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Introduction
Technological trends in automotive and aeronautical industries 
are pushing geared powertrains towards high rotational speeds 
with pitch line velocities approximating 100 m/s (Ref. 1), large 
gear ratios with low number of stages (Ref. 2) and minimum oil 
immersion depths (Ref. 3). At such conditions, thermo-mechan-
ical issues are expected as bearings and gears are close to their 
thermal capacities.

Field experience in the turbomachinery industry has long 
proved that high-speed gearing is prone to thermal distortion 
effects. However, much of the knowledge remains restricted 
to the field of application and it is not available in the open 
literature. Seminal experimental work by Welch and Boron 
(Ref. 4) showed that in helical gear drives with relatively large 
face widths, the temperature of the teeth rises non-uniformly 
across the face width due to axial oil pumping. Longitudinal 
thermal gradients result in an uneven load distribution along 
the tooth trace and the authors pointed out that this behavior 
could be regenerative until tooth failure occurs. Subsequent 
works by Martinaglia (Ref. 5), Akazawa (Ref. 6), Matsumoto et 
al. (Ref. 7) and Amendola et al. (Ref. 8) prove such behavior and 
even numerically correlate thermal gradients to tooth root stress 
increase (Ref. 9).

Meanwhile, the number of evidences in small size gears is 
scarce and it is mostly concentrated on plastic gearing because 
thermal expansion coefficients are large and mechanical prop-
erties are temperature dependent. Wang (Ref. 10) concluded 
by finite element analysis of Nylon PA6 gears that because of 
temperature increase, the length of the contact path is expanded 

with increased premature contact effects and multiple teeth in 
mesh. Later, Kashyap et al. (Ref. 11) experimentally analyzed the 
thermal expansion of Acetal spur gears and found that geom-
etry change is mainly due to local pressure angle deviations that 
affect peak-to-peak transmission error at elevated temperatures. 
Even though references on thermally induced geometry distor-
tion of steel gears are rare, recently, Hensel et al. (Ref. 12) have 
numerically shown that temperature increase can affect trans-
mission error harmonic behavior when design contact ratios are 
close to an integer value. In the same direction, an experimental 
study by Luo and Li (Ref. 13) points out that temperature affects 
vibration amplitude of the system through thermally induced 
profile deviations, with temperature increases yielding larger 
vibration amplitudes.

In view of the lack of information on thermal distortion 
effects in small size steel gears, an experimental study of quasi-
static transmission error behavior under thermomechanical 
conditions is carried out in this work. Composite effect of 
temperature and load on backlash, mean level of transmission 
error and its peak-to-peak value are experimentally studied and 
results are compared to analytical predictions.

Methodology
In order to analyze the thermo-mechanical behavior of exter-
nal cylindrical gears, a specific back-to-back test rig has been 
built based on the standard FZG machine architecture (Ref. 14). 
The main differences between the designed test bench and 
those available in the market are the speed and torque limita-
tions, which have been overcome to study high power density 

a) Overall view of the test rig b) Front view: test gearbox with encoders

Figure 1  Designed test rig for gear thermomechanical behavior analysis.
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transmissions. Furthermore, test and drive 
gear sets have been thermally isolated from 
their bearings, so that the thermal behavior 
of the gear pair can be studied indepen-
dently from that of the bearings.

Test rig description. The designed test rig 
is shown (Fig. 1). It is composed of two equal 
gearboxes with inverse gear ratios (known as 
“test” and “drive”) following standard back-
to-back configuration. Gearboxes are con-
nected by two shafts; one of them being split 
in two parts with a load clutch in between 
for manual torque application with a lever 
arm. The traction motor rotates the main 
shaft so that the torque necessary to rotate 
the system is equal to the torque loss inside 
the loop. Two wireless, dual-range torque 
transducers located inside and outside the 
mechanical loop, measure the applied load and torque loss 
respectively.

