large-sized air-filled pore spaces are crushed to become small-sized water-filled pores], Compaction stage [during which soil
aggregates are destroyed & aeration pores are collapsed], and Consolidation stage [during which there is an increase in number &
strength of internal bonds].

Nomenclature

PyorM = Base pitch of gear, mm

m = Module of gear, mm

P. = Calculated circular pitch of gear, mm

B’ = Rough measurement of circular pitch, mm

¢ Chosen pressure angle; 20°, 25° or 14.5°

@' = First calculated value of pressure angle

d Pitch circle diameter, mm

t Tooth thickness, mm

z Number of teeth on gears

N = Number of teeth of sprocket outside gearbox

Ng = Number of teeth of sprocket attached to Roller
v = Linear translational speed of Roller, m/s

wWg = Angular speed of Roller, rad/s

wy = Angular speed of gears, rad/s

Wy = Angular speed of sprocket outside gearbox, rad/s
r Radius of Roller

1 Gearbox ratio

T Transmitted torque by clutch, Nm

F Operating force of clutch, N

f Coefficient of friction between clutch material and gear
a Conical angle of clutch

D Larger conical clutch diameter, mm

d Smaller conical clutch diameter, mm

P, Maximum pressure on clutch, N/m?

P Power of engine, Watts

e Angular speed of engine, rad/s

E Specific energy required for compaction, KJ/m®
R Rate of production during compaction operations, m%/s
W Compacted width per pass, m

S Compactor average speed, m/s

L Compacted lift thickness, m

€ Efficiency factor during operations

N Number of required passes

P, = Useful power for compaction, J/s

2. MATERIALS AND METHOD
Figure 1 shows the flow chart of the processes involved in the reverse engineering of a malfunctional/damaged gearbox used for
this work, which can be adopted for similar designs such as torque transmitting systems. Enumerated below are the steps taken for
the reverse engineering design.
a) Preliminary operations
= Acquisition and Dissembling of the malfunctional/damaged Gearbox
b) Three-dimensional (3-D) Modelling of the proposed Gearbox
= Measurement/determination of dimensions of the malfunctional/damaged gearbox
= Creating 3-D models (Drawing) of the individual components of the proposed Gearbox using a CAD software
such as AutoCAD
= Virtual assembly of components and Analytical determination of working/operational mechanism of Gearbox.
c) Determination of the Speed, Torque and Power of the Engine for the proposed Gearbox
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= Calculation of Speed of the Engine

= Performance of Force-Stress Analysis from its geometry to determine the Torque

= Calculation of Power of Engine

d) Determination of Gearbox Ratio

= Calculation of Gearbox Ratio
2.1 Acquisition and Dissembling of a Malfunctional/damaged Gearbox
A malfunctional/damaged gear box for a roller compactor was acquired from the local market for the purpose of reverse
engineering. After which, work shop tools such as hammers, screw drivers, punches etc., were used to dissemble the gearbox into
its individual components.

Procure the product

Dissembling

Take measurements of . i
Partial assembly Determine the

physical dimensions operational principle
(make sketches)

Create 3-D model of
individual parts

Assemble parts virtually
in the computer

Perform force, stress
etc. analysis

Compare results

Solve problems
initially intended Produce parts

Assemble parts to

form whole machine

Figure 1: Flow chart showing procedures for the Reverse Engineering desigh & fabrication of the proposed Gearbox for a
Hand-guided Vibratory Roller Soil-Compactor.
(Source: Authors)
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Table 1: Gear Designation, Name, Number of teeth and Primary function

Number of
Gear Gear . .
. . teeth Primary function
Designation Name P
G1 Forward input gear 15 Inputs power into the gear box
G2 Reverse gear 18 Reverses the direction of the input
R h f ion in the f
G3 e T S 72 educes the speed ? ro.tatlon in the forward
direction
R h f ion in th
Ga Revers reduction gear 72 educes the speed .o ro.tatlon in the reverse
direction
Inbut svstem transmission Transmits motion from the forward and
G5 put sy car 21 reverses reduction gears to the idler gear
& system
G6 Reduction idler gear 64 Further reduces speed of rotation
G7 TergiieI e AE 18 Transmits motion to the higher speed output
gear
T i i hel
G8 Transmission idler gear 14 ransmit motion to the lower speed output
gear
. Transmits motion to the sprocket outside the
69 ]G T G ST 41 gear box at the higher output speed
Transmits motion to the sprocket outside the
1 L 4
G10 ower speed output gear > gear box at the lower output speed

