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ABSTRACT

Overheating is a common issue in a nonparallel helical gearing system. The reason is the
high friction, sliding velocity, and tangential force that occurs between meshed gear teeth.
These factors can result in negative outcomes such as increased power loss, low gear
efficiency, breakdown, and scuffing. Two types of non-parallel helical gears have been
utilized to estimate the meshing heat fluxes of a pair of non-parallel gear systems. The
scenario involves a design of standard helical teeth and a modified asymmetric non-parallel
helical system. The asymmetric tool designe serves as a reference for preparing a modified
asymmetric helical gear, which the CNC machine can then cut. The hybrid curve has been
compounded from three parts (hypocycloid-involute-tip relief) on the loaded side and
(hypocycloid-involute-epicycloid) on the unloaded side, using different pressure angles for
each side. The non-parallel helical gear drive that has teeth modified asymmetrically is
better than a standard non-parallel helical gear drive. The numerical results indicate the best
enhancements in the maximum contact stress and tooth root stress percentages are about
12.253% and 8.91%, respectively. Adjusting the helical gear teeth surface improves the
generated heat flux, resulting in an enhancement percentage of approximately 39.567%. The
enhancement percentage of pitch deviation under different rotational speeds has been the
best compared with the standard case under the same conditions and a high-speed range
with high local temperatures reaching about 15% and is good at the low-speed range by
10%.

Keywords: Modified asymmetric helical teeth, Tip relief modification, Coefficient tooth
friction, Contact stress, Heat friction generated.

1. INTRODUCTION

Non-parallel gears are mechanical drives utilized in numerous power transmission
applications, encompassing cars, industrial machinery, airplanes, and marine equipment
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(Litvin et al., 2007). Recommended are lightweight gears that exhibit exceptional reliability
for many industrial requirements. To enhance gearbox improvements, the gear is advised
based on its high load capacity, durability, low cost, and high speeds (Colbourne, 2012). A
fundamental characteristic of helical gears is that the axes of the gears do not need to be
parallel. This situation arises when the pitch helix angle is aligned in the same direction. This
gear design is known as non-parallel-axes helical gears (Jelaska, 2012) and is conjugated at
an intersection angle between gear axes which will be between 2> 0" and 1 <90°.
(Norgauer et al., 2017). Nonparallel-axes helical gears are used in applications
necessitating a high gear ratio under limited spatial conditions. These devices provide power
transmission between shafts that are neither parallel nor intersecting (Trubachev et al.,
2018). The contact region between the surfaces of the paired crossed-tooth gears indicates
a notable elastic point contact. A common issue associated with a nonparallel-axes gearing
system is the occurrence of overheating. The heating source in the engagement of gear teeth
can be attributed to the significant factors of high friction, sliding velocity, and tangential
force. Friction arises between the tooth profiles during the engagement process. The
identified reasons result in negative outcomes, including heightened power loss, diminished
gear efficiency, potential breakdowns, and scuffing (Wang et al., 2017). The high sliding
speed and surface pressure are caused by tooth surface scoring and a lack of lubrication.
This causes unnecessary frictional heat and severe overheating of the meshing teeth. Scoring
is a phenomenon that happens quickly in areas with high temperatures, resulting in a higher
rate of wear. The approaches utilized to avoid the scoring region include choosing proper
parameters and the flow of lubricant (Armenakas, 2016). Helical gear geometry
modifications involve changing the involute profile or adjusting the gear lead angle. The
numerical and experimental methodologies help to overcome the common impediments and
challenges in determining the true causes of this occurrence. The ellipse shape of contact
that causes wear was estimated by using simulation tools. The simulation is influenced by
linear static stress and volumetric wear, which arise from several key factors, involving the
coefficient of tooth friction, tangential force, and sliding velocity model (Pakhaliuk and
Poliakov, 2018).