In order to reach high circumferential speeds a liquid-cooled 
squirrel-cage induction AC motor for electric vehicles (EV) 
has been selected, reaching a maximum rotational speed of 
10.000 rpm. Built-in sensors and position encoders allow accu-
rate speed and torque control in the whole range. Moreover, in 
order to maximize tangential speeds, center distance has been 
increased up to 110 mm, so that the maximum attainable tan-
gential velocity is 60 m/s, as larger diameters and gear ratios 
are allowed with respect to the standard FZG machine. Shafts 
and bearings have also been adapted and the maximum torque 
inside the loop now reaches 1000 Nm, which results in 1 MW 
maximum recirculating power.

When the test rig is subject to high speeds, considerable heat-
ing of the bearings arises which affects temperature distribution 
of the gear pair due to their proximity. To solve this issue, an 
independent lubrication circuit has been designed such that the 
oil from the bearings is physically separated from the gear oil 
sump by means of a specially designed housing. An ISO VG 46 
oil is continuously pumped into each bearing housing through 
the lubrication pipes in Figure 1b at a minimum oil flow rate 
of 1 l/min. In order to avoid overflowing them, an additional 
suction pump has been installed which is driven by a servomo-
tor and balances the oil level inside each housing by controlling 
the oil level in the tank with a digital level and a programmable 
logic controller (PLC). Meanwhile, gears inside the gearbox 
may be jet or dip-lubricated, and even oil-out conditions can be 
simulated without affecting bearing supports. In case of oil bath 
lubrication, the relative immersion depth is adjusted easily, and 
if necessary, oil is heated by means of high-power density ther-
moelectric resistances located inside a sealed aluminum plate 
submerged in the oil sump. A thermocouple immersed in the oil 
sump measures the temperature of the lubricant which is then 
heated by means of thermal resistances connected to a PID tem-
perature controller.

The test rig includes several sensors to measure temperature, 
torque, speed, transmission error and oil condition. T-type ther-
mocouples measure the temperature of different parts (bear-
ings, housing, etc.) and a common data acquisition chassis 

synchronizes all signals. Temperatures of pinion and gear at 
several radial locations are measured and the rotating thermo-
couple signals are transmitted by means of a pair of slip rings. 
Moreover, each gearbox includes an oil condition sensor moni-
toring not only sump temperature, but water contamination and 
debris concentration as well — allowing for failure detection.

Finally, transmission error is measured with a pair of high-
resolution optical angle encoders with ±2.5" accuracy, equiva-
lent to ±0.6 μm for a 100 mm base diameter gear.

Test specimens. In this work, two spur gear sets are analyzed. 
Both are characterized by having a common 3 mm module, 
25 mm face width and 20° pressure angle; while gear ratios 
are different: test set A is a 1:1 transmission while set B is 2:1. 
Additional information can be found in Table 1.

Note that the number of teeth is non-hunting and therefore 
each tooth will contact the same mate in the gear every time so 
that the composite manufacturing pitch and profile deviations 
will be constant for each mesh cycle. This allows to clearly iden-
tify thermal distortion effects; as variable composite tooth errors 
are not expected. Finally, both geometries have been manu-
factured with the same reference profile, material, quality and 
tooth thickness tolerance; the only difference being the profile 
shift coefficient which has been selected to balance specific slid-
ing on each gear set. As a consequence, pinion and gear teeth 
geometry in set A are identical and those of set B are different 
due to dissimilar addendum modifications.

Operating conditions. The test program considers two steps: 
mechanical tests are carried out first and thermomechanical 
behavior is analyzed next. The former is used as a reference to 
analyze the effects of temperature increase on quasi-static trans-
mission error. Table 2 summarizes working conditions for both 
sets.

