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Abstract: The purpose of this study is to generate some experimental data associated with the thermal
heat exchange between an oil jet flow and a rotating gear. To this end, a specific test bench was
designed. The principle of this test bench is to inject oil heated to a temperature of about 80 ◦C onto
a rotating test sample at ambient temperature. Temperature measurements of the oil via injection
nozzles and the rotating component allow the determination of the heat flow between these elements
using a numerical method developed to this end. This test rig enables the study of the parameters
that may affect heat exchange, such as oil flow rate and injection temperature, nozzle geometry and
position, gear rotational speed and tooth geometry, or oil characteristics. In this study, three of these
parameters were investigated, namely the test sample rotational speed, the oil flow rate, and the oil
jet velocity. The experiments were conducted on an aluminum disc and spur gear. Subsequently, the
experimental results were compared with existing models that represent the convective exchanges
between oil and a gear. Some discrepancies between existing models and experimental results appear
at high rotational speeds, underlining that the convective heat transfer does not always increase with
this parameter.

Keywords: gear; lubrication; pressurized oil jet flow; heat transfer by convection; thermal resistance

1. Introduction

The European Commission has set a target of reducing the greenhouse gas (GHG)
emissions of the European Union by over 90% by 2050, compared to the 2000 levels [1]. For
the aerospace industry, this objective translates into a drastic reduction in sector emissions
by 2030, reaching carbon neutrality in 2050, and reducing Nitrogen Oxide (NOx) emissions
by 90% compared to those of 2000. In the context of increasing air traffic, this commitment
requires the aerospace industry to adapt and propose innovative and ambitious solutions
to meet environmental challenges while ensuring flight safety, complying with emission
noise standards, and ensuring its economic sustainability.

When it comes to technology, the lubrication of power transmissions is one of the
technological elements that is subject to risk assessments while contributing to the overall
efficiency of mechanical transmissions. While a small amount of oil is sufficient to form
a film that ensures contact surface separation between moving mechanical parts, a much
larger amount is necessary for cooling these components. In aerospace mechanical trans-
missions subject to high rotational speeds, several studies have shown that losses generated
by the interaction of oil and rotating components constitute a major source of dissipation [2].
As these losses increase with the amount of lubricant used, this quantity must be adjusted
to avoid degrading the efficiency of the transmission under consideration [3,4].

Gears are a priority as they convey the majority of the power and must therefore be
properly cooled from the lubricant. Blok [4] defines a convective exchange on the tooth of
a gear based on fling-off cooling. This result has been used in several studies to estimate
an average convective heat transfer coefficient which can be employed as a boundary
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condition in finite element models. As an example: (i) Patir N. and Cheng H.S. [5] proposed
a model to predict the overall temperature of a mechanical transmission; (ii) Long [6]
simulated the temperature of gear teeth at high speeds, taking into account the effects
of gear geometry, rotational speed, and lubrication conditions; (iii) Townsend et al. [7]
developed a computer program for predicting gear-tooth temperatures and the importance
of oil jet cooling in preventing scoring, with the need for an experimental determination
of heat-transfer coefficients. In addition to the above-mentioned studies, the works of
Xing C. [8], G. Niemann [9], Peng Jie [10], and Duan Yang [11] showed that for gears
operating under high speeds, a pressurized oil jet is required to provide adequate cooling
and prevent gear failure caused by high bulk temperatures.

In order to optimize gear lubrification, several studies have developed numerical
approaches to investigate this question: Xiaozhou H. [12] simulated the oil jet lubrication
of meshing spur gears with computational fluid dynamics (CFD) simulations based on
the Boltzmann lattice method (LBM). The results show that lubrication performance is
improved by adjusting the injection parameters and that the LBM method can be used to
further investigate the effects of heat in gears. The volume of fluid (VOF) method can be
used to model immiscible multiphase fluid systems at the interface scale and was used
by Fondelli T. [13,14], Dai Y. [15–17], and Wang J. [18–20]. The works of Keller M. [21],
Liu H. [22], and Ji Z. [23] on Smoothed Particle Hydrodynamics (SPH) can also be men-
tioned. The finite volume (FV) method is another way of representing partial differen-
tial equations in the form of algebraic equations. This method is based on the work of
Concli F. [24] and Fondelli T. [25].

