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INTRODUCTION

The transmission shaft in a solar hammer mill is an essential mechanical member in the machine. It transmits motion and door
hammers, which are in their turn, crush millet grains to accomplish the required function of the machine. Initially, the model was
created using the database available of engine such as power to be transmitted and frictional forces millet grains on the hammers.
The tree is subjected to two simultaneous stresses: the torque created by the drive motor and the bending moment due to friction
forces hammers. Following the service conditions trees, materials must have high strength characteristics. The trees design process
is usually limited to conventional algorithms that involve the use of analytical and empirical equations. Several design standards
(Shigley, 1989),(Standard, 1985)(Spotts, 1991)such as the American National Standards Institute (ANSI) and the American
Society of Mechanical Engineers (ASME) can be used as a guide for designer’s trees. Nowadays, these calculations can be
combined with simulations performed by CAD software, based on the method of analysis by finite element (FEA) and other
optimization methods (Ranganath, 2004). In the case of design of trees for a hammer mill it is necessary to propose a shaft design
bespoke extreme conditions that is to say in regime where the machine is a very solicited. This document presents the important
aspects of a practical methodology applied to the design, sizing and analysis of the behavior of a tree of a solar hammer mill, the
following steps were undertaken: First, identification of different operating diets of the machine, choice the design dimensions,
Elaboration effort diagrams to determine the equivalent moment of the critical section the tree, application of ASME Code to find
the diameter value for five different materials, verification of different diameters evaluated by the ASME code by a method of
Finite element analysis in the CATIA environment to determine at any point of the geometry of the shaft the equivalent Von Mises
stress, displacement and static deformation while making optimum choice of material guarantees a good compromise of
resistance-weight.

*Corresponding author: Sidi Bouhamady,
Laboratoire d’Energétique Appliquée, Ecole Supérieure Polytechnique de Dakar, BP 5085 Sénégal.



9236 Sidi BOUHAMADY et al. Modeling, design and analysis of a transmission shaft of a solar hammer mill

1.Study the current system: The solar mill present, created by the Spanish inventor Syphili which the company called
Alternativas C M R, S. L. (GTZ, Février 2004.). The principle of mill is similar off at hammer mill. The technical characteristics
of model are listed in Table 1 and 2.

Table 1. Technical specifications of the mill Voltage V

Power kW Flow kg/h Starting system

24V, continuous current 1,5 150 kg/h rhéostat

Table 2. Specifications with autonomy of 2 hours / day

PV generator power Wp  Battery Controller / shedder
24V, Continuouscurrent 600 100Ah 10 Batteries 100k§

This moulin was Studied by LER (Laboratoire d'Energie Renouvelable) of Ecole Supérieure Polytechnique de Dakar to provetheir
performance. The Montegrisol model is facing some technical problems in its current state. These problems are related firstly to
the protection mechanism of the mechanical parts and the quality of the final version. The machine drive motor is not protected
nor standardized. Indeed the motor shaft has been extended by another welded on which the hammer holder.

Figure 1. Solar mill study

This solution induces several risks, firstly, a simple blockage may cause the motor loss is the system drive member, and therefore
the cost of the system becomes high, the system balancing is no longer ensured due to the added axle and welding result in poor
quality of the grind, In case of a strong imbalance, the rotating part (hammers) can affect the fixed part (sieves). These problems
cause the reduction of the lifetime of the system.
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Figure 3. Kinematic diagram of the machine to achieving

Figure 5. Mechanism modeling in normal regime

These mills are operated in rural areas of Senegal where there is a shortage of spare parts and breach of skilled works hand hence
the need to provide a secure system while thinking to socio-economic realities of populations these areas. Several solutions have
been proposed to protect the engine and ensure the stability and quality of milling system. The first is to establish a flange
coupling (Figure 2) connecting the axis of the driving motor and a shaft on which the hammers are fixed. This solution is
accompanied by a rotation guide system of this shaft in order to ensure better stability and balancing where a milling quality
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mechanism. The choice of the above solutions were made taking into account factors related to the proper functioning of the
system studied (security) and the available manufacturing capabilities