Tests will be completed at 1 Hz constant rotational speed, 
which is considered sufficiently low to avoid introducing 
dynamic effects. Nevertheless, in order to guarantee quasi-
static behavior, a preliminary dynamic study has been carried 
out and TE repeatability measurements have been completed. 
Besides, torque levels have been selected such that low and high 
unit loads are considered in combination with thermal effects. 
Nominal torque is 200 Nm and a total amount of five torque 

Table 1  Geometrical characteristics of spur gear sets A and B
Symbol Set A Set B

Normal module mn [mm] 3
Normal pressure angle an [°] 20

Number of teeth z1.2 [-] 37, 37 25, 50
Profile shift coefficient x1.2 [-] –0.1608, –0.1608 –0.0234, –0.7337

Face width b [mm] 25
Tip rounding hk [mm] 0.6

Tolerance field acc. DIN 3967 ES [-] cd25
Quality acc. ISO 1328 Q [-] 5

Reference tool acc. ISO 53 [-] A (1.25/1.00/0.38)
Material and treatment [-] 17NiCrMo6, case-hardened

Table 2  Working conditions for the quasi-static transmission error tests
Symbol Value

Input speed N1 [rpm] 60
Input torque Ti [Nm] 50, 100, 200, 400, 600

Immersion depth H I R [-] 0.5
Oil temperature Φo [°C] 50, 75, 100, 125, 150
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levels is considered.
Finally, thermo-mechanical tests are completed by progres-

sively heating the oil sump up to 150°C while rotating the gear 
pair at constant speed and prescribed torque, until the steady-
state temperature is reached. A paraffinic mineral oil ISO VG 
100 (Ref. 15) is used in the tests and the relative immersion 
depth is kept constant, just below the gear hub to ensure that 
radial temperature gradients are negligible.

Experimental procedure. The experimental setup and test 
procedure for the thermo-mechanical tests are graphically 
summarized in Figures 2a and 2b respectively. First, gears are 
mounted on the test and drive gearboxes and contact pattern 
is checked. If both gears are correctly assembled, lubricating oil 
is poured into the sump until the desired immersion depth is 
reached and torque level is adjusted with the lever arm. Once 
the exact value of torque is measured in the loop’s torque trans-
ducer, bolts are tightened in the load clutch and the lever arm 
is removed. Then, motor speed is preset in the control software 
and prescribed value is sent to the PLC controller which turns 
on the traction motor. Simultaneously, the bearing-independent 
lubrication pumps are turned on along with the motor cooling 
system. Gears are run-in for at least three hours at 1,500 rpm 
and 300 Nm torque. Afterwards, encoders are mounted on the 
input and output shafts of the test gearbox and both are con-
nected to the evaluation unit. Finally, gear thermocouples and 
slip ring are mounted on the drive gearbox which is connected 
to the data acquisition chassis. Both gearboxes being identical, 
temperature measurements in the drive gearbox can be extrapo-
lated to test one.

Mechanical tests are carried out first at room temperature 
(20 ±1°C). Torque is preset to the first load stage of the test 
program and motor is rotated at constant 60 rpm rotational 
speed. Then, angular position measurements are conducted at 
steady-state rotational speed comprising a minimum of 20 full 
rotations. Then, the motor is stopped and next load stage is 
prescribed with the lever arm. The measurement procedure is 
repeated with each of the torque levels until the maximum load 

is reached. Once the first load cycle is finished, the next cycle 
begins and the same steps are repeated from the lowest load 
stage to the highest one. A minimum of three repetitions are 
carried out in mechanical tests, each of them comprising sev-
eral torque levels. Although no significant temperature increase 
is expected in these tests due to their short duration, compo-
nent temperatures are monitored to ensure thermal effects are 
minimal.

The test program continues with the thermo-mechanical 
tests. The general procedure is kept but this time oil sump tem-
perature is increased progressively in each load stage. Once 
torque value is preset, traction motor is rotated at constant 
speed and oil sump is heated with thermal resistances. Oil tem-
perature is measured with a thermocouple immersed in the oil 
sump which sends instantaneous values to the PID controller 
and the acquisition system. The temperature of the oil bath, 
gear and housing is monitored and when steady-state condi-
tion is reached, angular position measurements are conducted 
following the procedure of the mechanical tests. Temperature 
is increased afterwards and when the next steady-state thermal 
stage is reached, measurements are completed in the same way. 
When the maximum temperature level for the considered load 
stage is attained, measurements are stopped until the whole sys-
tem is cooled down. Then, next load stage is prescribed and the 
process is repeated. When all load-temperature combinations 
are finished, the process starts again until three full repetitions 
are completed.

