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Abstract: A rotary drum mower is a tractor-mounted harvester used for harvesting green fodder
plants in agricultural fields. During transportation, it experiences significant dynamic road reaction
forces that can cause deformation and functional failures. This study focuses on analysing the defor-
mation behaviour of the machine during transportation to test the machine’s failure condition. To
conduct the strength analysis, a total work cycle scenario reflecting actual load conditions and design
challenges was created. Experimental strain-gauge-based stress analysis and advanced computer-
aided engineering (CAE) simulation methods were employed. The study successfully conducted
experimental stress analysis, 3D solid modelling, and validated finite element analysis (FEA). A com-
parison between experimental and simulation results showed an average relative difference of 24.25%
with a maximum absolute difference of approximately 5 MPa. No functional failure issues were
observed during physical experiments. The study also revealed that the mean dynamic loading value,
when compared to the static linkage position, was calculated as 3.65 & 0.40. Overall, this research
provides a valuable approach for future studies on complex stress and deformation evaluations of
agricultural machinery and equipment.

Keywords: rotary drum mower; agricultural machinery; strength analysis; experimental stress
analysis; finite element analysis

1. Introduction

In the international agricultural equipment and machinery sector, especially related
to engineering and manufacturing processes, the requirements for appropriate design
applications are of significant importance [1]. However, it would be true to say that
agricultural machinery manufacturers in many countries cannot sufficiently benefit from
advanced design engineering and manufacturing technologies in new product design,
design development/improvement and structural optimisation applications. The main
reasons for this may be summarised as follows: (1) this subject may not be sufficiently
known/promoted within the sector; (2) insufficient importance is given to engineering
software investment; (3) insufficient number of trained and experienced staff; (4) insufficient
research specific to the sector; (5) family-based non-institutionalised business structures
that are resistant to embracing technological change. Additionally, a systematic approach
in the sector related to advanced engineering applications for the design of agricultural
machinery, one which can be adopted by relevant researchers, has not been fully established
or standardised. As a result, the sector’s growth and development are negatively impacted
by this condition. This issue is even more important for countries such as Turkey, which has
considerable potential for agricultural machinery manufacturing because of its prominent
position in agricultural production.
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Manufacturing sectors are increasingly focusing on the research of product improve-
ment and iteration in a highly competitive market. Nowadays, more complex and large-
scale design engineering and manufacturing applications are being requested by the in-
dustry. Nevertheless, due to design resource and systemic limitations, it is not easy to
improve customer satisfaction and service in order to optimise product design [2]. There
is significant need to optimise mechanisation technologies and machinery to increase the
yield with limited energy input and operational time in order to fulfil the world’s growing
demand for food [3]. Manufacturing of agricultural machinery and equipment is a sector
whose importance is progressively growing and where the essential facilities, machinery,
and power sources are created under the heading of “agricultural mechanisation”. Today,
numerous forms of agricultural machinery utilised in crop production are divided into
categories such as tillage, planting, fertilising and plant protection, harvest, threshing, pro-
cessing of post-harvest products, irrigation, and other types of machinery. In terms of their
structural and functional characteristics, harvesting machines are particularly significant
within these machinery categories. In terms of construction and functionality, harvesting
machines have a wide variety of different mechanism systems and machine components.
Harvesting machines used in current agricultural practices are mostly classified according
to plant variety, harvesting method and power source. When classified according to the
power source, harvesting machines can be tractor-operated or self-propelled [4].

Tractor-attachable harvesting machines are multi-functional with mowing, collection,
transfer, storage, motion transmission, and similar units. They are often driven by tractor
power take-off (PTO). In this category of machines, there are various mechanical systems
and machine components. According to the working conditions, it is crucial to ascertain
the operational design limits of the machine components and to prepare and develop their
design specifications within these design limits. The design and structural optimisation of
these systems or elements directly affects the functionality and performance of machines.
Additionally, it is crucial for manufacturers to have a machine with enhanced functionality
and material savings as a result of such optimisation.

In the crop fields, foraging is important as a part of livestock production and requires
much input, care and management. Many agricultural enterprises utilise vertical axis
mowers for forage harvest operations. By cutting the crop with freely pivoting blades
attached to rotating shafts, vertical axis mowers avoid many of the problems associated with
reciprocating machinery [5]. The forage crop is unsupported during cutting in all vertical
axis rotary mowers, which can be divided into two types: disc and drum. Drum mowers
are machines that receive their power from the tractor PTO to cut clover, meadow flowers,
grass, and other similar green forage crops with freely rotating blades on the drum before
collecting them in a barrel on the field’s surface [5-7]. Therefore, the design evaluation
of a drum mower should focus on two important perspectives: harvest mechanism and
structural strength.

Most especially in a structural strength context, very few studies have been found in
the literature that systematically apply experimental and advanced engineering simulation
method-based design approaches to the concept of the strength-based design analysis of
agricultural harvesters, particularly on rotary drum mowers.

