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Gears are extensively used in many applications, such as: automotive,
drive trains, industrial gearboxes and machine tools. They are designed
to transmit power and rotational motion from the input shaft to the
output shaft. In the design process of a gearbox, factors such as: load
capacity, size, lifetime or manufacturing cost are often taken into con-
sideration. However, precise measures of efficiency are frequently for-
gotten issues in the design process. Such shortfalls relate to oil churn-
ing, windage, oil squeezing during gear mesh, or the friction processes
at the level of the gear pairs, seals and bearings. This paper presents a
calculation method used to determine the efficiency of helical gear
transmissions. The method was validated by experimental measure-
ments. Finally, influence factors on the gearbox efficiency, such as
transmitted load and operating speed are presented.
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1. Introduction

Gears are extensively used in many applications, such as automotive, drive
trains, industrial gearboxes or machine tools. They are designed to transmit power
and rotational motion from the input shaft to the output shaft. In this process, a
part of the power is unavoidably lost due to either friction in the system, or oil
churning.

Prime movers as internal combustion engines were in the past the main focus
of efficiency improvement efforts. As most of the potential efficiency improvements
of these engines have been understood and implemented, the focus to improve
the efficiency shifted towards remaining elements of the drive train, such as, for
instance, the gear transmission. Due to the continuous increase of petroleum price,
the fuel economy became nowadays an important demand. Furthermore, national
regulations and the environmental pressures became stricter in terms of emission-
related regulations, such as those concerning gases and particles released in the
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environment. For this reason, any improvement in gear transmission efficiency be-
comes of great importance and will, potentially, significantly reduce the fuel con-
sumption and air pollution.

Besides these main reasons, improving the efficiency of gear transmissions,
comes with a few other benefits. In this respect, as several gear failures, such as
scoring or contact fatigue failures are influenced by the heat generation inside the
gearbox, more efficient gears would generate less heat, and consequently, their
performance in terms of failure resistance would increase.

The potential sources of power loss inside a gearbox are shown in Figure 1.
To calculate these losses, it is necessary to know the loads in every involved ma-
chine element. A literature review [1-5] indicates that the power loss sources are
divided into load-dependent and load-independent components. Load-dependent
power loses are represented by the tooth friction and the bearing friction, while
the load-independent power loses refer to the friction in the contact-seals and the
loses due to oil churning, windage and oil squeezing during gear mesh.
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Figure 1. Power losses and power flow in a gearbox
The gearbox efficiency 77 is evaluated as:
_Bour _ B~ PV
p=—ou =V, (1)
Bin Bin

where:

P, - the gearbox output power
P,,- the gearbox input power;
Py- the gearbox power loss.
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2. Analytical determination of the gearbox power losses

As mentioned above, the total power loss in a gearbox is represented by the
sum of all loses in each gearbox element. According to [6], the total power loss of
a gearbox, P,,can be calculated by using the equation:

By =R, + Bt Bpt+Fs+PRx, (2)
where:

Py,,- gear power loss, due to the friction between the gear flanks;

Py, - no-load gear power loss, due to windage, oil churning and oil squeezing
during gear mesh;

Pys- bearing losses;

Pys- seal losses due to the interaction between the shafts and the seals;

Pyx- auxiliary losses from other gearbox components, such as: pumps, fans,

heating, clutches or control system.

2.1. Gear power loss Py,

The overall average gear power loss, along the path of contact, at a gear
mesh, can be expressed, according to [6] as:

PVz:HV[Pin[:uml (3)
where:

Hy- power loss factor;

Pi,- input power;

M- average coefficient of friction.

Even if different formulations are presented in the literature [7], [8], for the
calculus of the power loss factor H,, [5] and [6] show that the relation of Ohlen-
dorf [9], initially employed only for spur gears, applied with a deviation under
10%, may be used for helical gears too.

Therefore, in this approach, the power loss factor will be calculated with Oh-
lendorf’s relation:

HV:I+MEILE(]—8(X+£12+8§), ©))
u  z;los B,

where:

u- gear ratio;

Z; - pinion number of teeth;

By - helix angle on the base circle;

€, - profile contact ratio;

€; - addendum transverse contact ratio of pinion;

€, - addendum transverse contact ratio of driven gear.