Despite large investigations in the gears field, researchers remain concerned regarding the
performance of non-parallel helical gear drives. Analyzed the crossed helical gear drive
mathematically. Utilizing the ANSYS software program. the stress analysis of the innovative
crossing helical gear is carried out. The FEA results are shown utilizing a 10° shaft angle in
conjunction with MATLAB-created three-dimensional solid models of a crossed helical gear
pair. The results show that the pinion can withstand a maximum von Mises stress of 793.69
MPa. The innovative gear pair has better contact strength and capacity, as shown by reduced
contact stress values compared to the crossed-axis involute gear drive. (Liang, 2021)
established a parallel rack profile using a fourth-order polynomial. The design enhanced
flank geometries and examined their characteristics. The deformation and load distribution
in different engagements were reviewed according to the dominant load and plastic material
stiffness. The geometries of the two wheels are obtained by meshing each wheel with one
side of the rack, allowing both wheels to intermesh while accounting for shaft angles that
deviate from 90°. Innovative flank shapes and changes for crossed helical gears are being
devised to enhance their efficiency. (Becker et al., 2022) studied the technical difficulties
and service landscape of high-strength gears. Analyzed the technical challenges associated
with design, and manufacturing integration. The focus is on the development direction of
high-strength gears. The article delves into the latest findings in anti-fatigue design,
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manufacture, and service performance assessment of high-strength gears. The objective is
to encourage the development and use of high-strength gear technology. (Wu et al., 2024)
studied mathematically generation standard and non-standard spur gear involute teeth.
Investigated the bending stress in the root fillet and stress concentration reduction in the
teeth gear surface. The utilization of non-standard gear teeth boosts bending strength by
approximately 33% and reduces contact stress by roughly 20%. (Alex, 2009) investigated
contact stress in standard spur gears analytically and numerically affected by different
geometrical design parameters. Regarding contact stress, four different cases (involute,
cycloidal, epicycloidal, and hypocycloidal) have been compared. Results show that compared
with involute teeth, reduction in contact stress for the same design is 30% for cycloid, 46%
for epicycloidal, and 21% for hypocycloidal. Generally, in various mechanical applications,
gears transfer motion and power between shafts at any skew angle (Farhangdoost, 2010).
The simulation of CFD has been used as an effective tool for achieving accuracy. Proposing
the implementation of oil-lubricated distribution within the gearbox system and the
application of airflow management. (Miltenovi¢ and Bani¢, 2020) developed a
methodological model for estimating the time-dependent behavior of the thermo-fluid case.
This method was presented for a gearbox unit comprising three interlocking gears.
(Yazdani, 2015) examined friction generation and assessed the transient thermal
properties of spiral bevel gears. He employed numerical simulation as a method to
investigate the friction heat on an actual tooth geometry under realistic actuating conditions.
The objective was to analyze the friction heat generation during the meshing of a spiral bevel
gear. Establishing a correlation between the results of the Finite Element method, types of
damage, and the efficiency of gears. (Wang, 2017) proposed a fast procedure for predicting
the gearbox system temperature using the Finite Element Analysis. The gearbox is designed
to take the calculations of the ambient temperatures of the gear unit to define the thermal
stability. This process was presented to allow the gear system designers to use the fast FEA
calculations for temperature. (Miltenovi¢ and Bani¢, 2020) presented a theoretical and
numerical investigation of mesh gear efficiency, one-tooth friction coefficient, and wear
crossed helical teeth especially that made of Fel.5Cr0.2Mo sintered steel with sinter
hardening treatment. The method gives the determinations of the wear load capacity of the
worm with a helical gear. The results showed the product developed by the important clues
for indicators for calculating the worm with a helical gear. The treated sintered steel has
about a 20% smaller friction coefficient and gives a higher mesh efficiency of about 6%
compared with those gears that haven't had any additional treatment (Miltenovi¢, 2015).