1.1.Description and modeling of the proposed mechanism: The kinematic diagram of Figure 3 shows a millet mill consisting of
an asynchronous motor (1) of 1,5kW, this causes the transmission shaft (4) grace of a resilient coupling (2), and guided in rotation
by bearings has a row of balls (3). The rotation of the drive shaft causes the hammers (6) which are secured thereto, the latter are
within a sieve (5) which contains the grains to grind coming from the feed hopper and which are overwritten on one another under
the percussion effect, until they are sprayed through the sieve mesh, the mechanism based on the frame (0). The main objective of
this work is to dimension and analyze the mechanical behavior of the drive shaft 4 of the mechanism (Figure 4).

1.1.1.Modeling of the mechanism: The mechanism shown in Figure 5 mainly consists of a drive shaft, rotated by an elastic
coupling at point A, via an asynchronous electric motor, and guided in rotation by ball bearings, (Modeled by a annular linear link
of axis (C, x), patella link of center B), At the end of the shaft to the point M1 we have the resisting force on the hammers.

Hypotheses: All weights rotating parts are neglected.
o All parts are rigid and dimensionally stable and all links are perfect.
The analysis of the system has identified two possible models following its workings regime: model in regime established —

permanent and model said abnormal — blocking.

1.1.1.1.Modelization in regime established — permanent: The mechanism diet is established when the angular speed of the drive
motor is constant, in other words:

de
=9
dt (1)

In this regime the three hammers are subject to friction forces, with grains of millet, than we designated in Figure 5 by F1 F2, F3
at points M1, M2, M3. The dynamic general equation reduces to:

dl
fxd—:ﬁ'm—ﬂ'r:[]:ﬂ'm:l:
t )

Calculation the effort F crushing the grains in normal regime - permanent:

Equation 3 gives the resistant torque:

dm dm dim
If.'r‘=Fj_>(T+ B XT-I- F K?
A3)
The grains are evenly distributed:
FE=E=E=F
1=k =k @)
Equation 3 becomes:
dm
Cr=3x —=xF
2 )
From Equation 3 and 5:
F 2 Cm
= — % —
37 dm (6)
Equation 7 gives the motor torque:
c Pm  1,5x 1000 = 60 5 02 N
™Tn T 2mwzss0 o™ )

Equation 6 becomes:

2 Cm o
F—EXE—‘H.].‘I-N

(®)
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1.1.1.1.Modelization in regime abnormal — blocking: The operation in abnormal regime where blocking consists to stuck one of
the hammers in full operation while the others suffer no effort. In this regime, we model the wedging force by any force, which
will be broken down in Figure 6 by a tangential force and normal force on the hammer.

Calculation the effort F crushing the grains in abnormal regime - blocking: In blocking regime, the crushing force F is
calculated by the formula 9:

Figure 6. Mechanism modeling in abnormal regime

Dimension mechanism: Factors strength calculated:
Table 3 equations 11 and 14

3D modeling of the
mechanism: Figure 8

Determination of
reactions: Equation 15

Choice of material: R and Establishing diagrammes efforts
Re : Figure 9-13
Calculation of allowable Determination of the critical Choice of loadfactors
stress: Equation 18 section: equation 16 7]

ASME Code
Diameterevaluation :
Equation 20
- -
F= [P +E
v ©)
The blocking resistance torque is given by equation 10:
dm
If:"‘ == FT w—
2 (10)

In blocking regime, the engine develops its maximum power to overcome the resisting torque. This power is estimated to be twice
the rated power. The corresponding torque is determined by:

Pmax _ 2x15x1000%60
n 21 % 2850 T R
(11)

Cmax =

At from Equation 10and 11 the tangential component is given by:

Fpo= 22X 164N
TS T am T T oY (12)
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The normal component is given by:

E
Fy=——=F,= 41783 N
¥ tan g n (13)

0 : friction angle, called talus angle of millet.(A.Gueye, juillet 1996) [6]

This angle is generally between 15 ° and 28 °, we fixed a mean value § =21.5°
P

F= |R"+F~ = 418.02N
\ (14)

The goal to study the modeling of the proposed system in two cases of operation is to identify in what case of operating the system
is very solicited.