Finally, when all tests in set A are finished, set B is tested fol-
lowing the same procedure. In between, additional tests such as 
no-load transmission error tests and backlash measurements are 
performed.

TE measurement. Transmission error (TE) is defined as the 
variation of the output rotational motion of the driven gear for 
constant rotational speed in the driver one due to elastic effects 
and clearances in the mesh. Therefore, TE is a relative magni-
tude relating angular positions of pinion and gear, which can be 
measured by the optical encoders. In terms of the length of the 

a) Experimental setup b) Test procedure

Figure 2  Experimental setup and procedure for thermo-mechanical quasi-static TE measurement.
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line of action, TE can be computed following Equation 1 and the 
order of magnitude of its fluctuation at a specific torque is sev-
eral microns for common gear sets.

(1)TE = rb2 ∙ ∆Ɵ2 – rb1 ∙ ∆Ɵ1

where rb1 and rb2 are the base diameters of pinion and gear 
respectively and ∆Ɵ1 and ∆Ɵ2 are the (1)

incremental angular positions relative to the starting posi-
tion of the measurement. From Equation 1 one realizes that TE 
is always a negative parameter as the driven gear lags behind 
its theoretical conjugate position due to elastic deflections and 
backlash.

When transmission error is directly computed following 
Equation 1 the resulting curve presents a sinusoidal shape 
(Fig. 3a), characterized by a low frequency amplitude related 
to gear eccentricity and assembly errors and a high frequency 
cyclic variation due to time varying stiffness of the meshing 
teeth (Fig. 3d). In this work, thermomechanical effects are ana-
lyzed in the high frequency term which is related to tooth geom-
etry and backlash. The influence of gear eccentricity is filtered 
out while maintaining the shape of the cyclic variation at mesh 
frequency with characteristic mean levels and peak to peak val-
ues. To this aim, a Fast Fourier Transform (FFT) is carried out 
followed by a high-pass filtering of the signal as shown (Fig. 3).

First, the original signal is detrended by an amount equal to 
the mean level of the initial measurement, so that the sinusoidal 

curve is located on the abscissa as in Figure 3a. If the FFT is 
performed with the original signal, a big amplitude arises at 0 
Hz masking small amplitudes of interest; hence the offset must 
be removed beforehand. However, the mean value of TE is pre-
served for signal reconstruction as it depends on the initial posi-
tion of the gear pair, the applied load, temperature and available 
backlash.

Then, Fast Fourier Transform is computed in Figure 3b. Mesh 
frequency fm in these tests corresponds to the number of teeth 
z as the shaft rotation frequency is 1Hz. Subsequent harmon-
ics are located and N integer times the mesh frequency. Gear 
eccentricities to be filtered out are long-term errors (below mesh 
frequency) therefore, the high-pass filter must keep frequen-
cies above the cut-off value fc (in these tests fc ~= ½ · fm). Once the 
original signal has been filtered, it can be reconstructed by com-
puting the inverse transform (see Figure 3c) and finally, a set of 
5 mesh cycles is selected for analysis, mean peak-to-peak trans-
mission error is measured and initial offset is added to keep the 
mean level as shown (Fig. 3d).

Results
In the following section experimental results are summarized. 
Three types of measurements are shown: i) unloaded backlash 
tests at different temperatures, ii) loaded TE tests at room tem-
perature and iii) full thermo-mechanical tests. In all cases, mean 
level of TE and peak-to-peak values are analyzed.