Source: Authors

2.2 Measurement/determination of Dimensions of the Malfunctional/damaged Gearbox

Traditional workshop tools such as Vernier caliper and measuring tape were used to take measurements of individual components
of the dissembled damaged gearbox. The most important parameter that was measured was the ‘Base Pitch’ of the gears, from
which other parameters of the gears were calculated. But first, it is necessary to identify all the gears used in the gear box. Table 1
shows the designated names given to the gears and their primary functions.

The determination of the ‘Base Pitch (BP)’ is the starting point and an important parameter of the gears in Reverse Engineering
analysis. The Base Pitch (also known as the Normal or transverse Base Pitch for helical gears) is the distance on a normal base
helix between corresponding involutes of adjacent teeth. Physically, this can be obtained by taking measurement over a suitable
number of teeth. To achieve a better and a more accurate result, the following steps is adopted:

a) First, we need to determine the number of teeth over which measurements will be taken. The exact number of teeth to
measure over will be determined by each individual gear such that the caliper does not contact the outer diameter. It is
desirable to measure over the smallest numbers of teeth that will give a good "feel” and this is done from the pitch line as
shown in the diagram below:

Figure 2: Base pitch measurement over two teeth
Source: Authors

b) Take the measurements, For example, using 2 teeth as the starting point, we then measure over 3 teeth.

c) Subtract the 2- teeth reading from the 3- teeth reading. This is the base pitch. To be more accurate, we take three of these
measurements over a different number of teeth and use the average as the base pitch. For example, we measure over 2 &
3 teeth, 3 & 4 teeth and 4 & 5 teeth.

d) Calculate the average of these three subtractions which will be the desired base pitch [14].
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The challenge of the measurements is mainly on the gears which are all simple spur gears. Only three measurements were taken
on the gears; the outer diameter, the root diameter and the base pitch (which was the most important measurement that was taken).
Although, some other measurements which can easily be taken may be necessary to aid faster 3D modelling. Other parameters of
the gear can be calculated from these three measurements. The results for base pitch are shown in Table 2.

Having obtained the Base pitch, we then proceeded to determine other parameters, some of which were calculated while others
were measured directly. Figure 3 below shows these other parameters. Thus, while ‘Pitch circle diameter’ and ‘Tooth thickness’
were obtained by calculation; the ‘Outer diameter’ [also called ‘Addendum circle diameter’] and Face width were obtained by

measurements. However, the ‘Root diameter’ [also called ‘Dedendum circle diameter’] can be obtained by calculation, if
measurement is difficult.
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Figure 3: Gear Nomenclature
Source: [15]

After which, we developed the formulae and/or mathematically combined proven scientific relations to obtain the Pitch circle
diameter and the Tooth thickness, as is summarily explained below. This is because, ‘Pitch circle diameter’ and ‘Tooth

thickness’, together with some other required parameters [which will also be calculated], greatly affect/influence the conjugal
action of the mating gears.

Now, we begin by noting that, the ‘Pitch Circle’ is a theoretical circle upon which gear calculations are usually based, whose
diameter is the Pitch circle diameter which can be calculated from the relation:
d
m=2 . . - - - (1) [15]
z

in (1), the only known parameter is ‘z’, while the other two, * m > and “ d * are unknown; thus, it is not ideal for (1) to be used at
this point. Consequently, another relation which can thus be used is:

P. = tm - - - - - (2) [15]
Where P, is called the ‘Circular pitch’ which is the distance measured on the pitch circle, from a point on one tooth to a
corresponding point on an adjacent tooth. Although, this is also not known, but it can be calculated from the relations below:

P, = P.cos¢ - - - - (3a) [15]

P, = P'cos¢’ - - - - (3b)
P, is are the base pitch values which were determined and tabulated in Table 2. Also, ¢ is called the ‘Pressure angle’, which is the

angle at a pitch point between the line of action (which is normal to the tooth surface) and the plane tangential to the pitch surface.
Presently, Pressure angles of 20° or 25° are now adopted for Spur gear; however, 14.5° was previously used. [15].