Previous investigations have revealed gearing patterns to improve mechanical performance.
They presented enhancement load-carrying gear designs utilizing traditional research and
experience. Gear designers use non-standard tooth forms to improve peak geometry and
mechanical strength. This study presents the manufacturing of a non-conventional gear
tooth profile. They will be assembled with a test-gear rig. Two types of non-parallel helical
gears have been employed to assess the meshing heat fluxes associated with a pair of non-
parallel gears. The system consists of standard non-parallel helical symmetric teeth
featuring 7 normal modules, 20 normal pressure angles, and 22.5 helix angles. A non-parallel
helical system has been modified to feature an asymmetric tooth profile for both the left and
right sides. The unloaded side, comprises compounded teeth featuring Epicycloidal,
Involute, and Hypocycloidal components, with specifications of 7 modules, a 25-degree
pressure angle, and a 9 mm rolling circle. The loaded side features an Involute-Hypocycloidal
profile with a linear intermediate tip relief modification. This configuration includes 7
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modules, a pressure angle of 14.5 degrees, a rolling circle diameter of 9 mm, and an
optimized tip relief design.

The manufacturing process is executed using computer numerical control (CNC) machines.
The simulation of the optimal tool is performed using the SOLIDWORKS software package,
which is utilized to generate these helical gear cases (Kurowski, 2016).

2. CREATION OF INVOLUTE AND NON-INVOLUTE GEAR TEETH.

The standard and non-standard gear tooth profiles can be created by a similar generation
method by using the gear cutting (Babichev, 2017). The novelty of this methodology is that
it creates a non-conventional tooth surface that is represented realistically. The resulting
curve is not an involute arc such as shown in several research but is a hybrid of groups from
curves that can't be created by the classical known method.

2.1 Involute Gear Tooth.

In general, the gear tooth fillet region is typically characterized by a trochoid curve; however,
this aspect has often been overlooked by many researchers. This method facilitates the
maintenance of creative optimization accuracy. The Creation method is outlined as shown:
(Guilbault, 2006; Babichev and Storchak, 2018).

e The rack cutter tool is defined as the pattern of the tool that will be creating the gear tooth
profile. Here, the pitch point of the tool is rigid at the original point. The tool is divided by
the pitch line LL into two parts having different lengths as shown in Fig. 1. The basic tool
with the optimum gears conforms according to the standard criteria. Fig. 2 illustrates the
tool's pitch line, divided into equal parts on both sides about the vertical line vv parallel
to the vertical centerline.

N
Dl
&
<
S
)
)

Pitch line

Figure 2. The reference pitch line of the tool.
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e The pitch circle of the gear is drawn at the fixed point O. It will be divided at equal intervals
at shown in Fig. 3. The lines are drawn to facilitate correcting alignment by thin lines

drawn through these points.

Figure 3. The gear's pitch circle.

e Place the tool reference over the track as in Fig. 4 which illustrates the pitch line LL for
the tool should be tangent to the pitch circle of the gear at the intersection point called the

pitch point P.

Vertical centerline

Ptic}circle
.\k
Y

; Reference centerline \
!

Figure 4. The coordinate system of the pitch circle with respect to the pitch point.

e The resulting points of the tool and the fixing points of the pitch circle coincide. These
intervals for the tool indicate the pitch line of the tool is rolled on the pitch circle. This
process generates the final tooth form. Fig. 5 shows the steps of generation of involute

toothing.
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Figure 5. The complete creation of gear.

¢ Inthe generation process, the pitch line of the tool would be shifted by a constant amount
e away from the pitch cylinder (Juvinall and Marshek, 2020). Therefore, the following
condition is to avoid gear tooth undercutting:

m, — e < nsina,’ (1)
m, (1 — mi) < r,sina,’ (2)

In the helical involute teeth, the non-undercutting is validated by defining the quantities:
Mn

Me = oss, (3)

tanay

ay = tan_l(cosﬁp) (4)

Hence, the Eq. (3) is becoming

e . 2
m(1 — E) < Tpsinfa; (5)
Or
e Z _ sina;
m_n =21- 2 cosfp (6)
e _ Z(tan?ay)
my cosBp(cos?Bp+tanay) (7)