The results show that in the abnormal operation, the effort is of 418.02 N, compared to 41.41 N in normal operation. Which leads
to take into account the stresses in regime abnormal system for a credible dimensioning of the system, thereby increasing the
lifetime of these components.

1.1.Sizing of the tree: The tree (AD) is subject to two simultaneous stresses: The torsion torque along its entire length created by
the drive motor and the bending moment due to the friction forces hammers on the grains to grind and the reactions of the supports
figure 7 shows the schematic flow diagram of the steps of the model to calculate the diameter of the shaft.

a)3D Schematic: The table 3, figure 8 gives the dimensions and 3D model for new machine, respectively

a)Determination of the binding reactions

{T'(Bati —1}+ {T(Bati — 1}+ {T(Moteur — 1} +

{T(Marteau - 1} = {0} (15)
0 0
{T(bati >1}=1Y. 0
Zc 0) .,
X, 0
{T(Bati >1}=17,
Z, O R
0 —Cma
{T(Moteur>1}=10 0
o 0 J,
Distances AB BC BD
(mm) 40 40 160

The resolution of the system involves determining the mechanical actions in points B and C of the bearings, The Fundamental
Principle of Static (FPS) on the drive shaft in the base (4, X, y, Z ) reads:

0 0
{T(Marteau—1}={ F*sin30-5) 0
—F#*cos30-6) 0f, .
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Yc
Figure 8. 3D Modeling System
. dm
0 sino * > *F
{T(Marteau—>1}={ F*sin30-05) 0
—F*cosB0-9) 0
D,R

By bringing all the torques at the point B and applying, the FPS is obtained =

Nodes | Abscisse x (mm) | Fz (N) Fz (N) Mz (N.mm)
1 0 0 0 0
Load case (s) 2 40 -1240.3 -1240.3 0 X, =0
3 80 1653.84 1653.84 0
4 200 41342 41342 |0 Y, = (- BD )#sin( 30 — 8) * F
? BC
Link (s) node (s) Node 1 BD
housing ZB:(I—BC)*COS(3O—5)*F
BD
= - *sin( 30 — o) * F
c BC ( )
BD
Z .= *cos(30 —0)* F
= BC ( )
10.04 N.m
—= == =i ==
A B C D

Figure 9. Diagram of the torsional moment distribution
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Interiors efforts Nodes Shear force Ty (N) Bending moment Mz (N.m)
1to2 0.12 11.2t0 6.40
2t03 1240.42 6.40 t0 49610.4
3to4 -413.42 -49610.40 to 0
Interiors efforts Nodes Shear force Ty (N) Bending moment Mfz (N.mm)
l1to2 -368,98 -14680 to 79,20
2t03 -183,63 79,20 to 7424,40
3to4 61,87 74244 to 0
Tableau 5. Données obtenus (A,X,y)
Load case (s) Nodes Abscisse x (mm) Fz (N) Fz (N) Mz (N.mm)
1 0 0 0 0
2 40 -1240.3 -1240.3 0
3 80 1653.84 1653.84 0
4 200 -413.42 -413.42 0
EFFCRT TRANCHANT [ N 1
B TEEAO orh 1 c
¥ h .
IR0
1 2 i
fmte 0,00 £4.09 80,00 200,00
Figure 10. Ccutting efforts Ty
= = e
FOFENT FLECHISSANT [ Howw ]
y
nLaam 4 |
iﬁ L _.--"f-r I,
T O ‘
1 g H i
sfmmd 100 40,00 B0, 02 202,00
Figure 11. Moment bending diagram M :
EFFORT TRAMCHANT [ M ]
'I
Lmolspy f
IJ- i 5 LI
L, THEe0E  § |
1 z 3 4
hemle 0,00 9,00 .00 2