In this work, a rough measurement of the circular pitch of the gears used was first taken and (3b) used to calculate an initial value
of the pressure angle. Then, any of 20°, 25°0or 14.5° was chosen (adopted) based on the closeness of calculated value to the three
standard values i.e. of 20°, 25° or 14.5°. After which, the chosen/adopted value of Pressure angle was then used for the calculation
of the Circular pitch, by substituting it into equation 3a. The results of these measurements and calculations are shown in Table 3
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Now combining (1), (2) and (3a) and solving for 'd’ yields:
_ NPy ) ) ) ) )
d= TCcos}p (4)

The next parameter that was calculated was the Tooth thickness. This was determined from the relation:
N O J £

t =%
2

Now, gears G1, G2, G3 and G4 are all systematically inter-mating in their action and therefore theoretically, they must have the
same Circular pitch. However, the calculations performed above show otherwise; (though they are approximately very close, i.e.
within the neighborhood of 7 mm.) Therefore, it became necessary to take an average of all calculated values in order to obtain a
better (more accurate) result.

Thus:
7.13+7.61+7.02+7.02
= =7.2mm
4
Similarly, the average Tooth thickness will be given as:
3.57+3.8143.51+3.51
t= =3.6 mm

4

The same was done for gears G5, G6, G7 and G9; which also applied to G8 and G10; after which the results were tabulated as
shown in Table 4

2.3 Creating (Drawing) 3-D model of the individual components of the proposed Gearbox using a CAD
software such as ‘AutoCAD’

The 3-D modelling of the gears and some other components/parts of the gearbox were done with AutoCAD software and are
shown in Appendix 2 in their exploded views and sub-assemblies (Also shown are the clutches as individual components)

2.4 Virtual assembly of components and Analytical determination of working principle of Gearbox.

After the 3-D modelling of the individual components of the gearbox was completed, the assembly of the components was
carried-out with the aid of the same AutoCAD software. This was immediately followed by the analytical determination of the
working principle of the gearbox. This latter process, required direct physical examinations of the malfunctional/damaged gear
box, and regular consultations of relevant literature previously published for better understanding.

2.5 Calculation of Speed of the Engine

Since one of the objectives of this study is to determine the power of the engine for the proposed gearbox, the Speed and Torque
are of great importance, because the Power of the engine is a function of both its Speed and Torque. Thus, starting with the Linear
Speed of the hand Roller Compactor, we established a mathematical relationship between it and the gears, as shown below.

Now, the maximum speed of the Hand Roller compactor is proposed to be 1.25 km/hr. This will also be the speed at the center of
the roller as it rolls along the ground, doing its work. The Linear translational speed and Angular speed of the Hand Roller
compactor are related by:

vV = wgr - - - - - (6)
A sprocket is attached to the roller [of the Hand Roller compactor] which has the same Angular speed as the roller. This sprocket
is connected to the sprocket mounted on the shaft outside the gearbox. Both sprockets are connected via a chain and are related by
the equation;

s _ IR ] ; ; ; ;
or = (7)

2.6 Performance of Force-Stress Analysis from Gearbox geometry to determine the Torque

The next required parameter that was determined was the transmitted Torque—which was later multiplied by the Angular speed to
give the Power of the Engine. This transmitted torque was obtained by considering the conical clutch since it articulates with the
inner surface of gears G3 and G4 (one at a time) which transmits torque and motion in the gear box from the engine. Now, the
torque from the conical clutch is a function of its geometry. Figure 4 below illustrates this.
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Figured: Contact area of Conical Clutch [15]

When considering uniform wear of the conical clutch, the torque transmitted is given by;

_ _Fr
T = 4sina (D +d) B - - - (8) [15]
and
F= @(D —d) - - - - (9) [15]

)

2.7 Calculation of Power of Engine
The Power of the engine was calculated as follows:

P=Txow : : : : (10)

2.8 Calculation of Gearbox Ratio
The proposed gearbox has two forward output speeds and two reverse output speeds. The gearbox ratio was calculated based on
the main output forward speed, as follows:

driver gear speed w1
= =9 - - (11) [20]
driven gear speed Wog

3. RESULTS AND DISCUSSION

3.1 Results of measured/calculated Gear parameters

Reported and discussed below are the results and data (technical details) obtained through measurements, calculations and
engineering analyses, as presented in Tables 2-4, illustrated in the Figures 6-8, Appendices 1-2, and the accompanying
explanatory/analytical notes.