In the case of e = 0, no addendum modification. The minimum number for helical gearing
teeth would be

7> 2c0sPp(cos? Bp+tan®an) )
- tanay,

Table. 1 shows the minimum number of helical gear teeth that prevent tooth undercutting
occurrence. The optimum minimum number of teeth that will used in this work to avoid

undercutting is equal to 14 teeth adopted with 20 normal pressure angles and 22.5 helix
angles.
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Table 1. Minimum number of helical gear teeth dependent on 3, and a,.

Pressure angle Helix angle in deg B,
An 0" |15 | 22.5°|30° | 37.5 | 45°
14.5° 32129 | 26 | 22| 17 | 12
20° 18| 16 | 14 | 12 | 10 7
25° 12| 11 | 10 8 7 5

2.2 Non-Conventional Tooth Profile.

The modified asymmetric tool consists of two sides. the unloaded high-pressure angle side
with a compound curve. The loaded Low-pressure angle side with a compound curve and
addendum optimum tip relief modifications. The coordinate (x, &, y,.r, &) and (x,.., y,1, )
defines the right tool side and the left tool side, respectively. Two points (x.r, y.r) and (x_z,
v..) (Abdulaal and Abdulah, 2024) are applied to determine the cycloid curve's started
position for both tool's sides according to the involute function (Abdullah, 2003) and

straight-line slope (Seyama et al., 2009). Fig. 6 shows the left and right tool sides with
illustrations indications.

y msl
4

Cyclotd curve Tip

relief

Straight

line
Pitch line

0 Pitch line

Cycloid f,
~

curve

y
Figure 6. The coordinates system of the modified asymmetric (cycloid-straight line with
tip relief) tool.

The same previous approach has been followed to create the asymmetric gear teeth profile
but this procedure would be employed twice, once for the right side and then for the left side
as shown in Fig. 7. After following steps 4 and 5 the procedures are completed for creating
a compounded tooth shape as shown in Fig. 8.

(a)

(b)

Figure 7. Left and right tooth shape (a). Epi involute Hypocycloid profile a,, = 25", R =
9mm. (b) Involute Hypocycloid profile with tip relief msl = 60mm, a,, = 14.5°, and R = 9mm.
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Right tool side  Left tool side

Figure 8. Modified asymmetric tooth profile with tip relief.

In tip relief design, the pitch circle of the gear is considered an important factor in
determining the starting point of tip relief. The position of tip relief on the gear tooth surface
will be modified according to the pitch radius 7, and the addendum radius 7, of the gear
tooth profile as follows (Temirkhan, 2022):

t=1,—1 (9)

T, = /rpz — 1,2 (10)
T 2
Pe = ’7.2:7_ (11)

Where ¢ is the datum length for tip relief, 7, is the rolling length, and ¢, is the rolling angle.
The relation between the rolling length and the corresponding rolling angle is illustrated in
Fig. 9.

a

Figure 9. The relation between the rolling length and the corresponding rolling angle.
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The values of the amount of tip relief msl and length ¢ of relief can be varied according to
the elastic tooth deflection is based on the design parameters such as the tangential applied
load, base pitch, and base helix angle specified by tooth geometry, the amount of
misalignments and deflections, and tooth stiffness (Smith, 2003). By determining the
manufacturing error. The msl value are 60um and ¢ adopt at 105.097mm was chosen in this
work.