The average coefficient of friction 1/,, depends on the applied load, the sliding
velocity, the lubricant properties, and the gear surface roughness. For its calcula-
tion, Niemann’s [6] formulation is widespread accepted:
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where:

Fpe- circumferentiual force at base circle [N];

Imi- Minim contact length of the gear pair (equal to face width in case of spur
gears [mm];

Vsc- sum velocity at operating pitch circle [m/s];

vye =20, Gina,,, (6)

Preac- reduced radius of curvature at pitch point [mm];
u

=050, Bi —, 7
PredC wi LSOy (M+])|]‘0Sﬂb ( )
1,i - dynamic oil viscosity at oil temperature [mPas];
R,- arithmetic mean roughness [pm];
R, =050(R,; +R,), (8)
X~ lubricant correction factor (unit-less), which, for oil, is calculated as:
7. \"00651
X = [fj : (9)

b- face width [mm]

V¢ pitch line speed [m/s]

a.r working transverse pressure angle;
dy,~ pinion operating pitch diameter.

2.2, No- load gear power loss Py

The load independent gear losses, due to windage, oil churning and oil
squeezing during gear mesh, are influenced, among others, by the circumferential
speed of the gears, the internal gearbox design, the operating temperature, the oil
viscosity and the design of the rotating wheels. [6] proposes the following expres-
sion for the calculation of the power losses in case of gearboxes with splash lubri-
cation:

By =76,9200-6 bh 3" [kW], (10)
where:
b- gear face width [mm];
h- oil immersion depth of the gear wheel [mm];
v- peripherical speed of the gear wheel [m/s].

2.3. Bearing losses Pyg

The losses in bearings are the result of the rolling and sliding friction which
occurs between the different parts of the bearing. Therefore, an accurate predic-
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tion of losses has to take into account all these heat generation sources. The rela-
tive new approach of SKF [10] considers four different losses to predict the torque
loss in a bearing:

MVB=Mrr+Msl+Mseal+Mdragl (11)

where:

M- bearing torque loss;

M, ~ rolling friction torque;

Mg- sliding friction torque;

M, - frictional torque of seals;

Msg- frictional torque of drag losses, churning, splashing etc..

The conversion from torque losses to power losses can be done using the re-
lation:

Mln
p= , 12
955 (12)

where:

P power [kW];

M- torque [Nmm];

+ rotational speed [rpm].

The rolling and the sliding friction torques M,-and M, are given by:

M, = @i Wy LG, Wy Bl)o‘ﬁ [Nmm], (13)
My =Gy lpg [Nmm], (14)
where:

@~ inlet shear heating reduction factor (describes the influence of the lubri-
cating film thickness on the rolling friction);

@~ kinematic replenishment/starvation reduction factor (considers the lubri-
cant displacement in the contact zone due to over rolling, which generates a lower
rolling friction torque);

G, and G, variables depending on bearing type, bearing mean diameter
(d»=0,5(d+D)), the radial force £, and the axial force £

1~ kinematic viscosity of the lubricant [mm?/s];

- rotational speed [rpm]

W sliding friction coefficient.

The frictional torque in bearing seals is given by:

Mseal = Ks] ngg + KsZ [Nmm]r (15)
where:
Ks; and Ks- constants depending on the seal type, respective bearing type
and size;

ds seal counterface diameter [mm];

B- exponent depending on seal type and bearing type.

The drag losses occur when a bearing is rotating in an oil bath, while being in-
fluenced by the bearing type, speed, oil level and oil viscosity. For a ball bearing,
the drag losses are expresses by:
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M grag = Vi Ko @, Go® [Nmm], (16)

where:

V.~ variable depending on the oil level;

Kyar bearing type related constant;

d,- bearing mean diameter [mm];

- rotational speed [rpm]

The Bearing Calculator, accessible on skf.com/bearingcalculator, allows an
easy and fast calculation of the bearing losses for any type of standard bearing.