In other research involving rotary drum mowers, Wu et al. (2023) conducted a study
wherein they presented a numerical simulation and analysis of the airflow field surrounding
the cutting apparatus. They employed computational fluid dynamics (CFD) applications to
facilitate the optimisation of operating parameters in the machine’s design procedures [8].
El-Baily (2022) conducted a research study examining the wear of rotary drum mower
blades and the resultant impact on forage productivity. The study revealed that the deterio-
ration of blades or the presence of worn knives may lead to a reduction in PTO power [6].
Bartori (2019) conducted an analysis of the dynamics of drum mower blades, primarily
focusing on the influence of these forces on blade behaviour. This analysis specifically con-
sidered blade oscillations around a stable state, which were found to be contingent upon the
properties of the material being cut [9]. Celik and Akinci (2015, 2016) have presented both
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visual and numerical findings derived from stress analyses of the components comprising
the harvesting mechanism, specifically focusing on the motion transmission gears and axles
within a rotary drum mower, during harvesting operations. These analyses were conducted
using both analytical and finite element methods [10,11]. Persson (1993) initiated a develop-
mental investigation into a rotary counter shear mower and carried out experimental field
testing on the resulting physical prototype. It was underlined that the prototype performed
satisfactorily with alfalfa and timothy; nevertheless, design enhancements are required for
the prototype [12].

In this study, a systematic strength-based design analysis approach was established,
and stress analyses were performed through experimental and advanced engineering
simulation methods on a sample tractor-attachable harvester (rotary drum mower) during
transportation, which was considered to be the worst loading condition, and all related
application steps were thoroughly executed.

2. Materials and Methods
2.1. Rotary Drum Mower

A rotary drum mower (RDM) was used as the basis for this study, which is covered
by the applicable patent regulations, and was produced in Turkey by a local agricultural
machinery manufacturing company [13]. In terms of construction, the machine is different
from commonly used drum mowers. Instead of using the belt—pulley system seen in most
mowers, a gearbox is used to transmit the movement from the tractor PTO to the drumes.
The mower has a cylindrical piston unit on it that the tractor hydraulic system uses to
provide the transport (road) and harvest positions. There is a 90° angle between the work
position and the direction of tractor movement. Some of the technical and dimensional
specifications of the RDM utilised in this study are shown in Figure 1.

Technical and dimensional specifications

Category Feature Symbol Value Unit

General Total Length (Operation) 1 3165 (mm)
(Transportation) 1 2755 (mm)
Total Width (Operation) w, 1150 (mm)
(Transportation) w, 1435 (mm)
Total Height i 995 (mm)
Total Weight (Catalogue Value) — m 415 (kef)
t Nominal Operation Range (Width) 1, 1650 (mm)
- - s
Motion
Transmission Input PTO Speed n, 540 (min")
T 23 ()
A 23 ()
7, 10 ()
wsmission Ratio (Z,/Z,) . 1533 ()
eth (Drum - Gear-1) z. 23 ()
. Number of Teeth (Drum - Gear-2) z 15 ()
Mowing Drum Top Disc Diameter D, 776 (mm)
Pattern Drum Bottom D, 756 (mm)
D, 304 (mm)
Hy, 276 (mm)
Ly, 800 (mm)
Numb " B, 4 ()
e Blade Dimensions ular Type B, 105x47x3  (-)
RDM 165 Drum Speed n, 1904 (min)

' Tract
ractor Three-point hitch ( CAT IT ) (TS 660 )
Linkage
STRUCTURAL WEIGHT : 424 kgt

Figure 1. Some of the technical and dimensional specifications of the RDM.

2.2. Loading Scenario

Physical loading conditions are assessed throughout a strength-based design analysis
process that takes into account the most difficult working conditions for the machine. It is
preferred that the machine be able to structurally work damage-free, within the specified
design limits, and under the most demanding operating circumstances. In light of this,
a total work cycle scenario outlining the RDM’s harvest operational circumstances was
created. This scenario states that the machine is retained in an agricultural business (farm
garage). When it is time to harvest, a tractor is used to move it to the field where harvesting
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is undertaken. The machine is then returned to the farm garage after harvesting. In this case,
the machine’s physical load conditions can be assessed for three positions: (1) in-garage
static linkage position; (2) during transportation; and (3) during harvesting. This paper
covers the structural strength analysis of the machine in the in-garage static linkage position
and during transportation to the agricultural field. Strength analysis of the machine during
harvesting was conducted in another study, which is not in the scope of this paper.

The strength analysis took into account the dynamic loads that occurred throughout
the machine’s delivery to the field as the worst loading condition. It is expected that
the machine is transported along various roads with the three different types of surface
roughness specified in the scenario provided. These are the asphalt road, with the lowest
surface roughness; the dirt road, where the surface roughness is increased; and the in-field
road, with the highest surface roughness. The prepared total work-cycle scenario is shown
schematically in Figure 2.

STRENGTH ANALYSIS CONTENT

IN-GARAGE (0]

o
STATIC LINKAGE 7 DURING TRANSPORTATION DURING HARVESTING
POSITION
Road Surface Road Surface Road Surface Road Surface
Roughness Roughness Roughness Roughness

E-gl Max. E:I_ZI Max. Ejg Max. E:g Max.
Min. Min. Min. Min.

FARM GARAGE ASPHALT ROAD DIRT ROAD IN-FIELD ROAD FIELD

Finish Start
k TOTAL WORK CYCLE

Figure 2. Total work cycle scenario for the RDM.