3. HEAT FRICTION GENERATED ANALYSIS.

Friction loss by heat generation and scuffing failure are considered a primary aim to
investigate. The significant increase in local temperature led to gear teeth surface failures
such as micro-pitting, scoring, and scuffing. It is a contact temperature that occurs on the
tooth flank surface at the instant of contact and increases during the meshing. The
temperature's value and location on the gear tooth surface are indications of surface tooth
failure (Rackov, 2018). The implemented profile modifications are one of the worthwhile
actions that can be taken to reduce its risk. The tooth geometry parameters with the
operating conditions of the gear case are specified. Two points on the surface tooth located
before and after the pitch point are the low point single tooth contact LPSTC and the high
point single tooth contact HPSTC as shown in the Fig. 10. They represent the length of the
profile Contact. The generated friction between them on this length is caused by that and
reduced by the control of contact. Tip relief modification will reduce the impact shock of the
contact at the instant of the engagement starting. An involute surface has been modified to
be shorter than that in a standard surface. The hypocycloid surface will involve a high
contact ratio due to conformal geometry (Radzevich and Storchak, 2022; Luo and Jingyu,
2024).

Unloaded side Loaded side

_-— "HPSTC; HPSTC -

e pitch point
rititpgint c.
Z“LPSTC 23
il

Figure 10. Specific asymmetric tooth position points.

The heat flux resulting between the meshed gear teeth is determined by three critical
parameters: the frictional coefficient, the applied normal contact load, and the sliding
velocity between the meshed tooth surfaces during engagement, as depicted on the common
tangent line of the helical curve in Fig. 11. (Rattan, 2014).

- ALY
90 FI‘L 11\

%
N

7wt

p@ =

Figure 11. Polygon of sliding velocity.
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The Figure shows that under an intersecting angle of the gear axis, it maintains a tangent
relationship with the pitch cylinders for the gears that are not parallel to one another. To
calculate the sliding velocity, the cosine law is employed as follows (Vijayaraghavan and
Vishnupriyan, 2009):

T

w®@) w@)r,
v = [p@ — D] = WOy, j 1+ (w(l)r:)z -2 w(l)ij cos (1) (12)

Usually, in a non-parallel helical gear drive case the contacting load between meshed gear
teeth is accompanied by an axial load due to the effecting of the helix angle as shown in Fig.
12. The contact load can be determined normally by it being resolved into three components
tangential, radial, and axial or (thrust) parallel with the axis of the shaft as follows

Figure 12. The components of the contact force.
R S (13)

cos(ag)cos (Bp)

_ Power

Fr=— (14)
F. = F; tan (a;) (15)
F, = F, tan (8,) (16)

The frictional heat Q produced between the nonparallel teeth is calculated as follows:
Q=ug v'? (17)

In this work, the contact stress analysis has been carried out after the denser mesh is chosen
around the area of the pitch point (Alemu, 2007) for the gears model which is estimated
that have the maximum local temperature. Fig. 13 shows the 3D mesh of the model volume
generated by the ANSYS program (Stolarski et al., 2018). The model has been prepared to
satisfy the boundary conditions. The mesh size of the gear tooth element has been gradually
refined by increasing mesh density. the material used was Aluminum 7075 which has the
properties of are Young Modulus is 7.2e*!° N/m? and poison’s ratio of 0.33. The gear
circumstances include a functional power transmission of 20 kW at 1440 rpm at a certain
teeth friction coefficient. The friction coefficient may range from around 0.05 to 0.25,
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contingent upon the environmental conditions. This study used a 0.15 coefficient value to
assess the performance of gears.

Rigid
Surface <

Figure 13. 3D nonparallel helical gear teeth mesh model.

The thermal expansion a changes the operating pitch diameter D,during the work. This
change rapidly increases with increased temperature T under the time-varying heat flux
fluctuations can be defined as the average of the operating pitch cylinder AD,. The
temperature of reference T, is the ambient temperature during actual work. Any elastic
strain that occurs in the gear body changes its pitch cylinder leading to a single normal pitch
deviation S,with time both gears indicate an unequal strain. The pitch deviation resulting
from thermal expansion can be defined as follows:

AD, =Dy a (Ty — Tref) (18)
AD, =D, a (Ty = Tre) (19)

S, = AD, — AD,, (20)

4. EXPERIMENTAL WORKS

This study demands to design and manufacture of the standard and modified nonparallel
helical gears drive. Design and assembly of the gear test rig to inspect the cases desired. The
CNC machines work to develop the gear teeth surfaces by applying a new topology of tooth
profiles. It is achieved by ensuring the relations between the motions of the cutter tool and
the wheel blank (Gosselin, 2018). The different helical gear teeth models which are created
by computer-aided became ready to manufacture. The dimensions of non-parallel helical
gears are listed in Table 2.