2.4. Seal losses Pys;

The power loss of the radial seals is the result of the friction between the lip
of the seal and the rotating shaft. Several computational models are presented in
the literature, but due of its simplicity, we ilustrate here the approach of Kettler
[11]:

Pys=7,690070 2, [kW], (17)
where:

dy~ shaft diameter [mm];

r+ shaft rotational speed [rpm].

3. Materials and methods

The aim of this project was to compare the analytically determined efficiency
of a helical gearbox, with experimental measurements. The experiment was per-
formed on the test rig shown in Figure 2. Technical data of the gearbox are pre-
sented in Table 1.

As can be seen in Figure 2, for loading the gearbox a gear pump was used.
For variation of the transmitted torque, a spherical valve has been placed on the
pressure pipe of the gear pump.

The measurement of the gearbox transmitted load was done with two torque
flanges (type T 1 OFS, made by HBM, Germany). One was mounted in the front of
the input shaft, and the other behind the output shaft. These devices allowed
measuring both the torque, and the speed. Three MP 60 modules (two for torque
and one for speed), were used for data conversion.

In the first stage of the experiment, the gearbox was operated at the maxi-
mum input speed (n;= 1.500 [RPM)), six different input torques (My;= 6, 8, 10, 12,
14, 16 [Nm]) being in turn used, while, the output torque measurement was per-
formed for each operating condition corresponding to the different input torques.
By means of Eq. (12), the corresponding input and output powers P, and Pg re-
spectively have been determined and the experimental efficiency was calculated
with Eq. (1). In the meantime, the analytical efficiency of the gearbox was com-
puted, using the approach presented in the previous chapter.
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Figure 2. General view of the gearbox test rig [12]

Table 1. Technical data of the iearbox

Centre distance A= 125 [mm]

Module m,= 4 [mm]

Teeth number z1/ z,= 17/ 43

Helix angle B=11°

Tooth width b= 40 [mm]

Normal pressure angle ag= 20 [°]

A_ddendum modification coeffi- 0,39/ 0,34

cients xi/ x»

Reference diameters d,/ d, 69,27/ 175.22 [mm
Maximum power P= 2,5 [kW]

Input speeds n;= 1000, 1100, 1200, 1300, 1400, 1500 [rpm]
Input torque My= 6, 8, 10, 12, 14, 16 [Nm
Oil splash lubrication

Oil viscosity 220 [mm?/s]@ 40°C

Qil immersion deith of the iear 30 |mm

Input shaft: 2x 6207

Outiut shaft: 6211 and 6307

Input shaft: Radial shaft seal @32

Output shaft: Radial shaft seal @55
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In the second stage of the experiment, the gearbox was operated in turn at
six input speeds (n;= 1.000, 1.100, 1.200, 1.300, 1.400 1.500 [RPM]), while the
input torque was maintained constant (My= 16 [Nm]). Similarly to the first stage
of the experiment, the gearbox efficiencies were also determined, both analytically
and experimentally, for the six operating conditions.

4. Results and discussion

The results of the gearbox efficiency obtained by analytical determination, and
those obtained by experimental measurement for the 12 working conditions, are
comparatively shown in Tables 2 and 3.

Table 2. Efficiency assessment under variable input torque
n;= 1.500 [RPM]

M Analytical approach Experimental measurements
t1 . h M P h
[Nm] Pln PV t2 out
[kW] [kW] [%] [Nm] [kW] [%]
6 0,94 0,140 | 85,14 12,80 0,79 84,34
8 1,26 0,142 | 88,70 17,80 1,11 87,96
10 1,57 0,144 | 90,83 23,00 1,43 90,93
12 1,88 0,146 | 92,25 28,10 1,74 92,58
14 2,20 0,148 | 93,27 33,20 2,06 93,75
16 2,51 0,150 | 94,03 37,90 2,35 93,65
Table 3. Efficiency assessment under variable input speed
Muy= 16 [Nm]
Analytical determination Experimental measurements
Ny
[RPM] Pin I:’V h Mt2 Pout h

[kW] kW] | [%] [Nm] | [KW] [%]