2.3. Experimental Set Up
2.3.1. Weight Measurement

The machine’s own weight is the primary source of physical loading during static
and dynamic transportation conditions in the defined work cycle scenario for the RDM.
Therefore, generating an FEA that describes the real-world working conditions of the
machine mainly depends on determining the actual weight of the machine.

The weight measurements of the RDM were carried out in two steps in order to
measure the functional (drum group and drum transmission elements) and structural
element groups of the machine. To do this, the machine’s functional components were first
separated from its main connection point and measured independently. In the second step,
the total machine weight was determined, and the weight of the structural components
was then calculated by eliminating the weight of the functional elements from the total
machine weight.

RDM weight measurements were performed at the Agricultural Machinery Research
and Application Workshop of Akdeniz University (Turkey). Accurate measurements were
made using a computer-aided measurement system and a pre-calibrated ZEMIC H3-C3-
5.0t-B6 model 50 kN capacity S-type load cell. The differential pulley system was used to
lift and keep related machine groups in a static position during the measurement process.
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Part code

Part code

-| - the test specimens

Part code - Ready to test

Once the machine reached a stationary state, the weight measurements were recorded in
the computer environment for 30 s at a sampling rate of 10 Hz. The machine was suspended
for each measurement, and measurements were taken three times. Visuals and the results
related to weight measurements are given in Figure 3.

Weight Measurement

Functional Element Group  Structural Element Group ~ Total Machine

(kef) (kef) (kef)
251.687  0.209 172.24 423.927+0.016

Figure 3. Weight measurement for the RDM.

2.3.2. Material Confirmation Tensile Tests

Tensile testing was performed in the Materials Testing Laboratory of the Turkish
Ministry of Industry and Trade, KOSGEB Service Centre (Istanbul, Turkey). The “TS EN
ISO 6892-1” Metallic Materials Tensile Test Standard was used as a guide for the testing [14].
The components for the test specimens were gathered from the manufacturer’s stock, which
were designated for the RDM production. The specimens used for the tensile test were
extracted from the components prepared for the production of the machine (thicknesses of
2.5 mm, 6 mm and 8 mm), and were prepared according to the type-2 rectangular specimen
(dog bone type) dimensions given in the relevant standard (water jet). Nine specimens
were tested in total using the SHIMADZU AG-X (Kyoto, Japan) 100 kN tensile capacity
test device.

These tests determined that the average yield, ultimate tensile, and fracture stress
points were 280.26 MPa, 404.23 MPa, and 348.69 MPa, respectively. These findings con-
firmed that the materials used in machine production were appropriate for the standard
machine manufacturing (structural) steel form. The yield stress point of the material was
taken as the failure criterion in both experimental and simulation-based stress evaluations
of the RDM taken into consideration in this study (based on von Mises failure criterion).
Processing details related to the tensile tests are given in Figure 4.

$65  mm
:85  mm

©178  mm T .
130 mm est specimen

-20~30 mm (TS ENISO 6892-1)
0125 mm
:20 mm
: Thickness

=
L_.‘

Water jet
| cutting

Extraction of

1
E[k
5
m
" = g
o
t

(t=8mm)

RDM165-B-003

(t=6mm)

RDM165-B-006 RDM165-B-001
(t=25mm)

C

Raw Testing Materials

imen Series-A Series-B Series-C
specimens (t=8 mm) (t=6 mm) (t=2.5 mm)
) Preparation of Tensile Test Specimens < Test device and testing operations ( Test specimens after testing )
(TS EN ISO 6892-1)

Tensile test results (average)

Yield Ultimate Tensile Fracture
Strength Strength Strenght
(MPa) (MPa) (MPa)
280.26 + 8.94 40423 +1.14 348.69 + 11.36

Figure 4. Material confirmation tensile tests.
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2.3.3. Strain Gauge-Based Strain Measurement

In order to assess the RDM's deformation behaviour under actual operating conditions
and to validate the FEA outputs, physical tests were performed on the machine during
static and dynamic transportation. When planning the physical testing, the static linkage
and dynamic transportation positions of the RDM in the total work cycle scenario were
referred to, and experimental strain measurements were carried out. Equivalent stress
calculations for the targeted element groups were performed in accordance with all the
strain measurements that were recorded. A universal data acquisition module of HBM-
QuantumX MX840A with eight channels, 24-bit resolution capability, and HBM K-RY81-6
series 0°/45°/90° three-elements, 120 ohm rectangular rosette strain gauges (5G) were
utilised for the strain measurements [15,16]. All physical testing focused on high measure-
ment precision, and data were recorded at a sample rate of 50 Hz. The CATMAN data
monitoring and processing software was utilised to convert the measured strain values into
equivalent stress values and to record the outputs [17]. Measurements and data processing
were conducted simultaneously in this software.

In the physical tests, strain was measured using SG rosettes that were positioned
at various places on the RDM structural members in the associated groups. The critical
loading locations and optimisable components of the machine were taken into consider-
ation when choosing the SG points, as well as their capacity to represent the high and
low stress distributions that might occur on the elements under the machine’s physical
loading circumstances.