Studies from the literature have concluded that the accurate prediction of the gear
bulk temperature using numerical methods is possible, despite difficulties in obtaining
accurate values of frictional heat flux and heat transfer coefficients. In an attempt to study
a distribution of the convective exchange coefficient along the gear, Von Plehwe et al. [26]
developed a new approach based on a comparison between a specific test rig and finite
element model. However, all the cases assumed that this exchange occurs over the entire
tooth. This is not necessarily the case, as suggested by the work of Akin [27]. His study
shows that the industrial standard nozzle orientation can cause incipient gearing failure
in high-speed drives due to the deprivation of primary impingement on the gear. It also
suggests that a minimum jet velocity is necessary to lubricate the gear teeth, and a minimum
offset is required to guarantee impingement on the gear under certain operating conditions.
The maximum impingement depth is not more than 10% of the tooth profile depth.

Based on previous studies, it appears that experimental data on the thermal heat
exchange between a rotating gear and an oil jet flow are relatively scarce. To overcome
this lack, a new test rig has been designed to directly study the above-mentioned thermal
resistance without making assumptions about surfaces in convective exchange with oil.
The proposed test bench allows to simulate real operating conditions and measure the
performance of gear oil heat exchanges under controlled conditions. With this test bench, it
is possible to study in-depth the various lubrication parameters, such as nozzle geometry,
injection speed, and oil flow rate, and their influence on gear performance. The aim of
this paper is to present the experimental procedure which was developed to determine
the thermal resistance of convection between oil flow and a rotating sample. To illustrate
this procedure, this work focuses on studying the thermal resistance of two types of test
samples, namely a disc and a spur gear, by varying a parameter (oil jet velocity, oil flow
rate, or rotational speed) in each experiment. First, the test bench is presented, then the
operating procedure and the related assumptions are explained. Finally, the experimental
results are compared with existing models and discussed.

2. Test Equipment
2.1. Injection Test Rig

Figure 1 shows a schematic top view of the injection test bench. In this paper, the
test sample is a disc or a gear. The rotation of the test sample is imposed by an electric
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motor and transmitted by a belt to the shaft. One or several nozzles can be positioned
in the housing with 5 degrees of freedom except for the roll. A type K thermocouple
with a ±0.5 ◦C precision allows the measurement of the injected oil temperature and bulk
temperature of the test sample (Figure 2) using the same technique as that of Issac et al. [28]
and Navet et al. [29], which validates the experimental approach.
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Figure 2. Thermocouple diagram on the test sample.

The lubrication system consists of two independent circuits (Figure 3), each composed
of a pump, a filter, and a flowmeter (with ±1% accuracy). The pumps deliver a maxi-
mum flow rate of 14 L/min with a 12 mm nozzle diameter. These circuits allow for the
homogeneous circulation of oil in an oil tank. It is equipped with a heating element and
thermocouples for oil temperature control. A 3-way valve enables switching from a closed
circuit (oil heating) to injection to the test mobile.
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The thermocouple which allows to measure the temperature of the test sample can be
placed at several locations in the test sample studied: holes visible in Figure 4.
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The operating range of the injection test bench is given in Table 1. A second gear can
be positioned to have a pinion-gear pair but is not used in this paper.

Table 1. Maximum operating range of the injection bench.

Parameter Maximum

Rotational speed (rpm) 10,000
Mobile diameter (mm) 250

Mobile width (mm) 140
Nozzle–mobile distance (mm) 200

Nozzle diameter (mm) 12
Number of nozzles (-) 2
Oil temperature (◦C) 120

Flow rate per nozzle (L/min) 14
Jet velocity (m/s) 20
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A plexiglass front panel is used to visualize the oil flow impacting the rotating test
sample. There are two phenomena to observe (Figure 5): first, the penetration of the jet
into the space between the teeth in the axis of the nozzle and then the oil removal from the
tooth faces by a centrifugal fling-off, studied by Blok [4], during the rotation of the gear.
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2.2. Test Samples

Both a disc and a spur gear were studied; their geometries are defined in Table 2.
The test samples already studied on this modular test bench were a disc and a spur gear
(Figure 6). The test specimens are defined in Table 2. The lubricant properties are given in
Table 3.