Table 2: Base pitch of Gears in the Gearbox

Measurements over Subtractions from
Numbers of teeth Numbers of teeth
(mm) (mm) Average
Gear . value of
. . Mating )
Designation . Base pitch
with Gear 2 3 4 5 3-2 4-3 5-4
(mm)
G1 G2andG3 | 10.25 16.95 - - 6.70 6.70
G2 Gland G4 | 10.25 17.15 - - 6.90 6.90
G3 G1 10.80 17.40 24.80 31.60 5.60 7.40 6.80 6.60
G4 G2 10.80 17.40 24.80 31.60 5.60 7.40 6.80 6.60
G5 G6 11.50 18.99 - - 7.49 7.49
G6 G5 12.50 19.80 27.50 34.85 7.30 7.70 7.35 7.45
G7 G9 15.80 26.40 - - 10.60 10.60
G8 G10 15.80 26.40 - - 10.60 10.60
G9 G7 17.20 27.60 37.85 - 10.40 10.25 10.33
G10 G8 17.20 27.60 37.85 - 10.40 10.25 10.33
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3.2 Working principle of the Gearbox
Illustrated below in Figure 5 is the kinematic diagram of the gearbox, while Table 5 displays a summary of the main functions of
the major sub-assemblies.

0 OC 910 ol0
§=35027
G10 Gs |z=M o d=16097
: ) =72
d=16324 f_, U @ T
=43 -
j _? - &l
\\\U;.»: “'\U.r e ; "._ 4
. g=18087
=72 T G2
d=3H
d= 6443 G4 =13
=18 -
_ i J‘E 4=3610
E':EE 1 fell] G7 2 =18
L..:: u Gh G3 =§E.SE
d=18131 z=21
z=14

ol L ole ol

Figufe 5: Kinematic diagram of Gear Box showing the pitch circle diameter, number of teeth and the designation of the
gears

In the whole positioning of the gear box components—as could be seen in Figure 5, all the gears are mating accordingly. When
the engine is turned on, gears G1, G2, G3 and G4 starts rotating accordingly while others are not yet rotating and so the roller
compactor does not move. Gears G3 and G4 rotate independently and in opposite direction on bearings (A gap separates them
from each other).

Table 3: Pressure Angle and Circular pitch

Base Pitch Measured Calculated Chosen Calculated
Gear Pb Circular Pitch | Pressure Angle | Pressure Angle Circular Pitch
Designation (mm) P, ¢ ) P

(mm) (degrees) (degrees) (mm)
G1 6.70 7.13 20.00 20.00 7.13
G2 6.90 7.13 14.59 14.50 7.34
G3 6.60 7.38 26.58 25.00 7.02
G4 6.60 7.38 26.58 25.00 7.02
G5 7.49 7.97 19.98 20.00 7.02
G6 7.45 7.93 20.04 20.00 7.93
G7 10.60 11.28 19.99 20.00 11.28
G8 10.60 11.28 19.99 20.00 11.28
G9 10.33 11.39 2491 25.00 11.40
G10 10.33 11.39 24.91 25.00 11.40

For the roller-compactor to move, the conical clutch has to engage either of gears G3 or G4. This is made possible by means of the
systematic shaft assembly via a speed screw mechanism attached to the solid in the systematic shaft assembly and connected to
levers on the roller compactor’s handle via cables. As the lever is moved by the operator, the motion is transmitted to the speed
screw mechanism through the cables which consequently causes it to turn by some revolutions, clockwise or anti-clockwise,
pulling or pushing the solid shaft (which is freely inserted into the hollow shaft in the systematic shaft assembly) and loosely
connected to the clutch by a key. The speed screw mechanism is indicated by a single screw in Figure 6 and-provides the axial
force that holds the shaft in position.
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Table 4: Average values of Circular pitch, Tooth thickness and Pitch circle diameter of Gears in the
Malfunctional/damaged Gearbox

Calculated Average . . . .