a) Unfiltered TE acquisition b) Fast Fourier transform and high-pass filtering

c) Filtered TE time history d) Determination of PTP and mean level of TE

Figure 3  Sample TE measurement procedure in gear set A at 60 rpm and 100 Nm torque.
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Backlash tests. Backlash tests are preliminary measurements 
to characterize the amount of available clearance at increasing 
oil sump temperatures. These tests are carried out before ther-
momechanical ones and they are used to validate the influence 
of temperature on backlash so that a correlation between this 
parameter and the mean level behavior can be established in 
future experiments. The driven gear position is fixed with the 
load clutch support while the pinion is rotated in clockwise and 
counter-clockwise directions until contact of the flanks occurs 
and loop torque signal is increased in the torque transducer. 
Several repetitions are completed in three different angular 
positions and constant oil sump temperature. The graphical 
representation of the measurements of both encoders shows 
the amount of available backlash and the mean value of the dif-
ferent measurements is used for comparison with the design 
backlash. Figure 4 depicts the influence of temperature on total 
normal backlash, jbn, relative to the design value. Analytical pre-
dictions meet the design value at ambient temperature while 
increasing the oil temperature reduces the amount of available 
backlash linearly; which is the expected behavior if pinion and 
gear temperatures are assumed to be constant and equal to that 
of the oil sump. Meanwhile, experimental measurements fol-
low the analytical prediction provided that the influence of the 
housing expansion is suppressed as shown by DIN 3967 stan-
dard (Ref. 16). Note that gear dilatation tends to reduce backlash 
while center distance expansion increases it. Hence, if the effect 
of the latter is not suppressed from the raw experimental mea-
surement, it is not possible to analyze the influence of the gear 
expansion term.

Both gear sets show the same trend with temperature with 
analytical predictions following closely at least up to 100°C 
temperature. However, it is to be noted that the experimental 

measurement slightly deviates from the analytical predictions 
due to several reasons. On the one hand, housing and gear man-
ufacturing and assembly tolerances affect this correlation and 
on the other hand, theoretical linear thermal expansion coeffi-
cient for steel may deviate up to ±5·10−7 K−1 from its real value. 
Moreover, temperature differences may exist between the preset 
oil sump temperature and that of pinion and gear. Although 
manufacturing tolerances of the housing and thermal expansion 
coefficient deviations have been considered in the shaded error 
bar, the temperature differences are difficult to control, as it will 
be shown later in the discussion, especially at the highest tem-
peratures where the largest deviations arise.

Loaded TE tests. Figure 5 summarizes loaded transmission 
error measurements for both gear sets. Analytical predictions 
according to the thin slice model presented in (Ref. 17) have 
been included to highlight the expected behavior.

If attention is paid to the TE diagrams in ures 5a and 5b, 
it is observed that load tends to increase both, transmission 
error mean level and peak-to-peak values; therefore, the gear 
is increasingly delayed with respect to its theoretical position. 
Reference position corresponding to half normal backlash and 
coincident with the no-load transmission error term is high-
lighted in all diagrams such that increasing separation from 
this position indicates that the backlash gap increases with load. 
Moreover, it is also remarked that peak-to-peak values increase 
with torque while the premature contact effect tends to contract 
the region of single tooth contact at higher loads. This behavior 
is consistent with scientific literature and it is also predicted by 
the analytical model.

a) Set A b) Set B

Figure 4  Temperature effect on total normal backlash reduction.
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c) TE mean level with increasing loads, set A d) TE mean level with increasing loads, set B

a) TE behavior with increasing loads, set A b) TE behavior with increasing loads, set B

e) PTP TE with increasing loads, set A f) PTP TE with increasing loads, set B

Figure 5  Experimental loaded TE measurements for gear sets A and B at 20ºC temperature.

39June 2021 | GEAR TECHNOLOGY



a) TE behavior with increasing temperatures, set A b) TE behavior with increasing temperatures, set B

c) TE mean level with increasing temperature, set A d) TE mean level with increasing temperature, set B

e) PTP TE with increasing temperature, set A f) PTP TE with increasing temperature, set B

Figure 6  Experimental thermal TE results for gear sets A and B at 200 Nm torque.