Three SG rosettes were used for the component RDM165-A-004, whereas seven SG
rosettes were utilised for components of RDM165-B-003 and RDM165-B-004 in considera-
tion of the component dimensional size. In the bonding procedure of each SG, the bonding
surfaces were carefully machined, finely polished, and cleaned with a chemical solvent
(M-Bond 200 Catalyst), and the application stages were properly executed [18]. In SG
bonding procedures, Vishay M-Bond 200 SG adhesive was utilised [19]. A special coating
tape and cold silicone were used to isolate SG surfaces from the destructive effect of the
surrounding environment. Figure 5 shows the setup in detail.

( SG component selection and placement )

v,

__Partcode : RDM165-A

SG-07
SG-06

2 ¢ 9
o
SG-05
o sG01
o N - 5G-02
5 100 [ 190 |

SG-03

9
100
I3

)  Partcode: RDMI65-B-004 O  Partcode: RDMI65-A-004 O

(‘Quantum X MX-840A )

(' CATMAN Interface ) SG dimensions

Figure 5. Strain gauge set up in detail.



Appl. Sci. 2023,13, 11338 7 of 18

2.3.4. Physical Static Linkage Test

The RDM work cycle scenario states that the machine is lifted to the transportation
position before being transported to the field. The RDM was lifted to the transportation
(road) position with the aid of the hydraulic piston on it after being linked to the tractor.
In this case, the machine was only loaded by its own weight while suspended and sub-
jected to the force of gravity. Experimental strain measurements were performed for the
previously chosen element groups, and the loading state of the machine was evaluated by
converting these strain measurement data into von Mises equivalent stress values. Each
strain measurement was taken for 30 s in the computer environment at the static linkage
position. The tests were carried out in triplicate.

2.3.5. Physical Transportation (Road) Tests

An agricultural tractor is positioned on the road for the purpose of transporting the
machine to the field. The machine is subject to varying loads in the direction of gravity as a
result of the roughness of the roads during transportation. These physical loading scenarios
were tested on three different types of roads—asphalt, dirt, and in-field roads—in terms of
varying levels of surface roughness. Experimental strain measurements were conducted on
previously chosen element groups, and the experimental strain measurement results were
then converted into von Mises equivalent stress values in order to evaluate the physical
testing carried out during the transportation of the machine to the field.

All road testing was repeated three times, each time at a different tractor speed. On
the roads where the tractor was moving, signal flags were spaced 40 m apart. Using a
digital stopwatch, how long it took the tractor to travel the distance between the two signal
flags during the tests was timed, with Equation (1) used to calculate the tractor’s forward
speed separately for each repetition. Visual descriptions of the physical loading tests and
computer-aided data acquisition system are demonstrated in Figure 6.

V=2 M

Here, Vt is the tractor’s forward speed (m s~ 1), X is the distance between two flags
(m), and ¢ is the travel time (s).

R / Loading tests for transportation position
Physical Tests on Stafic Linkage and
il @ : / o | o

Computer Aided Data Acquisition System
Data Monitoring (QuaNTUM-X) = (el \ (Schematic )
e

& Recording SoDua & Recon i e ‘_J)
S o T
L o e . B =
iy

“Tractor Direction
In-Field Road

Tractor Direction
Asphalt Road

Tractor Direction

Dirt Road

Signal Flag

Signal Flag Stopwatch

\%
\%

Physical Tests on In-Field Road

Stopwatch

Figure 6. Physical static linkage and transportation tests.
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(Reverse Engineering Operation )

2.4. Finite Element Analysis

A reverse engineering approach was utilised to manage the solid modelling operations
for the RDM, as the manufacturer did not have a detailed computer-aided design (CAD)
model to be utilised for an FEA. Using this approach, each component of the machine was
disassembled, the standard machine components utilised in the machine were identified,
and the geometric parameters defining the other components were measured with the
aid of tools such as callipers, tape measures, and micrometres, etc. Next, 3D parametric
solid models were created using SolidWorks 2011 (SW) 3D parametric solid modelling
software. With reference to the original machine assembly, all of the machine’s components
were assembled throughout the parametric modelling phase in order to finalise the solid
modelling of the entire machine. Steel-based materials are used to manufacture almost all
of the machine’s components. Rubber-based materials are utilised as bedding and sealing
in motion transmission components. The solid model of the RDM has the mobility that it
actually has in real life.

The mass criterion is one of the factors considered in determining whether generated
CAD models can accurately represent physical structures. The material property char-
acteristics that were set in the solid modelling software were used to compute the tool’s
overall mass. The software determined the overall mass for the RDM CAD assembly to be
42415 kg (experimental mass measurement value: 423.93 kg).

The parametric CAD model of the RDM was re-configured for the FEA study. The CAD
assembly contains a significant number of components; thus, a simplification procedure
was performed without affecting the model’s capacity to structurally represent the machine.
Some of the standard machine elements and functional element groups’ (drum group
and gearbox) geometries have been simplified during this re-configuration of the RDM
CAD model. The structural components’ initial geometries were preserved. In the re-
configurated CAD model, the drum set and gearbox were re-organised as a solid block
with rectangular prism geometry while preserving their original weights. The holes on
some of the elements were patched properly. The surfaces which they come into contact
with were considered, and the angular geometries of machine components like bolts, nuts,
etc., were rounded. The machine’s total weight and the location of its centre of gravity
were preserved despite all of the simplifications. In this procedure, the ideal solubility level
for the FEA was provided by means of a re-configured CAD model. The solid modelling
procedure, final assembly, re-configuration process, and assembly statistics for the RDM
CAD model are given in Figure 7.