Table 2. Characteristics of the disc and spur gear.

Disc Spur Gear

External diameter (mm) 100 160
Thickness (mm) 24 16
Module (mm) - 5

Pressure angle (◦) - 20
Tooth number (-) - 30
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Table 3. Oil properties.

Temperature (◦C) Density (kg/m3) Dynamic Viscosity (Pa·s)

40 853 0.0539
100 819 0.0068

The test samples were made of aluminum 2017 A (AU4G) to have low Biot numbers
with the stated goal to consider them as isothermal while offering high thermal conductivity
(150 W/mK). In order to verify this assumption, the same experiments were conducted by
measuring the temperature at different locations. Figure 7 shows the temperature evolution
of the gear with one position of the thermocouple toward the shaft Tint and the other
position toward the tooth Text (visible in Figure 6). The characteristics of this test are given
in Table 4. The average temperature difference between the two tests was 0.42 ◦C. The
nozzle–mobile distance was 35 mm to ensure that the oil jet reached the test sample for all
ranges of oil injection parameters.
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Table 4. Isothermal test conditions on the gear test sample.

Mobile Gear

Injection flow rate (L/min) 5.9
Nozzle diameter (mm) 8
Set temperature (◦C) 60

Nozzle–mobile distance (mm) 35
Rotational speed (rpm) 450

3. Experimental Approach
3.1. Protocol

After positioning the test sample and the injection nozzle with the associated type K
thermocouples, the oil tank heaters and pumps must be activated. Once the oil has reached
the desired temperature, the test sample is set into rotation, and the valve is opened. Upon
completion of the test, the valve is closed, and the test sample is stopped.

The data collected include the temperature measurements from the thermocouples
and experimental constants such as flow rate, rotational speed, geometry, and positioning
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of the nozzle(s) and the test sample. After the data have been collected, they are processed
to determine the time constant and calculate thermal coefficients such as (hS) product or
thermal resistance. These results are then analyzed.

3.2. Temperature Measurement

The gear, oil, and housing air temperatures obtained from the test are shown in
Figure 8. Oil corresponds to the temperature of the oil at the nozzle outlet, Air corresponds
to the temperature of the air inside the housing, and Gear represents the bulk temperature
of the gear. The characteristics of this test are given in Table 5.
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Table 5. Example of experimental parameters.

Mobile Gear

Injection flow rate (L/min) 1.67
Nozzle diameter (mm) 1.35
Set temperature (◦C) 75

Nozzle–mobile distance (mm) 35
Rotational speed (rpm) 3000

Figure 8 highlights the different temperatures associated with the studied gear, includ-
ing heat exchanges with the oil and the air. The temperatures show that there is a thermal
equilibrium at a temperature different from the injection one. Therefore, there is a need to
construct a thermal model to correctly identify and quantify the two phenomena in order
to isolate the convection between the oil and the gear.

3.3. Time Constant Determination

The data retrieved from the experiment are used to specify a test duration for the
test, which starts when the injection valve is opened, i.e., when oil is injected onto the
test sample.
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It is considered that the test sample is impacted by both oil and air. By assuming an
isothermal test sample (as shown by previous results), the first law of thermodynamics
leads to the following equation:

mc
dT
dt

= hoilSoil(Toil − T) + hairSair(Tair − T) (1)

where 1
hoilSoil

,
(

1
hairSair

)
are thermal resistance (K/W) between oil (and air, respectively) and

the test sample, and mc (J/K) is the thermal inertia of the test sample.
Then:

dT
dt

+

(
hoilSoil

mc
+

hairSair
mc

)
T =

hoilSoil
mc

T
oil

+
hairSair

mc
Tair (2)

The use of the implicit Euler [14] method results in the following system formulation:

T(i+1)

(
1 +

1
τoil

+
1

τair

)
= T(i) +

Toil (i+1)

τoil
+

Tair (i+1)

τair
(3)

where i is the index corresponding to a time step, T(i) (◦C) is the temperature of the moving
device at time step i, Toil (i+1) (◦C) is the temperature of the oil at time step i + 1, and
Tair (i+1) (◦C) is the temperature of the air heat exchange at time step i + 1.