Loaded and thermally affected TE tests. Figure 6 shows the 
influence of increasing temperature at constant torque. The 
initial TE curve at ambient temperature is shifted because the 
backlash gap is reduced while the overall shape of TE remains 
unchanged. No apparent peak-to-peak variation is noticed at 
first sight and no premature contact effect is clearly visible from 
subfigures 6a and 6b. If the latter are compared to the loaded 
results, it is observed that the effect of temperature on mean 
level is greater than that of load which is confirmed by the slope 

of the curve in subfigures 6c and 6d. Moreover, if the mean level 
behavior in these figures is compared to that of backlash in 
Figure 4 it is confirmed that the shift in mean level correlates to 
backlash change. Besides, it is interesting to remark that if pin-
ion and gear temperatures are constant and equal to that of the 
oil sump, the analytical trend does not predict any significant 
change in peak-to-peak TE behavior. However, experimental 
results in subfigures 6e and 6f show increasing peak-to-peak 
values with temperature.
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Summary of Experimental Results
Finally, Figure 7 gathers all thermomechanical results in gear 
sets A and B. All torque and temperature combinations repeat 
the mean level and peak-to-peak patterns described in preced-
ing figures. Increasing torque decreases TE mean level (stretches 
available backlash gap) while increasing temperature increases it 
(contracts available backlash gap); the influence of temperature 
on the latter being more prominent.

Meanwhile, peak-to-peak value is mostly influenced by torque 
and experimental results show that it slightly increases with 
temperature, which is not predicted by the analytical model 
where values remain almost constant. Furthermore, it is inter-
esting to note that the effect of temperature on experimentally 
measured peak-to-peak seems to be more pronounced at low 
torque. Such differences specially arise at the highest tempera-
tures and they may be explained by existing thermal gradients 
between components as shown later.

a) TE mean level behavior in set A b) TE mean level behavior in set B

c) TE peak to peak behavior in set A d) TE peak to peak behavior in set B

Figure 7  Experimental and analytical TE mean level and PTP comparison for variable temperatures and torques in both gear sets.
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Discussion
Constant temperature increase. Figure 8 depicts the 
effect of diameter growth on spur gear teeth profile 
and mesh behavior. A radial expansion results in a 
pitch increase, local pressure angle deviation and nor-
mal backlash decrease.

If pinion and gear temperature increase are equal, 
∆Θb1 = ∆Θb2, no relative pitch deviation exists and pro-
file inclination errors are equal in pinion and gear as 
predicted by Equations 2 and 3, respectively. Therefore, 
mesh behavior should not be affected by constant tem-
perature increases and peak- to-peak TE is expected to 
be exclusively ruled by torque.

(2)fpt = pyt'–pyt = τ (ry'–ry) 2 ∙ π z–1 u(ry) = mt ∙ π ∙ αL ∙ ΔΘb

(3)fα ≈ –Δdb ∙ [db ∙ tan (αyt)]–1 = –αL ∙ ΔΘb [tan (αyt)]–1

where mt is the module, αL is the linear thermal expan-
sion coefficient and αyt is the local pressure angle.

However, it can be analytically proved that a con-
stant temperature increase does lead to a constant 
backlash reduction in the line of action and therefore 
TE curves are shifted as experimentally observed in Figures 6a 
and 6b. If Equation 1 is broken down in loaded and unloaded 
terms, we have:

(4)TE = rb2 ∙[∆θ2,L+∆θ2,NL] –rb1 ∙[∆θ1,L+∆θ1,NL] = rb2 ∙ ∆θ2,L –rb1 ∙ ∆θ1,L+NLTE

where NLTE is the no-load transmission error term representing 
composite geometry deviations, ∆ε1+∆ε2. Now, consider the fol-
lowing relation for profile thermal distortion in the base tangent 
plane:

(5)∆ε (ξy) ≈ u(ξy) ∙ sin(αyt) = [rb ∙ √1+ξy
2  ∙ ∆Θ2+αL ] ∙ sin[arctan(ξy )]

where rb is the base radius and ξy is the roll angle at any pro-
file position. Applying the inverse trigonometric relation sin 
[arctan(ξy)] = ξy (1+ξy

2)–½, the preceding Equation 5 can be 
rewritten as:

(6)∆ε (ξy) ≈ ∆Θb ∙ αL ∙ rb ∙ ξy = αL ∙ ∆Θb ∙ ρy  = αL ∙ ∆ΘbTnPy

where TnPy is the distance between any point in the profile and 
the tangent to the base circle. Equation 6 describes a linear 

behavior of profile thermal distortion ∆ε with roll angle ξy, 
which is consistent with Equation 3. Computing backlash 
decrease for equal pinion and gear temperatures we have:

(7)∆jbn' = ∆jbn – ∆εH = ∆jbn – [αw ∙ αL,H ∙ ∆ΘH ∙ sin(αwt)]

which is constant for gear pairs with the same material. This 
proves that under these conditions the NLTE term in Equation 
4 is constant as well and the TE diagram is shifted with respect 
to the purely loaded behavior. If housing expansion ∆εH is con-
sidered together with Equation 7, the amount of total backlash 
change ∆jbn’ is reduced but maintains the constant trend along 
the line of action observed experimentally.

(8)∆jbn' = ∆jbn – ∆εH = ∆jbn – [αw ∙ αL,H ∙ ∆ΘH ∙ sin(αwt)]

Thermal gradients. Equations 4 to 8 prove that an equal 
temperature increase in pinion and gear does not affect the TE 
curve shape because relative profile deviations are constant. 
Only backlash (i.e. mean level of TE) is reduced. However, it has 
been observed that peak to peak TE slightly increases in almost 

Figure 9  Gearbox temperature distribution relative to preset temperature in PID.

a) Pitch and pressure angle deviations b) Clearance decrease

Figure 8  Effects of temperature increase on profile geometry and mesh behavior.
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all test cases at the highest temperatures, which is not followed 
by analytical predictions.

Figure 9 summarizes measured mean temperatures and cor-
responding deviations of different parts of the gearbox for each 
temperature stage. At oil bath temperatures below 100°C, the 
steady state sump temperature is almost equal to the preset 
value and no significant temperature difference exists between 
the oil sump and the gear teeth. However, at higher tempera-
tures, the standard deviation increases significantly indicating 
that the PID control hardly maintains oil sump temperature. 
Moreover, gear teeth temperature is higher than that of the oil 
bath, probably due to friction coefficient increase which pro-
gressively heats gear teeth above the oil bath temperature due to 
surface sliding.

In cases where the tooth temperature is higher than that of 
the oil, the available backlash should be reduced more than 
expected according to Equation 7. Therefore, experimentally 
measured mean level of transmission error in Figure 7a should 
overcome the predicted value, but this is not the case. It is to be 
noted in Figure 9 that at high temperatures not only thermal 
gradients arise between the oil sump and the gear teeth but also 
between the teeth and the shaft. Consequently, radial thermal 
gradients prevent maximum tooth deformations and corre-
sponding backlash reduction. The final mean level depends on 
the exact temperature distribution for each case. Moreover, the 
existence of temperature differences between pinion and gear 
also explains the increasing peak-to-peak TE with temperature. 
Figure 10 shows the influence of thermal gradients between 
pinion and gear on both gear sets. As expected, peak-to-peak 
transmission error computed including temperature differences 
approaches the experimental result.

Conclusions
In this work an experimental study of thermo-mechanical 
quasi-static transmission error behavior has been developed. 
Scientific literature review presented in the introductory para-
graphs has shown that no experimental evidence on the com-
posite effect of temperature and torque on transmission error 
exists up to date. Then, a novel back-to-back test rig for high-
speed gears has been described, experimental methodology 
has been presented and finally, measurement results have been 
summarized. Tests have been conducted at low rotational speed, 
constant torque and constant oil sump temperatures such that 
pinion and gear teeth temperature is assumed to be equal to that 
of the oil bath. Overall results show that the effect of tempera-
ture and torque coexist in TE diagrams. Both parameters have 
a significant role in the mean level of transmission error while 
the influence of torque on peak-to-peak is prominent relative 
to that of temperature. Furthermore, it has been shown that 
temperature increase reduces the amount of available backlash 
and therefore mean level of transmission error is affected. Both 
parameters have been shown to be correlated and an analyti-
cal proof has been provided. However, the analytical model has 
not predicted the experimentally observed variation of peak-
to-peak TE with increasing temperature and discrepancies have 
been attributed to thermal gradients between components. 

a) Set A b) Set B

Figure 10  Influence of thermal gradient on peak-to-peak transmission error.
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