1.000 1,68 | 0,145 | 91,35 | 24,70 | 1,53 | 91,55
1.100 1,84 | 0,146 | 92,08 | 2730 | 1,70 | 91,99
1.200 2,01 | 0,147 | 92,69 | 29,90 | 1,86 | 92,35
1.300 2,18 | 0,148 | 93,20 | 32,70 | 2,03 | 93,23
1.400 2,35 | 0,149 | 93,65 | 3550 | 2,20 | 93,98
1.500 2,51 | 0,150 | 94,03 | 379 | 2,35 | 93,65

For a better understanding of the way the input speed and the input torque
are influencing the gearbox efficiency, Figures 3 and 4 provide the corresponding
variation graphs clarifications.
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Figure 3. Influence of the input torque on the gearbox efficiency
at constant input speed
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Figure 4. Influence of the input speed on the gearbox efficiency
at constant input torque
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Comparing the results of the gearbox efficiency acquired by analytical ap-
proach and by experimental measurements, one can observe the values are very
similar: a maximum calculated deviation between the two approaches is repre-
sented by 0,4%.

First, by increasing the input torque from 6 to 16 Nm, while maintaining the
input speed at 1.500 rpm, the gearbox efficiency increases too, from about 85% to
nearly 94% (see Figure 3). Second, by increasing the input speed from 1.000 to
1.500 rpm, while maintaining the input torque at 16 Nm, the gearbox efficiency
increases from nearly 91% to almost 94% (see Figure 4).

For the investigated operating conditions, it can be determined that, while
maintaining the input speed at 1.500 rpm, by doubling the input torque from 8 to
16 Nm, the gearbox efficiency is improving by about 5%. Similarly, while maintain-
ing the input torque at 16 Nm, by growing the input speed by 50% (from 1.000 to
1.500 rpm), the gearbox efficiency is correspondingly increased by about 2,5%.

The lower values of the efficiency assessment may be a result of the corre-
sponding torque and speed operating conditions, in which the load independent
losses have a significant contribution in the total amount of power loss. Such loses
refer to the windage, oil churning and oil squeezing during gear mesh, the no-load
bearing losses and the seal losses, which have a constant sum during the process.
In addition, in the working domains where the transmitted power has higher val-
ues, the contribution of the no-load losses becomes negligible in the total amount
of power loss, even if the load dependent power losses are increasing (due to
tooth and bearing friction).

Finally, the efficiencies obtained here are far below the values indicated by the
literature in the field, according to which, for one-step gearboxes, the power loss
does not exceed 2%, and, consequentially the efficiency should not be below 98%.
The efficiency values obtained here can be explained by the fact that the maximum
power that has been transmitted by the investigated gearbox during the testing
was P;,=2,5 kW. This power is well below the maximum power that can be trans-
mitted by the gearbox (Pmax= 5 kW). This finding leads us to the conclusion that, in
order to obtain a maximum efficiency, the gearboxes must be used at the power at
which they were dimensioned

5. Conclusions

This paper presents analytical and experimental results concerning the effi-
ciency investigation of a gear transmission. Improving gear transmission efficiency
is motivated by several reasons, such as energy efficacy and environmental pres-
sures.

We first describe an analytical model of the gearbox power losses based on
mathematical equations previously proposed in the literature. Second, we perform
experimental measurements concerning the efficiency of a helical gearbox. Using a
test rig, we collected data in 12 distinct working conditions, which were different in
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terms of input speed and the input torques. We showed that by increasing the in-
put torque while maintaining the input speed constant, the gearbox efficiency in-
creases too. Similarly, the gearbox efficiency increases with increasing the input
speed, while maintaining the input torque constant. Third, we performed a com-
parison between the results of the gearbox efficiency acquired by applying the
analytical approach, and those acquired by experimental measurements. The out-
come indicated similar values for the two approaches.

Our efficiency results are lower than previously reported in the literature, pos-
sibly due to the low transmitting power by the used gearbox, relative to its maxi-
mum possible power. Finally, we recommend gearboxes to be used at the power at
which they were dimensioned, in order to obtain a maximum efficiency.
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