The milling machine method is used to get the gears due to the special tooth profile. The
motion of the machine tool end milling cutter could be obtained according to the program
which is provided to CNC. The matching code is controlled by the milling cutter and
workbench motions. The gear material used for manufacturing is Aluminum alloy 7075-T6.
The mechanical properties and the chemical composition were checked and are detailed in
Tables 3 and 4 respectively.
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Table 2. Non-parallel helical gear design parameters.

Gear Standard crossed helical modified nonparallel helical
Parameters symmetric teeth system RD asymmetric teeth system RD
ay, deg 20° 14.5°
an, deg 20° 25°
PBp deg 22.5° 22.5°
Adeg 45° 45°
A 14 14
m, mm 7 7
R mm --- 9
h, mm 7 7
h; mm 8.75 8.75
7, mm 53.04 53.04
msl um 60
£ mm --- 3.16
Table 3. The mechanical properties.
) Results
Inspection type 1 ‘ 2 ‘ 3 ‘ Average
Environment conditions °C 25
Sample diameter mm 25.06 | 25.19 | 25.14 /
Tensile resistance MPa 572 569 564 568
yield resistance MPa 531 527 519 526
Elongations mm 8.5 12 11 10.5
Table 4. The chemical composition.
Chemical Elements | Result | Chemical Elements Result
Si% 0.0390 Ti% 0.0142
Fe% 0.142 Ga% 0.0
Cu% 1.30 V% 0.0
Mn% 0.0420 Zr+Ti 0.0261
Mg% 2.51 Each 0.0119
= 0201 | Others% o 0.0
Ni% 0.0 _ _
0% 556 Residual% Aluminum

The end milling cutter is fast moved with the other feeding functions coincident with the
working axis rotating with the workbench. The helical gear pair could be ready to
manufacture. Figs. 14 and 15 illustrate the vertical CNC machine and manufactured gears,
respectively. The nonparallel axes gear test rig is assembled to satisfy the gear cases. The
mechanical brake system is designed to generate different braking torques. All test parts are
designed and assembled as shown in Fig. 16 which demonstrates the gear test rig parts.
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Figure 15. manufactured gears, (a) standard non-parallel helical gears, and (b)
asymmetric non-parallel helical gears.

Figure 16. The non-parallel gear axis test-rig parts.

The critical parameter to specify is the center distance c between two nonparallel helical
gear drives fitted in the test gear, which may be verified based on the following:

_ _ 1 muz MnZ;
C=Tp, + To, = 2 (cos[i’p1 + COSﬁpz) (21)
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The experience data are recorded under different rotational speeds of about 100-2500 rpm
which is done by an increment of 100 rpm controlled by the inverter component. Four
external masses (25Kg,50Kg,75 Kg,100 Kg) are applied to generate four different resistance
torques. They work directly with meshed gear rotation. The successful execution of non-
parallel helical gears functions during operational life when their wear removal value
mustn't exceed the limited value for the surface failure. In this experimental case with an
increase in the local tooth surface temperature due to the meshing contact, the continuous
loss of material is increased during the operating test. Two measurement instruments are
used to control and monitor the gears system. Smart Thermal Camera illustrated in Fig. 17-
a predicts heat generation in the non-parallel helical gears transmission by determining the
maximum local temperature at the instant of teeth contact. It is a professional thermal
camera module for smartphones thatis compact, portable, and easy to operate by connecting
with the mobile phone. The base model is 120x90 iR resolution and —20°C~400°C
temperature range. This procedure is fast for the gear's thermal stability inspection and it
meeting the requirements of the crossed-gear test setup through out automated alert and
monitoring for elevated and reduced temperatures. Normally, cannot be predicted the
maximum temperature position on the helical tooth surface an instantaneous because the
temperature at any point on the surface tooth will change caused to the heat friction between
non-parallel helical teeth. Therefore, the thermal camera position has been adjusted to
choose the best perfect reading, and the distance between the temperature emitted from the
meshed crossed teeth and the camera sensor is 130mm. A Digital Tachometer illustrated in
Fig. 17-b calculates the number of operational life speeds for a non-parallel helical gear
drive by calculating the number of reflections of reflective tape on the gear shaft.