( Solid Model Re-Configuration for FE/@

Number

Physical Digitization and ~ Parametric
Model Parametricisation Solid Model

5o 5

Total number of parts used in final assembly 431
Number of unique parts modeled 420

Total number of solid models used in final assembly 468

Number of unique subassemblies used in the final assembly 9

Total number of subassemblics used in the final assembly 1
Maximum depth of final assembly hierarchy (for nested subassemblics) 2
Number of top-level assembly maiches used for final assembly 186

Figure 7. Solid modelling procedure, final assembly, re-configuration for the FEA, and assembly
statistics for the RDM.
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Standard machine elements including springs, bolts, nuts, pins, shafts, etc., as well as
structural components are used in the production of the RDM. In the FEA investigations,
the material properties of these components are obtained from the literature given by
the applicable standards and previous material testing results of the machine’s structural
components. Table 1 provides the material properties for the components utilised in the
CAD modelling and the FEA study [20-26].

Table 1. Material properties assigned in the CAD modelling and the FEA study.

Components
. . Key/Pin/Shaft
Properties * Unit Spring y Bolt-Nut
Structural Steel (DIN 1.5755/31NiCr14/ .
(DIN EN 10270-1) AISI 3330) Standard: 8.8

Modulus of Elasticity (GPa) 210 210 210 210
Poisson’s Ratio ) 0.30 0.28 0.30 0.30
Yield Strength (Max.) (MPa) 280 ** 700 550 640
Ultimate Tensile Strength (MPa) 404 +* 1000 750 800
(Max.)

Density (kgm~3) 7850 7850 7850 7850

* FEA definition—Homogenous isotropic linear elastic material model. ** Experimental.

The real-life boundary conditions were considered in the FEA study with reference
to the position where the machine was linked to the tractor and lifted to the static linkage
position with a 7.10° angle (in-garage static linkage position). The main load acting on the
machine in the static linkage position is the total weight of the machine under the effect of
Earth’s gravity. The gravity acceleration was defined as 9.81 m s~2.

The FEA study was carried out for the transportation position at static linkage in order
to provide validation by comparing numerical and experimental analyses results. The FEA
study was divided into two stages. First, the whole machine’s deformation behaviour and
component-based reaction forces were investigated. The SolidWorks Simulation module
was utilised in this procedure. Accordingly, Figure 8 demonstrates the forces acting on
the TBM165-A and TBM165-B element groups as well as their directions, the computed
numerical values, and the results of the evaluation of the reaction forces against the specified
load (machine weight).

Subsequently, a component-based FEA study was realised for the components in-
cluded in the experimental testing. Validation and evaluation of the experimental road test
results were achieved through component-based FEA study results. Here, subassembly
solid models corresponding to the previously identified structural element groups were
employed instead of the machine model including all of the machine’s components in
order to acquire the stress values more precisely and conduct detailed analyses. The stress
values to be employed in the validation study were acquired from the SG bonding surfaces
located in the physical tests. ANSYS Workbench (v19.0) multi-physics engineering analysis
software was employed to conduct the component-based FEA study.

In the production of the machine, some of the machine’s components were joined
together through welded joints, while other components were joined using detachable
fasteners including bolt-nuts and connecting pins. In the FEA study, bonded contact
definitions were assigned for those surfaces where the components were joined by the
welding process. The surfaces that the detachable elements come into contact with and
some of the element surfaces that move relative to each other were defined as having
non-linear frictional contact. The coefficient of friction between these related surfaces was
0.12 [22]. In non-linear FEM-based analyses, non-linearity is investigated in the literature
under three categories. These are boundary conditions (contact) nonlinearity, material
nonlinearity, and geometric nonlinearity [27,28]. In this FEA study, the boundary conditions
consist of geometric and contact non-linearities.
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Cylindrical Component based Reaction Force
?s.:::,,:: Reaction Force Calculation l_ncaunns/—\/ . - .
Transformation - — (_RDMI65-B J
. L RDMI165-A
= 5
2
Standard P / &8
Earth Gravity \‘ @
[ Transportation position static linkage ] 081 ms?) | ,L,/{( . D o [
RDM165-A : TRANSPORTATION POSITION STATIC LINKAGE REACTION FORCES
VALIDATION
. y RELATIVE DIFFERENCE ( %)
TRANSPORTATION REA:;II:(IEE(;:‘)EI(:: AT TOTAL AXIAL TOTAL AXIAL REFERENCE
POSITION B N N REACTION REACTION
STATIC LINKAGE ™) FORCES FORCES WC un = WR )
COORDINATES (N) (kef) CAD MO(DIZE];)\'VEIGHT —eacllonxl 00
2
1 2 3 CAD
X —6649.400| —4373.200[ 11,023.000 0.400 0.041
Y 4211.220 2119.700{ -2170.000 4160.920 424.151 424.147 0.0009
Z 48.694 1371.200f —1419.900 —0.006 —0.001
RDM165-B : TRANSPORTATION POSITION STATIC LINKAGE REACTION FORCES
TRANSPORTATION
POSITION REACTION FORCES CALCULATED AT CONNECTIONS BASED ON COMPONENT (N)
STATIC LINKAGE
COORDINATES
1-A 1-B 2-A 2-B 3-A 3-B 4-A 4-B 4-C
X —2.673 —22.171 —5234.80 —5225.100 —-4.233 —4.727 9.223 10,265.000 219.640
Y —21.829 —29.613 885.490 880.940 —3.968 —4.389 —19.920 —4552.100 —32.537
Z 62.347 —62.065 42.366 —50.518 —114.890 123.250 —410.740 —155.450 565.670