Figure 12. Diagram of cutting efforts Tz
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HOMENT FLECHISSANT [ Momm ]
t*
A B .
1. kN I—\ - 1'4'.—«-
L
et 0,00 .'-:f:]:l 50.00 0.0
Figure 13. Moment bending diagram My
Table 8-diameter evaluated results.
Material Mechanicalcharacteristics ~ Constant b Maximum allowable LoadFactors maximum bending torsion calculateddiameter
(Re, R) stress [o] (Cm,Ct) moment in C moment
steel S 235 (235, 340) 0,75 31,725 (1,5;1) 50,2 10,04 37,6
steel S 335 (335, 490) 0,75 45,225 1,5;1) 50,2 10,04 334
42CD4 (700, 880) 0,75 94,5 1,5;1) 50,2 10,04 22,8
34 CrMo 4 (800, 500) 0,75 108 1,5;1) 50,2 10,04 13,1
36 Ni Cr Mo 16 (1000, 800) 0,75 135 (1,5;1) 50,2 10,04 7,2
Evaluation of the diameter according to the type of material
40 = 150
g 30 - === calculated diameter
g 100
;_2 20 - —#— Maximum allowable
T
o0 stress [o]
E 10
-
]
0 - -0
Acier5  AcierS 42CD4 34Cr 36NiCr
235 335 . Mod Mo 16
h'!)e of maierlaw
S
Figure 14. Evaluation of the diameter according to the type of material
Tableau 9. Simulation result
Material Mechanical safety Allowable stress calculated Equivalent stress Maximum standard
characteristics (Re, R) factor [o] diameter Von Mises staticdeformation diameter
steel S 235 (235, 340) 3 78,33 37,6 22,35 Negligible 50
steel S 335 (335, 490) 3 111,66 334 24,66 Negligible 35
42CD4 (700, 880) 3 2333 20,8 39,94 0,0125 25
34 CrMo 4 (800, 500) 3 266,66 13,1 66,27 Rupture 15
36 Ni Cr Mo 16 (1000, 800) 3 333,33 7,2 97,87 Rupture 8
Mechanical characteristics Valeurs
elastic modulus E (MPa) 2E™®
Poisson coefficient v 0.32
shear modulus G (MPa) 7.57 E*®
density p (kg / m’) 7500
Elasticity limit R. (MPa) 700
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.

‘ Results ‘ _ _

é ‘ Safety factor ‘_k._}i' —.
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v
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¥
staticdeformation ‘ ‘

Choice of material ‘ ‘

Figure 15. Diagram of the steps for the method FEA

Table 11. Loads applied

Loads applied corresponding value

Xp=0N; Yg =-18535N ; Zg = -12403N;

bearing effort (red)
bending force of hammers
on the shaft

Torque drive motor

Xc=0N; Yc =-2475N; Zc=165384N
Yp=061,78N; Zp = -413,4N;
Cp=3,04N.m

Cm=10,04N.m

X, =0

Y, = —18535 N
L {Z,=-12403 N

Y, = —2475 N

7 .=165384 N

a)Determination of the moments diagrams

This study leads to the determination of the critical section of the tree to get diameter

eDistribution twisting moment

The torque is distributed on the AD tree whose value is given by the equation 16:

T = Cmax = 10,04 N.m (/6)

Hence the diagram of torque (figure 9):

eDistribution of the bending moment:
*On the plane (A, x, y):