Figure 17. The Instruments of Gear Test: (a) Smart Thermal Camera; (b) Digital Tachometer.

5. RESULTS AND DISCUSSION

This section presents the results derived from the examination of the performance of
standard teeth in comparison to asymmetric teeth for non-parallel helical gears, followed by
a discussion of these findings. Results are presented in three categories analytical,
numerical, and experimental. The analytical and numerical methods involve calculating the
specific sliding velocities at different rotation angles, evaluating the maximum contact stress,
and determining the heat flux resulting between skewed helical teeth.
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The results of the sliding velocity for the two cases can be shown in Fig. 18 which
demonstrates the comparison between the effect of the modified tooth geometry on the
sliding velocity. The maximum magnitude of velocity appears near the contact points at
certain angular positions. Generally, it will be before and after the pitch point. The precise
alterations will decrease the sliding distance, thus lowering the velocity at the moment of
contact by the implementation of tip relief modification.

1200
—H—Standard case —&— Modified Asymmetric case
1000

800

400

Sliding velocity (m/sec)

200

-30 -20 -10 0 10 20 30
Rotation of angle (deg)

Figure 18. Comparison between the sliding velocity for two cases under different rotation
of angles.

Estimating the maximum contact stress in the pitch areas and the maximum distribution
stress within the teeth fillet region are also considered. All geometrical helical gears have the
parameters that are shown in Table 2. The Von-Mises stress results were illustrated in Fig.
19 for two cases. Table 5 shows the values of contact stress areas and the distribution stress
inside the teeth fillet region with a teeth friction coefficient value equal to 0.15. The results
represented the maximum contact stress and the maximum distribution stress for both
cases with the enhancement percentage compared with the standard case. It's clear that
there is an enhancement in contact stress and distribution stress for the modified
asymmetric helical teeth in about 12.253% and 8.91% for contact and root region,
respectively. The concave-convex surface tooth profile with involute at around pitch area is
supported through epicycloid and hypocycloid addition, thereby affecting the form of the
global stiffness matrix for the nonparallel helical gear drive.

Table 5. The results of Von-Mises stress nonparallel helical gears.

The maximum The maximum stress
Enhancement . . . Enhancement
Cases | contact stress areas inside teeth fillet
percentage . percentage
o Mpa region g, Mpa
1 250.88 - 36.943 -
2 220.140 12.253% 33.653 8.91%

According to the friction heat generation description which is represented by Eq. (17) the
frictional heat fluxes magnitudes for case 1 and case 2 are about 37633.11391 W and
22742.6458 W respectively. The Enhancement percentage of improvement in heat flux
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generation is about 39.567%. Normally, the temperature at the pitch point is a lower value
compared to the other points such as addendum or dedendum points because the heat
friction at it is relatively small due to the low sliding velocity. However, the heat conduction
effect from the other parts of the tooth's body and increased the time resulting in the
temperature being raised at the pitch location. The heat emitted from this region indicates
the amount of friction obtained, thereby estimating the scuffing surface. The new conjugated
helical teeth profile has been best with respect to the against-surface scuffing.