The thermal time constant τ (s) of a system corresponds to the time required by this
system to reach approximately 63.2% of its equilibrium temperature after a sudden change
in its operating conditions. Here, the thermal time constants associated with oil and air
heat exchanges are defined by:

τoil =
mc

hoilSoil
and τair =

mc
hairSair

(4)

The theoretical temperature of the test sample is calculated with curve fitting, which
estimates the temperature from two parameters, τoil and τair, to be optimized. This
method uses the minimization of the differences between the experimental values and the
calculated ones:

Error =

√
∑

i

(
T(i) − Ttest sample(i)

)2
(5)

In this case, the curve-fitting algorithm can be decomposed as follows:

• Initialization with the experimental test sample temperature:

T0 = Ttest sample0 (6)

where T0 (◦C) is the initial temperature of the test sample, and Ttest sample0 (◦C) is the initial
temperature measured from the experiment.

• Recursive algorithm using the curve-fitting method of (5) to determine the variables
τoil and τair in (3).

Because of this calculation, it is possible to plot the simulated temperature of the test
sample (Figure 9). The curve fitting corresponds to the temperature measurements of the
test sample, and the residual error of Equation (5) between the two curves is 0.4 ◦C over
almost 400 measuring points.
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3.4. Convective Thermal Resistance

Once the time constant is determined, the thermal resistance (K/W) or (hS)oil product
(W/K) between oil and the test sample is directly obtained by:

Roil =
1

(hS)oil
=

τoil
mc

(7)

Experiments on the repeatability of the injection test bench measurements were carried
out. These experiments were essential to ensure the validity and reliability of the obtained
results, as well as to improve the performance of the method by identifying potential
sources of error.

3.5. Measurement Error and Uncertainty

The error is calculated using the uncertainty range for type K thermocouples, i.e.,
±0.5 ◦C. Once a test and its post-processing have been carried out, it is possible to deter-
mine the error induced on the (hS)oil product. By varying the temperature data by ±0.5 ◦C,
the error which is induced on the (hS)oil product is very small: relative error less than 1%.
Over several tests, an average of 0.8% relative error on the (hS)oil product was found with
this experimental protocol, this post-processing, and this numerical curve-fitting method.

4. Results
4.1. Disc
4.1.1. Rotational Speed and Oil Flow Rate

Several experiments were conducted on the disc presented in Table 2 to investigate
the influence of rotational speed and oil flow rate on heat exchange.

The characteristics of the test are shown in Table 6. As far as lubrication parameters
are concerned, they were chosen to be in accordance with experiments conducted on a
twin-disc machine [28]. A diagram to better understand the location of elements in the
test bench can be seen in Figure 10. The nozzle is positioned at a distance L from the outer
surface of the disc (or gear) and in the horizontal axis of the test sample center.
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Table 6. Experimental conditions of the oil flow (Disc).

Mobile Disc

Injection flow rate (L/min) [3.8, 6.65]
Injection speed (m/s) [1.26, 2.20]

Nozzle diameter (mm) 8
Set temperature (◦C) 80

Nozzle–mobile distance, L (mm) 35
Rotational speed (rpm) [0, 150, 750, 1500, 2250, 3000]
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It is well known that convection heat transfer increases with turbulence. So, one
can suppose that convection between oil flow and a rotating disc (in other words, (hS)oil
product) will increase with oil jet flow and the rotational speed. It can be pointed out from
Figure 11 that this behavior is confirmed with the injection rate, especially at higher speeds.
As far as the rotational speed is concerned, an increase appears for limited values of N,
whereas a small decrease/consistency is obtained from 1500 to 3000 rpm.
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4.1.2. Oil Jet Velocity

A second study investigated the impact of oil jet velocity on heat exchange. It was
conducted by varying the nozzle diameter at a constant oil flow rate. The test characteristics
are shown in Table 7.

Table 7. Experimental conditions of the oil injection velocity study (disc).

Mobile Disc

Injection flow rate (L/min) 3
Injection speed (m/s) 16 3.9 1.8 1.0

Nozzle diameter (mm) 2 4 6 8
Set temperature (◦C) 80

Nozzle–mobile distance, L (mm) 35
Rotational speed (rpm) 1500

In this test (Figure 12), the (hS)oil product increases with the oil injection speed, from
4.8 W/K for 1.0 m/s to 7.6 W/K for 16 m/s, which confirms that heat transfer increases
with turbulence associated with oil jet flow. Nevertheless, a strong reduction in this slope
is visible between 4 and 16 m/s.
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It can be noted that when the oil jet is greater than the disc peripheral velocity, then
the exchange is stagnated (the slope decreases).