Plotting diagrams of shear forces and bending moment has been done on the software RDM6 and here are the data provided and

the results obtained (table 4, 5, 6 and 7):
eData

eTables 4 Data provided (A, x, y)
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RESULTS

Tableau 5- Données obtenus (A,x,y)
Maximum bending moment = 7424,40 N.m to 80,000 m

oThe figure 10, 11, 12 et 13 givens cutting efforts Tz []-and bending momentTy [J[] respectively
*On the plane (A, x, z):

Data

DataTable 6-provided data (A, x, z)
Results

Table 7- obtained data

ediagram of cutting efforts Tz :
e  Bending moment M,

The analysis of these diagrams shows that the critical section at C:

_—
\J'M,;z: + Mg * = /(49610 .4)° + (7424.40)% = M, = 50.2N.m "

M. =

oThe torque is:

T, = 10,04 N.m (17)

oThe axial force at C:

Code ASME (American Society of Mechanical Engineers)

a)ASME code (American Society of Mechanical Engineers)

The method of the ASME code is a tool very useful in the design, because it allows to quickly evaluating the diameter of a tree,
sollicted to both torsional and bending, using theory a static limitation based off on the maximum shear stress (Drouin, 2011).

ASME sets the maximum allowable stress [c] as the smaller of the two values of the equation 19

lo] = b= (0.18=R:0.3 = Re) min (19)

Or: R, is the yield stress and

b= {'J..EI without stress concentration.
“ 1 0,75 with stress concentration

The calculation of the maximum shear stress based on the Mohr circle is given with formula 20:

° (V(Em31y7) + (ce.T7)

Comd? (20)
Equations (18) and (19) are combined to give:
a1 . by
d=[== ({Cm = M) + (Ct = T]']ZJ]"":‘
(o] 2n

Ct and Cm are load factors [7]
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Next conditions for tree services, the materials should have enough high strength characteristics. The determination of the diameter
depends on mechanical properties of the shaft material. Five materials were chosen (Steel S 235, Steel S 335, 42 CD 4,34 Cr Mo 4
and 36 Ni Cr Mo 16) and diameters corresponding were evaluated in Table 8. Figure 14 shows the evolution of the shaft diameter
depending on selected materials and it also shows that when the yield stress increases the value of impoverished diameter.
Similarly, when the allowable stress of the ASME code is the value of maximum diameter corresponds is minimal. The calculated
diameters must undergo a verification calculation, firstly, to validate the calculated dimensions and check the resistance
mechanical of the type of material chosen and ensure that it can withstand the conditions.

Verification and final choice of shaft diameter: The main aim is to make optimal choice of the diameter of the tree while
validating its mechanical strength. According to(Jong Boon Ooil — Xin Wang, 2013) two methods existthe first is experimental by
performing mechanical testing and the second is the Finite Element Analysis (FEA). The AEF is a numerical method widely
accepted in the evaluation and verification of tree design (Opali¢, 2011). Recently, (Ooi, 2012) analyzed contact stress gearing in a
gearbox using AEF.(Goksenli, 2009)Used AEF to simulate stress analysis on the shaft keying a lift to validate their mathematical
model to determine the maximum stress. (Bayrakceken, 2007)Determine the conditions stress distributions on a gimbals shaft
section using the FEA method.

Finite Element Analysis (FEA): FEA is a method for performing numerical simulations of physical phenomena. It consist to
determine constraints at any point of the geometric model, deformations and displacements under the action of the factor of
external forces while checking its mechanical strength. The criteria used in this study is that of Von Mises.

Von Mises strength criterion: The strength criterion adopted for this study is the criterion of Von Mises. Indeed, every element of
the structure must verify that the equivalent von Mises stress is less than the allowable stress of the material.