Figure 8. Boundary conditions and the forces acting on the TBM165 A and TBM165 B element groups.

Related meshing functions of the analysis software were employed to construct FE
models for the FEA investigations. Proximity- and curvature-based meshing approaches
were applied in the meshing processes. In order to choose the correct element size for
the FE model, pre-trials were conducted, and skewness metrics were employed for FE
model verification. In order to obtain precise results, smaller element sizes were assigned
to SG bonding surfaces on related components. As a result, applicable element sizes that
can accurately represent the models were defined by taking into account the computing
capability of the computer platform on which the FE solution was carried out, the size of
the machine assembly, and the model geometry.

After the completion of the pre-FEA steps, solution processes were performed, and
the results were recorded. A Dell Precision T3400 model workstation with an Intel X38
microprocessor, 4 cores, 8 GB RAM, and a 1 GB graphics card was utilised in the computer
solution processes.

3. Results and Discussion
3.1. Evaluation of the Physical Test Results

In order to evaluate the deformation behaviour of the machine under actual physical
operating conditions, all data collected from the physical tests were processed. Accordingly,
the measured average tractor speeds as well as the maximum, minimum, and average
values of the calculated stress values on associated components are given in the supplemen-
tary files. The worst conditions that would push the machine to its limits were taken into
account in the total work cycle scenario for the RDM in addition to the machine’s typical
operating conditions in transportation. The machine was specifically tested for this purpose
at three different tractor speeds. The machine was exposed to excessive loads, particularly
during the physical tests on the dirt road and in the field. In fact, it was discovered during
the machine’s road tests that it was extremely difficult to drive the tractor, especially under
dirt road and in-field road conditions at tractor speed-03, that the machine was exposed to
excessive loads beyond the specified use, that the tractor movement becomes challenging to
handle, and that it may result in dangerous consequences in terms of loss of life and damage
to property. Physical tests showed that the tractor speed tests on dirt roads produced the
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highest tractor speed value. Here, it could be expected that the highest value would have
appeared on the asphalt road because of less road roughness; however, experimental data
revealed a higher standard deviation for the tests realised on the asphalt road. Additionally,
absolute tractor speed values were quite close each other when considering the values
obtained on asphalt and dirt roads. This finding does not affect the study’s main aim.
Consequently, for the transportation scenario, it can be said that the relevant data obtained,
especially in these abnormal operating conditions, may be the maximum loading conditions
to be considered in the structural strength-based design of the RDM.

When the stress values obtained from the experimental stress analyses were reviewed,
it was not found that any value exceeded the yield strength (280 MPa), which is the
threshold for material failure. The transportation position in in-field road tests was the most
challenging loading condition for the machine and the highest stress values experienced
in this test. The conditions in which the stresses reach their maximum values presented
the machine with its highest structural challenges. The highest stress values found in all
physical tests demonstrate a considerable rise in the transportation position in-field road
tests. For the related components, the maximum stress values are mostly encountered at
tractor speed-2 and tractor speed-3 on the in-field road. This could be explained by the fact
that the machine was exposed to higher sudden loads at related speeds due to the high
roughness of the in-field road surface.

Machine design and structural analysis studies especially consider these types of
situations where the structure works under the maximum load. In this regard, in the
structural analysis of the RDM, the highest stress values calculated during the machine’s
physical tests were considered as a reference benchmark. Accordingly, the tractor speed
measurements are given in Table 2, and the maximum stress values obtained from the
physical tests are re-organised graphically in Figure 9.

Table 2. Results of the tractor speed measurements in road tests.

Tractor Speed
(kmh-1)

Test Order Asphalt Road Dirt Road In-Field Road
Tractor Speed-01 8.50 & 0.48 8.81 4 0.03 8.55 £ 0.60
Tractor Speed-02 13.44 +1.20 14.01 +£0.37 12.67 £ 0.53
Tractor Speed-03 23.40 + 2.53 24.96 +0.10 17.55 £ 2.18

The machine worked under static and dynamic loadings during in-garage linkage
and in road tests, respectively, as described in the RDM total work cycle scenario. Certain
assumptions are made in many machine design studies when describing actual operating
conditions for strength calculations. Particularly, when dynamic loads exist, calculations
are made by utilising specific safety coefficients in order to correct the unpredictable and
unexpected events that could happen under real-world working conditions. In this regard,
in this study, it was quantified the increment in dynamic loading conditions as compared
to static loading conditions using a linear approach. This involved dividing the dynamic
stress results by the static stress results derived from corresponding components in the
physical tests. The calculations for the loading coefficients for dynamic conditions are given
in Table 3.