4.2. Spur Gear
4.2.1. Rotational Speed and Oil Flow Rate

Similar to the disc, a gear was studied whose characteristics are given in Table 2.
The purpose of the test was to determine the impact of the oil injection flow rate at

a constant oil flow rate and the gear rotational speed on its thermal behavior. The test
parameters are presented in Table 8. As far as the gear is concerned, values were chosen to
be in accordance with aeronautical applications [30].
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Table 8. Experimental conditions of the oil flow (gear).

Mobile Gear

Injection flow rate (L/min) [0.83, 1.67]
Oil jet velocity (m/s) [9.66, 19.45]

Nozzle diameter (mm) 1.35
Set temperature (◦C) 75

Nozzle–mobile distance (mm) 35
Rotational speed (rpm) [150, 250, 500, 700, 1000,1500, 2500, 5000]

The post-processing of the different experiments allows Figure 13 to be plotted, which
represents the (hS)oil product as a function of the gear rotational speed ranging from 150 to
5000 rpm.
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Figure 13. Impact of oil injection rate and gear rotational speed.

In both flow rates (0.83 and 1.67 L/min), the same trend is observed. A first phase of
increase in the (hS)oil product at low gear rotational speeds is seen for both oil injection
rates. A second phase of stagnation and subsequent decrease in the (hS)oil product occurs
beyond a certain gear rotational speed. The transition between these two phases occurs at
different speeds depending on the oil flow rate (1000 rpm for 0.83 L/min and 1500 rpm for
1.67 L/min). At an oil flow rate of 0.83 L/min, the reduction is significant, from 13 W/K to
6 W/K. For an oil flow rate of 1.67 L/min, the reduction is equivalent, from a maximum
of almost 15 W/k to 10 W/K. Similar to the results of the disc tests, these results confirm
that oil convection heat transfer does not always increase with turbulence associated with
gear rotation.

4.2.2. Oil Jet Velocity

A second study was conducted to investigate the impact of the oil jet velocity by
varying the nozzle diameter at a constant flow rate (the oil jet velocity decreases as the
nozzle diameter increases). The test characteristics are shown in Table 9. The results are
shown in Figure 14.
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Table 9. Experimental conditions of the oil injection velocity study (Gear).

Mobile Gear

Injection flow rate (L/min) 3
Injection speed (m/s) 16 3.9 1.8 1.0

Nozzle diameter (mm) 2 4 6 8
Set temperature (◦C) 80

Nozzle–mobile distance, L (mm) 35
Rotational speed (rpm) 1500
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Similar to the disc experiments, increasing the oil jet velocity at a constant flow rate
increases the (hS)oil product.

4.3. Comparison with Existing Model (Gear)

The work of Blok [4] provides a formulation of convection coefficient between oil and
a rotating solid of the following form:

hoil =

√
Ω

2π
χ

(
ν0Hd

ra

) 1
4
Q (8)

with Q = 0.8, a dimensionless coefficient corresponding to the amount of energy accumu-
lated in the oil film in contact with a gear tooth and per unit width of that tooth given by
Blok [4].

The oil-wetted surface area on the gear is supposed to be the entire tooth profile except
for the tooth flanks, as assumed by Von Plehwe et al. [26]. The contact surface area is
obtained as follows:

Soil = Z [2(bHd) + (bl) + (be)] (9)

with:
b: Tooth/gear width (m)
l: Length of the tooth head (m)
e: Length of the inter-tooth space at root circle (m)
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Hd: Height of the tooth (m)
Z: Number of teeth of the gear

The Blok model (hoilSoil from Equations (8) and (9)) can be compared to the series of
tests presented in Figure 13. It correlates with the experimental values (Figure 15) until at
the second phase, with a decrease in the (h S)oil product occurring above (1000 rpm for
0.83 L/min and up to 1500 rpm for 1.67 L/min).
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The experimental result corresponds to the trend of the Blok model with an increase in
the (hS)oil product (i.e., an increase in the convection coefficient h because Blok’s formula-
tion (8) does not consider any change in the exchange surface when the rotational speed is
changed). The correlation between the experimental data and this model continues upward
to about 1000 rpm for tests with an injection rate of 0.83 L/min and 1500 rpm for an oil
injection rate of 1.67 L/min. Test results at higher rotational speeds are very distant from
those of the model used.