Tag = Opdm
(22)
The equivalent von Mises stress is::
loy qz\/ o +0 +0,—0,0,—0,0,—0,0,+30 130,437, O The stress tensor is written:
Ox Txyy Tx
[O-] =|Txr Oy Tyz
Txz Twz O,
The allowable stress is given by the following equation:
HE"
Tadm = 5_9
(23)

R, is the yield strength of the material and S, is the safety factor, it is chosen from(Drouin, 2011). The model usually includes
graphical geometry of the geometric model, with its mesh of finite elements, the definition of material properties, application
loading and boundary conditions. The digital simulation software used for the FEA is Catia V5. Each diameter calculated by the
ASME code will be checked by the method FEA. Figure 15 describes all the stages of the FEA method. In each case, the
equivalent stress von Mises, static deformation in any point of the geometric model will be determined.

Simulation results : Table 9 shows the results of simulations performed under the Catia5 environment. Each diameter is estimated
the maximum equivalent von Mises stress and maximum deformation corresponding static. All pre-selected materials satisfy the
equivalent Von Mises stress is less than the allowable stress of the material that is to say a good mechanical strength. The
diameters of 13, 1 and 7.2 mm 34 Cr Mo 4 and 36 Ni Cr Mo 16 respectively can’t withstand the applied stresses, because the tree
ruptures during simulation. Three diameter values are favorable, respectively 50; 35 and 25 mm Designers and engineers of trees
constantly found ways to optimize sections of trees by adjusting all the parameters to obtain a better ratio strength-weight. Based
on this recommendation the diameter of 25 mm of 42 CD 4 material is more competitive than those of 50 and 35 mm whose
materials Steel Steel S 235 and S 335, respectively, point of view the resistance of material, 42 CD 4 is two times stronger than
steel S 235 and S 335 steel, Also the density of materials is constant, which allows to say that the weight of the diameter of 25 is
lower than the others. In conclusion, the diameter 25 mm of the material 42 CD 4 is finally selected for the production of the shaft
of the mill.

2.1.The Finite Element Analysis for Diameter 25: The Driveshaft chose is of 42 CD 4 whose mechanical characteristics are
presented in Table 9 Table 10-mechanical characteristics of the steel 42CD4

eloadings applied to the shaft are listed in Table 11:
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Figure 16 shows the geometrical model of the driven shaft of the machine.

Figure 16. Geometric tree Model

Figure 17 shows the boundary condition and load applied to the shaft

Figure 17. Boundary condition and load applied to the shaft

Figure 18- shows the deformed and the finite element model of the output shaft.

Figure 19. Distribution of the von Mises
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Translation aux noeuds (symhole]

0

Uniquement sur la peau

Figure 20. Distribution of the static deformation
The mesh has the following characteristics

Quality of the mesh: Medium
Total number of nodes: 10285
Total items: 5976

Number of D.D.L: 30855

The Von Mises stress distribution is shown in Figure 19. The allowable stress is 0, =233.33 MPa indeed S, = 3 and R, =

700 MPa. Note that the maximum von Mises stress is about 39.4 MPa, which is well below the allowable stress. Figure 20- shows

the distribution of the static deformation at the tree. It is found that the maximum value of the deformation is in the range of 1.25
E*

Conclusion

The objective of this research is to design, modeled, dimensioned and analyzes the behavior of a power transmission shaft of a
solar hammer mill. The tree model was designed and sized by analytical and empirical equations such as the ASME code. It has
been validated and optimized by the method of the FEA. The evaluation of various types of materials for choosing optimal
diameter enables weight saving of 40% to 70%. Simulation results by the AEF show that the maximum equivalent von Mises
stress for the selected final diameter is about 39.4 MPa which is well below the allowable stress, previously defined as the ratio of
the limit elasticity of the material Re = 700 MPa and a safety factor set at S, = 3. The maximum value of the static deformation is
of the order of 1.25 E”mm lower 3 mm, the game allowed between the screen and the hammer. Static study shows that the
calculated and chosen dimensions (25mm in diameter and 200mm in length) are acceptable for the particular case of operation.
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