Gear Circular Pitch Tooth thickness Pitch circle diameter

. . Mating Gear(s) T d
Designation P.
(mm) (mm)
(mm)

Gl G2 and G3 7.2 3.6 34.04
G2 G1 and G4 7.2 3.6 56.10
G3 G2 7.2 3.6 160.97
G4 G2 7.2 3.6 160.97
G5 G6 7.95 3.98 52.38
G6 G5 7.95 3.98 161.51
G7 G9 11.38 5.67 64.63
G8 G10 11.38 5.67 50.27
G9 G7 11.38 5.67 148.75
G10 G8 11.38 5.67 163.26

Now, as the conical clutch engages the gears G3 or G4, it rotates with either of them at a time, which is made possible by the firm
grip of the clutch on the inner walls of the gears by friction. The conical clutch is lined with a composite material of high friction
coefficient with respect to the gear material (molded asbestos on steel or cast iron). The rotation of the clutch then causes the
hollow shaft to rotate [they are both connected by another key] upon which gear G5 is tightly mounted. This consequently, causes
it to rotate and transmit its motion to the idler gear assembly, which in turn transmits its motion to the outer system consisting of
gears G9 and G10—which are both rotating independently on bearings.

A selector mechanism connected to the jaw-clutch and controlled by the operator via cables connected to the handle of the roller
compactor, then causes the jaw clutch to engage either of gears G9 or G10 one at a time. This engagement further causes a shaft
connected to the jaw clutch by means of a lock-jaw engagement [which can also slide over it] to rotate. The sprocket which is
connected to this shaft positioned outside the gearbox then rotates and transmits its motion to the rollers.; which then makes the
roller compactor to move.

Table 5: Major Components of sub-Assemblies and Main Functions

SUMMARY OF
S/No. SUB-ASSEMBLY MAJOR COMPONENTS MAIN FUNCTION(S)

Gears G3 and G5,
1 Conical clutch assembly Conical clutch, and
Systemic shaft assembly

Transmits motion from Idler gears
through gear G5

Transmits translational motion to
the Roller compactor via a Sprocket
and Chain combination outside the

Gears G9 and G10,
2 Output system assembly Jaw clutch, and
Shaft & selector mechanism

gearbox
Hollow shaft,
. Solid shaft, Engages and dis-engages the Conical
3 DB G U SR Keys, and : c?utch from geagrngS and G4
Speed screw mechanism
Transmits motion from Conical
4 Idler gears assembly Gears G6, G7 and G8 clutch assembly to gear selector

assembly

T—1 A

Fig 6: Section through conical clutch assembly during clutch engagement
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Figure 7: Jaw clutch engaging gear G10 Figure 8: Sprocket rotates to move roller compactor
Source: Authors Source: Authors

3.2 Calculation of Speed of the Engine
Note that:

10
1.25 km/hr = v X 2.5 m/s =0.347 m/s.
and from equation 6:

We = v
R = r

where:

v = 0.347 m/s,

0.5
Since the diameter of the roller is 500 mm = 0.5 m; hence the radius (r) = - = 0.25m
0.347
* WRp = —— = 1.39rad/s.

0.25

Thus, this will therefore be taken as the angular speed of the sprocket attached to the roller (driven or gear sprocket).

Now, comparing this with that of the sprocket attached to the output gears shaft (driving or pinion sprocket), we have that:
ng =65, and n, =13.

Thus:
ws 6_5
1.39 _6513
wg = X 1.39 = 6.95rad/s

Consequently, 6.95 rad/s is the angular speed of the pinion sprocket and also the shaft it is attached to.

Re-writing equation 7 in terms of the gear/pinion arrangement in the gear box:
(O] _ Z_7

w7y Zg
where the subscripts represent the gear designations.