The coefficients calculated on the SG points of related components ranged between
2.33 and 6.59, as indicated in Table 3, which corresponds to dynamic loading coefficients.
The average values of the individual components were calculated as 3.19 £ 0.86 (RDM165-
A-004), 3.95 £ 1.33 (RDM165-B-003), and 3.80 £ 0.82 (RDM165-B-004), respectively. The
overall average value for dynamic loading against the static position was calculated as
3.65 + 0.40 by averaging the coefficients obtained on the basis of the components.
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Figure 9. Graphical representation of the maximum stress values obtained from the physical tests.

3.2. Evaluation of the FEA Results

The FEA results for the whole machine revealed that the maximum deformation
(displacement) value of the machine in the in-garage static linkage position was 7.383 mm.
Around the connecting shaft of the drum group was the location that experiences the
highest deformation value under the pre-defined loading condition. The deformation value
that was found was very low (relative to the overall machine size). In a linear approach, this
value would probably rise over the course of the machine’s transportation along the rough
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terrain. However, it can be said that the deformation behaviour trend that appears under
dynamic loading during transportation of the machine would not exhibit any abnormalities
even when considering the maximum loading coefficients calculated in the physical tests.
Related to the FEA, the FE model details and deformation printout for the overall machine
are given in Figure 10.

Table 3. The calculations for loading coefficients by components.

Part Code
Strain-Gauge No
RDM165-A-004 RDM165-B-003 RDM165-B-004
SG-01 3.02 3.51 3.20
SG-02 243 3.51 5.22
SG-03 4.12 412 4.24
SG-04 - 3.24 4.27
SG-05 - 434 297
SG-06 - 2.33 3.10
SG-07 - 6.59 3.58
Average 3.19 £0.86 3.95+1.33 3.80 £ 0.82
Overall Average 3.65 + 0.40
[FE Model Details (Overall Machine) | e (Max Deformation pnmout)
Study ID : RDM Transportation Position — Static Linkage
Meshing Approach : Curvature Based URES (rum)
Element Quality : Solid / Second Order ( Parabolic ) 2283
Element Type : 10 Node Terahedral .
Element Size (Max.) 50 mm 6545
Element Size (Min.) : 10 mm . 5906
Total Numbers of Nodes 1358,302 | 516
Total Numbers of Elements : 186,737 “30
2 953
fi:
u 000
R]f,ht

Figure 10. Details of the FE model and FEA deformation printout (overall machine).

The component-based FEA was achieved for the RDM165-A and RDM165-B com-
ponent groups and revealed maximum deformation values of 0.183 mm and 0.294 mm,
respectively. It was interpreted that these values would not be reason enough to present a
failure risk for the component groups. Additionally, even in consideration of the dynamic
loading coefficient obtained from physical tests, it was observed that the equivalent stress
distribution values of the components were significantly below the material’s yield strength
(280 MPa), which is the failure threshold. The FE model details and simulation printouts
by component are shown in Figure 11. Additionally, the numerical stress values taken at
each SG location on the related components included in the FEA are listed in Table 4.
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Figure 11. Details of the FE model and FEA printout (component based).

Table 4. Numerical stress values taken from each SG location in the component-based FEA (RDM
in-garage static linkage position).

FEA Equivalent Stress (von Mises) (MPa)

Strain-Gauge No Part Code
RDM165-A-004 RDM165-B-003 RDM165-B-004
5G-01 16.497 4.226 8.110
SG-02 6.716 6.678 6.892
SG-03 8.122 8.386 5.379
SG-04 - 11.506 10.329
SG-05 - 10.643 13.247
SG-06 - 10.507 13.354

SG-07 - 5911 8.112
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3.3. FEA Verification and Validation

The process for determining that a computational model accurately represents the
underlying mathematical model and its solution is known as verification. Validation is the
process of determining the degree to which a model is an accurate representation of the
real world from the perspective of the intended uses of the model [29].

In order to evaluate the accuracy of the FE model and conduct internal verification, a
skewness metric was employed. This metric assesses the deviation of the elements from
equilateral cells. A skewness value of 0 indicates perfect cell quality, whereas a value of
1 signifies fully degenerated cells. Specifically, the scale is as follows: 0 (equilateral), >0 to
0.25 (excellent), 0.25 to 0.50 (good), 0.50 to 0.75 (fair), 0.75 to 0.9 (poor), 0.9 to <1 (bad), and
1 (degenerate) [30,31]. Notably, the FE model exhibited an average skewness metric value
of 0.210 % 0.25, which falls within the category of excellent cell quality.

A key component of assessing the validity of the strength-based design analysis
process is confirming that the FEA stress values obtained through computer simulations
accurately reflect the stress values obtained through the experimental analysis setup for real
physical operating conditions. The comparison result was assessed using the calculated
relative difference ratios in order to determine how closely the FEA simulations matched
the machine’s actual operating circumstances. Equation (2) was employed to calculate the
difference ratios [32]. The difference ratios were defined as the relative differences between
the experimental and the FEA values.