Equivalent Sres:
Type: Equivalent (von-Mises) Stress
Unit: MPa.

ime: 1
10/23/2024 %21 PM

250.88 Max

13938
ms
aeas
55753
78m
0.0043115 Min

0.0043115 Min

‘B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
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Figure 19. Von-Mises stress values for (a) Standard case; (b) Modified Asymmetric
nonparallel helical gear case.

The maximum temperature distribution on the helical teeth surface for two study cases at
varying rotational speeds is derived from the experimental test represented by the transient
thermal analysis conducted using a thermal camera, Figs. 20 and 21 illustrate the
temperature distribution at different rotational speeds for two scenarios. It indicated that
the temperature distribution is almost uniform at low speeds, but will diverge as speed
increases. This study predicts heat flow using a smart thermal camera.
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(b)
Figure 20. The temperature distribution inside; (a) standard non-parallel helical gear, and
(b) Modified asymmetric non-parallel helical gear.

Due to temperature fluctuations caused by speed variations, the maximum recorded value
is greatest in the standard case, attributed to the comparatively high friction between

meshed teeth, which generates heat flux on the tooth surface.
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Figure 21. The temperature distribution under two ranges of speeds of rotation for two
study cases.

It can be evaluated the enhancements of pitch deviation Percentage for evaluating the
performance of non-parallel helical gear regarding the scuffing resistance by determining
the deviations of the pitch normal at each experimental temperature value as shown in Fig.
22 which demonstrates that the influence of tip relief, asymmetric tooth profile, and
Hypocycloid flank caused an increase in the arc of contact with improved stiffness
distribution inside the modified asymmetric helical teeth case. So, it can outperform the

standard case about scuffing resistance.
25
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Figure 22. The enhancements of pitch deviation percentage.

6. CONCLUSIONS

The major results can be concluded from this work and summarized as follows.

The manufacturing of a new helical gear consisting of an asymmetric teeth profile with
modified surface topography by creating a hybrid curve compound from three parts
(hypocycloid-involute-tip relief) at the loaded side and (hypocycloid-involute-epicycloid) at
the unloaded side with different pressure angles for two sides. A new special tool has been
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designed for cutting the asymmetric gear tooth profiles by using the CNC machine. The
numerical solution has been done by the ANSYS software package with a mesh convergence
study for obtaining the maximum contact stress and tooth root stress values for two cases.
The new modified asymmetric helical teeth are best as compared with the standard helical
teeth of the same size, where the best enhancement percentage is about 12.253% and 8.91%.
The experimental study indicates that the modification of the mated helical gears played a
special role in decreasing the heat distribution inside them, which is considered a criterion
for the amount of surface scuffing. Therefore, the new conjugated helical teeth profile has
been best for against-surface scuffing. A smart thermal camera is a perfect tool for inspecting
the thermal stability of a non-parallel helical gear drive in an approximately short period.
The generated heat flux is improved by adjustment of the helical gear teeth surface; the
enhancement percentage is about 39.567%. The enhancement percentage of pitch deviation
under different rotational speeds has been the best compared with the standard case under
the same conditions and a high-speed range with high local temperatures reaching about
15%. Despite the thermal performance of most gears being similar at low temperatures, the
thermal performance of the new present non-parallel helical gear system is good in the low-
speed range by 10% and then increasing.

NOMENCLATURE
Symbol | Description Symbol | Description
a, Pressure angle in normal section, deg my, Normal module, mm
a; Pressure angle in transverse section, deg m; Transverse module, mm
By Helix angle on the pitch cylinder, deg z Number of teeth
Ty Radius of pitch circle, mm Uy, e Surface rack parameters
T Radius of base circle, mm n Surface unit normal
7, Radius of addendum circle, mm £ datum length for tip relief, mm
A Crossing angle, deg Ty rolling length, mm
Xc, Ve Cycloid curve dimensions Qe rolling angle, mm
e correction factor v(12) Sliding velocity, m/sec?
u coefficient tooth friction Q Heat flux, W
AD, pitch deviation, mm E, Tangential force, N
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