Thus, the Angular speed obtained above is that of the gear designated ‘G9’ i.e. Wqg = 6.95 rad/s
LWy = = X Wg = % X 6.95 = 15.83 rad/s

Now, working-up step-wise all the way to the engine:
wWs _ Ng
ws  ms
wWg = Wr since they are both attached to the same shaft,
L ws = :—Z X Wg = % X 15.83 =48.25rad/s

ws = w3 (Assuming no slippage when the conical clutch engages gear 3)
w1q _ E
w3 - nq

fwp =B X w2 x 4825 = 23158 rad/s = 2211 rpm
n 15

This is therefore, the speed of the engine, since gear G1 is actually a shaft onto which teeth are machined and is connected to the
engine without an intermediary gear.
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3.3 Calculation of Gearbox Ratio
Considering the Forward higher speed, the gearbox ratio is:

_ o
y = —=231.58/6.95=33.3
Wy

3.4 Calculation of Torque

Form the model of the conical clutch shown in Figure 4:
D=1476 mm=0.148 m
d=140mm=0.14 m,

From Table 6 in the Appendix 1; for molded asbestos on steel or cast iron in dry condition, while taking the average between the
given limits of values; P, _ 100 psi = 689476 N/m? and f = 0.35

689476 X 0.14
“F = % (0.148 — 0.14) = 1213 N

and

1213 X 0.35

T = ——(0.148 + 0.14 ) = 160.2 Nm
4 X sin11°

It should be noted that, this value of torque was obtained directly from the physical dimensions of the clutch. These dimensions
are not the ones obtained from the ‘forward engineering ‘design calculations. The usual practice is to increase the dimensions
above the designed value when selecting the clutch. In order to account for this in reverse engineering, the obtained value of
torque was multiplied by a factor less than 1 (or divided by a factor greater than 1) which takes care of the adjusted dimensions
(D, d, etc.) and service application. Table 7 in the Appendix 1 shows safety factor for clutches;

Hence, it was safe to say;

160.2
T =——=72.82Nm
2.2

The above value was taken as the torque transmitted from the engine assuming no loss from the coupling.

3.5 Calculation of Power of the Engine for the Gearbox
Finally,
From (10), the Engine power for the gearbox was obtained as follows:

P=7282 x 231.58 =16863.66 = 16.9 KW =23 HP

3.6 Comparison and Accuracy check/evaluation of Results
In order to be certain that the design procedure is acceptable, it is necessary to compare the result with existing standards or
models. Here, the energy required for adequate compaction of soil was used as the yardstick for the comparison.

Now, according to the modified standard test: AS 1289-E2.1, equipment for road construction works should supply energy within
the range of 595 — 2072 KJ/m? for adequate compaction [16]; depending on the intent (i.e. whether for road construction, for
embankments etc.).

It therefore becomes of interest to us, to check with the dimensions of the components of the roller compactor and with the values
of parameters obtained for the engine; if the energy supplied will be within the above-mentioned range.
Now, for dimensional consistency;

_ WXSXLXE

N - - - 13 [17]

3.7 Useful Power

To obtain the useful power for operation, consideration was made of the losses encountered from the engine to the rollers. These
losses are:

Losses from the bearings

e Losses from the mating actions of gears

e Losses from the engaging and dis-engaging of the clutch from the forward and reverse reduction gears

o Losses from the chain-sprocket interaction, connecting the gear box to the rollers.
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Also, the following points should be noted:
e Based on the assembly of the proposed gear box, there are six pairs of bearings.
The coefficient of useful work of a pair of bearings is 0.99 [18].
Also, there are four pairs of mating gears.
The coefficient of useful work for a pair of cylindrical spur gear is 0.97 [18].
Based on practical applications, the average efficiency factor of friction cone clutches during operations at nominal speed
is 0.55 (this includes engaging and dis-engaging)

Now, the service factor for chain drives for different applications is shown in Table 8
The reciprocal of the service factor circled in the table will be used since we are accounting for losses

« P, =18306.399 X 0.99° X 0.97* X 055 X 1/1.7 = 4547.4W

3.8 Testing the proposed Reverse-Engineered Gearbox for Compaction of different Soil-types
Knowing the useful power, the rate of production was considered. This is different for various soil types since the ‘Compacted lift
thickness’ and ‘Number of passes’ required for adequate compaction are different for different soil types.

Now the roller width is 0.68m, the average compactor speed is 0.347 m/s (1.25 km/hr) and the average efficiency factor during
operation is 50 mins/hr (0.83) [17]. Values of ‘Compacted lift thickness’ and ‘Number of passes’ for similar equipment is shown
in Table 9 in the Appendix 1.