. . OExperimental — VFEA
Relative Dif ference (%) = | ——o ™

x 100 @)

OExperimental

Here, 0pperimentar and oppa are defined as von Mises equivalent stress values (in
MPa) obtained as a result of experimental analysis and FEM-based analysis, respectively.
Accordingly to this, biaxial graphs of the numerical comparisons of experimental and FEM-
based stress analysis results for the components coded RDM165-A-004, RDM165-B-003,
and RDM165-B-004 are shown in Figure 12.

It can be noted in the graphs that the relative differences range between 7.577%
(RDM165-A-004) and 43.381% (RDM165-B-003) when comparing the equivalent stress val-
ues of the analyses carried out for the related components. The average relative difference
ratio including all values was calculated as 24.25%.

According to the studies including FEA validation that were presented in various sci-
entific fields, the relative difference ratios obtained by comparing experimental/theoretical
analyses with FEA results vary [33-41]. However, there are opinions that the relative
difference ratio of a well-established FEA approach should be around 10% at most [42,43].

In this context, the determined average relative difference value of 24.25% is just a
little bit higher than the consensus of 10%. However, it becomes clear that these values are
quite low when the absolute numerical values of the comparisons are properly examined.
The maximum absolute difference in numbers is approximately 5 MPa. It could be said
that, considering the physical conditions in which the experimental work was carried
out and the solution approach specific to FEM, the actual numerical absolute difference
is quite small. Although the absolute difference is small, the percentage value of the
calculated difference is relatively high compared to the general view, since the compared
values are also quite small. The following issues were identified as the conclusion of the
final assessment for the FEA validation study: unexpected and unpredictable dynamic
conditions of machine elements under real operating conditions, limitations in simulating
real working conditions, solution approach specific to FEA, and mandatory assumptions
which have to be considered in order to handle the limitations within the context of this
numerical technique. Considering the FEA solution platform capacity and the absence of
any abnormality in the deformation behaviour examined for the machine elements, it was
concluded that all FEA approaches established to simulate the physical conditions for the
RDM were set up correctly and were satisfactory for use in structural analysis studies.



Appl. Sci. 2023,13, 11338

16 of 18

Part Code: RDM165-A-004
Study Title: In-Garage static Linkage
&
S
- <
£ g
= s
< =
2 g
£ a
@ )
. =
s k=]
= =
2]
-4
s Experimental Stress Analysis (MPa) 15.335 9.32 10.91
wum FEA (MPa) 16.497 6.72 8.12
=#=Relative Difference (%) 7.577 27.940 25.541
Part Code: RDM165-B-003
Study Title: In-Garage Static Linkage
<
- S
A~ )
>
2
-
g £
&» =
. @
= Z
= z
=
&
SG-02 SG-05
s Experimental Stress Analysis (MPa)|  7.464 9.078 11.241 14.333 14.285 13.605 7.368
wum FEA (MPa) 4226 6.678 8.386 11.506 10.643 10.507 5911
=4=Relative Difference (%) 43.381 26.440 25395 19.724 25.497 22.770 19.770
Part Code: RDM165-B-004
Study Title: In-Garage Static Linkage
20 40 o~
£ A <
& Py
> 15 30 8
2 L 2 ¥-——.— E
g w0 20 £
a a
& )
=2 5 10 =z
=]
=
=
0 0 &
SG-01 SG-02 SG-03 SG-04 SG-05 SG-06 SG-07
s Experimental Stress Analysis (MPa) 10.94 10.92 9.131 11.137 16.499 15.140 11.56
wsm FEA (MPa) 791 6.95 6.845 8.238 12.415 10.981 8.26
=#=Relative Difference (%) | 27758 36.374 25.039 26.032 24.752 27.470 28.57

Figure 12. Numerical comparisons of the experimental and FEM-based stress analysis results by component.

4. Conclusions

In agricultural harvester design, there is a noticeable lack of studies systematically
employing experimental and advanced engineering simulation methods for strength-based
design analysis, especially in the context of rotary drum mowers. The purpose of this
study was to realise structural strength analysis utilising experimental and numerical
analysis approaches that could be applied to the structural design studies of a new tractor-
attachable harvester within the focus of transportation: the worst-case scenario. In the
study, physical tests compatible with CAE-based structural strength analysis techniques
were performed on the rotary drum mower. The FEA was validated by experimental results,
and a reasonable correlation specific to the boundary conditions defined in this study was
obtained. Deformation distributions on the machine were clearly exhibited through FEA
simulations. No functional disturbance or failure indication in the structural components
of the machine was observed during transportation. The experimental study revealed
that, under dynamic transportation conditions, the machine was loaded approximately
four times higher than static linkage self-loading. Additionally, for future work, structural
optimisation indicators and the feasibility of reducing the material weight and total cost of
the machine components can be discussed through the lens of the analysis results obtained
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in this study. As the final conclusion, this study demonstrated that a well-constructed
FEA approach can play a significant role in decreasing the number of physical prototype
tests as well as the time lost and production costs during the design process of agricultural
machinery, and this study provides a useful methodology for informing future studies
on complex stress and deformation evaluations of related agricultural machinery and
equipment through experimental and sophisticated CAE approaches.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/app132011338/s1, Supplementary: Experimental stress
analysis results by components.
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