This difference in the (hS)oil product in the second phase can be due to several expla-
nations. In fact, considering the speed ratio between the rotational speed of the gear to the
oil injection velocity, it may modify the surface wetted by the oil on the test sample.

A possible modification of the heat-exchange surface area can be analyzed through
disc experiments. Indeed, a theoretical value of the convective heat transfer coefficient with
oil can be calculated from the following relationship [28]:

htheo = 0.1544
(

voil
dnozzle

ν

)0.485(ν

a

)0.463
(

Ω
d2

disc
ν

)0.325
λ

dnozzle
(10)

Then, the theoretical value of the exchange surface can be found using this relationship:

Stheo =
(hS)oil
htheo

(11)

This analysis confirms that the heat-exchange surface area S decreases with the test
sample rotational speed: it is reduced by 35% when the disc rotational speed evolves from
1500 to 3500 rpm.
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As far as gear is concerned, Akin [27] highlights that the velocity ratio (12) can be used
to characterize the oil penetration rate between two teeth and thus provide an estimate
of the oil-wetted surface area between the oil and the gear. The higher the oil jet velocity
against that of the gear (teeth), the more the oil penetrates the inter-tooth space and
encounters the test sample surface. This depth of impact is also the cause of a certain
amount of oil that remains trapped in the space between teeth, which is visible in Figure 5
both toward the injection zone and on the whole gear circumference, with projections and
films of oil also visible on the left side of the picture.

rΩ

voil
(12)

The oil penetration rate between two teeth can be mitigated by the gear windage effect
which increases with gear rotational speed [31]. Moreover, Dawsen [32] and Pallas et al. [33]
found that it is more significant on the spur gear than on the disc because the windage phe-
nomenon depends on the volumetric flow rate expelled by the teeth. Optimal parameters
were identified, but no unique formulation was valid for all sample geometries. Further
investigations must be conducted to study the influence of the windage effect.

5. Conclusions

A test bench was developed to investigate oil injection lubrication in mechanical
transmissions. This injection bench enables the study of various types of gears at different
rotational speeds, and the positioning of one or more oil-injection nozzles at different
locations. Experiments were conducted on a rotating disk and a spur gear. The initial
results obtained from this test bench allowed for the identification of influential parameters
on the thermal resistance between oil and the test sample, such as injection flow rate,
sample rotational speed, and injection nozzle diameter. These experiments highlighted
that existing models which can be found in the literature can be consistent within certain
operating conditions, but some discrepancies also exist due to the lack of consideration of
all parameters in the analytical formulations. Indeed, at high rotational speeds, the con-
vective heat transfer does not always increase with this parameter. Further investigations
into the influence of multiple parameters and underlying models could help to control
and understand the various phenomena (thermal losses and transfers) that occur during
injection lubrication.
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Nomenclature

a thermal diffusivity [m2/s]
b width of the tooth [m]
c heat capacity [J/kg·K]
d diameter [m]
e length of the inter-tooth space at root circle [m]
h convective exchange coefficient [W/m2·K]
Hd tooth height [m]
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l length of the tooth head [m]
L nozzle–mobile distance [mm]
m mass of the test sample [kg]
N rotational speed [rpm]
Q amount of energy accumulated in the oil film [-]
r radius [m]
R thermal resistance [K/W]
S heat exchange surface area [m2]
T temperature [◦C]
v injection velocity [m/s]
Z number of gear teeth
λ thermal conductivity [W/m·K]
ν kinematic viscosity [m2/s]
τ time constant [s]
Ω angular speed of the gear [rad/s]
χ thermal effusivity [N/ms1/2◦C]
Subscripts
air refers to air inside the housing
disc refers to aluminum disc
i refers to the time in seconds from the beginning of the oil injection
nozzle refers to the injection nozzle
oil refers to oil injected into the housing
theo refers to the theoretical calculation
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