3.8.1 For well-graded gravel:
L=8inches=0.2m
N=8

0.68 xX0.347 X 0.2 X0.83
Rz 8X 08— 0.0049 ms
~E= 2% _ 928 KJ/m?
0.0049
3.8.2 For clayey gravel (GC):
L=9inches=0.23 m
N=9
0.68 xX0.347 X 0.23 X0.83
R =28 X0 X023 X0 0.005 ms
E= 2%%_909.5KJm’
0.005

3.8.3 For silty sands (SM):
L =6 inches =0.152 m
N=6

R = 0.68 x0.347 X 0.152 X0.83 =0.00496 m3/s

6
547.
E= —72 - 9168 KIm’
0.00496

3.8.4 For low plastic clay (CL):
L =6 inches =0.152 m
N =10
_ 0.68 X0.347x 0.152 x0.83
R= 10

=0.003m%/s
4547 .4 _
0.003

1515.8 KJ/m?®

It is pertinent to note that, all of these values for different soil types fall within the acceptable (required) range according to the
modified standard test: AS 1289-E2.1 [19-20].

www.ijerat.com Page 41
DOI : 10.31695/1JERAT.2020.3655



http://www.ijerat.com/
http://doi.org/10.31695/IJERAT.2020.3655

International Journal of Engineering Research And Advanced Technology, Vol.6 (10), October-2020

4. CONCLUSION

The gear box is a two-speed parallel shaft type with a gear box ratio of 33.3 based on the forward direction and consists of 10 spur
gears enclosed in a box. One of the gears is a shaft upon which teeth are machined and serves as the input gear, three are idler
gears and two are output gears. Two others are in the input system enclosing a conical clutch that transmits torque. One transmits
motion to the idler gear system and the remaining is the reduction input gear. In its operation, the conical clutch transmits torque
and motion by friction with the inner surfaces of the forward and reverse reductions gears one at a time. The motion is then finally
transmitted to the two output gears of different speeds. The output speed selection (forward and reverse) is achieved by the jaw
clutch through a mechanism outside the gear box which also automatically enables the conical clutch to engage the forward or
reverse reduction gears. From the relevant components of the gear box, it was calculated that it will require a 25 hp and 2211 rpm
engine to provide the required energy for optimum compaction. Four soil types where examined and using parameters of the roller
compactor in formulae; 928 KJ/m?® of energy was required for well graded gravel for an 8 inches compacted lift, 909.5 KJ/m? for 9
inches compacted lift of clayey gravel, 916.8 KJ/m® for 6 inches compacted lift of silty sand and 1515.8 KJ/m? for a 6 inches
compacted lift of low plastic clay. These are within the acceptable range of 595 — 2072 KJ/m® according to the modified standard
test: AS 1289-E2.1 for road construction works; and therefore, the design analysis is acceptable.

APPENDIX 1
Table 6: Friction Materials for clutches

Friction Coefficient Max. Temperature Max, Pressure
Material Woet Dry °F °C psi kPa
Cast iron on cast iron 0.05 0.15-0.20 600 320 150-250 1000-1750
Powdered metal* on cast iron 0.05-0.1 0.1-04 1000 540 150 1000
Powdered metal* on hard 0.05-0.1 0.1-0.3 1000 540 300 2100
steel
Wood on steel or cast iron 0.16 0.2-0.35 300 150 60-90 400-620
leather on ste2l or cast iron 0.12 0.3-0.5 200 100 10-40 70-280
Cork on steel or cast iron 0.15-0.25 0.3-0.5 200 100 8-14 50-100
Felt on steel or cast iron 0.18 0.22 280 140 5-10 35-70
Woven asbestos* on steel or 0.1-0.2 0.3-0.6 350-500 175-260 50-100 350-700
cast iron
Molded asbestos* on steel 0.08-0.12 0.2-0.5 500 260 50-150 350-1000
or cast iron
Impregnated asbestos* on 0.12 0.32 500-750  260-400 150 1000
steel or cast iron
Carbon graphite on steel 0.05-0.1 0.25 700-1000  370-540 300 2100

Source: [15] (page 841)

Table 7: Suggested safety factor table for clutches

oty =

—e -

:Small Inem-a_Low C \ pulsating Load- 1—3 to 1
.:Larqe Inertia Low Cycle Rate Non-pulsating Load J|1.7 to 2
ISmall Inertia High Cycle Rate Non-pulsating Loa 2to 3

— eed
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Table 8: Chain drive Service factor

5!’@*&' Machines
Belt conveyors with small load fluctuation, chain conveyors,

Smooth contrifugal blowers, general taxtie machings, machines with 1.0 10 12
small load fluctuation
Centrifugal compressons, marne engines, conveyors with some load

Some impact | fluctuation, automatic fumaces, dryers, pubverizers, general maching 13 12 14
tools, compressors, general work machines, general paper mills

or mining machines, vibration machings, of well

Large impact | rigs, rolls, general machines with reverse or large 15 1.4 17

Impact loads

Source: [22]

Table: 9: ‘Compacted lift thickness’ and ‘Number of passes’ for different Soil-types

Yibeatory Roller
(Wheel Towed)
Soil Classification Relling Width =41
-
Comgacied Roliog -
Stajor Divison Symdol Description m__“‘ ‘s-.,’“" ot
(Unsches) {vpond
€i2-g2 230 gravels ofF Ad=ph
GWwW Ervel saad mixrere with su 1200 vp 8
T o less amoant of (iacs oF moce
Poce Fa 12 4mph
<P Er3vci-sand mixtare with 1300 vpes s
Gravel 2oe Little or 2o fines oF more
Braveily sodts Salty gravel, gravelsand-silt Ne -
<Ny esintures tev s 4 mph s
or OO vpen
Coarse graiecd I — su
with SO°% < co Clayey gravel, gravel-saod- Ne < mph &
o — ciay mixrase fir : 9 ] 00 wpes °
Larger thas =c O DOme =
RNo 200 sieve Well-gradad saods or gravelly Pe A mphy
opczing swW sand enlwture with S% o¢ Jexs U 12 LAD0 wpen 5
amowot of fioes or Bore
Poocaty graded sasdis o gra- 13 4 oo
sr welly sand mixture winh 549% 133 2 LAC0 vpem L
Seoad and'cs O o amount of fincs u O moTe
3ady soifs <-’- Sat Silry sancs, uwi’-@ Ne Bk
fo &
P ——— /;j 10D vpen b )
CTlayey sands, sand-<lay Na 3uph
S mistusc fo R 200 vpen 10
20 BSOO
ML Toorgaaic sily salty fine sands Ne 3mph
P< s 0 vpes t1-J
Cpp— 10 oS
Satt amd <lays <li. gAaic clay of 3ow 310 mad- N o~ Jamgh 5
WAtk 1L < <0 jues glasncity, foas cdays Sl | s 700 vpem 10
Fise-gralscd = N~ 5 aose
‘“‘:"‘ ©OL  Organicsilt 350 orgarec siit. N
et moce clay of Sow pfastiaity Fe - WNIA NA
sraalicr
thas NME Inorganic silt s icascous o N.
No 200 sieve eatomn mooOws silty sosl e - NrA NIA
oi<aiag
Sile and cAays <n Incrganic clay of high plas- N
wath LL > 5O Sary. Bty clays Pe . Nea Nea
O Crganic clay of modiven o Ne
Sigh plasticnty L - NA NUA

* NOT rocommendad
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APPENDIX 2

Figure 9: Systematic shaft exploded view (without keys) Figure 10: Systematic shaft assembly (keys)
Source: Authors Source: Authors

/m
Figure 11: Conical Clutch (With friction lining) Figure 12: Conical clutch assembly exploded
view
Source: Authors Source: Authors

Figure 13: Conical clutch assembly Figure 14: Jaw clutch
Source: Authors Source: Authors

'@a\a'

Figure 15: Output system exploded view Figure 16: Output System Assembly (without selector
mechanism)

Source: Authors Source: Authors
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Figure 17: Idler gear system exploded view

Source: Authors

Figure 18: Idler gear system Assembly
Source: Authors

Figure 19: Gearbox Whole Assembly Exploded View
Source: Authors
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Figure 20: Gearbox Whole Assembly
Source: Authors

Figure 21: Gearbox Whole Assembly (Showing the internal details)
Source: Authors
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