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 a b s t r a c t

Besides ensuring physical separation between contact surfaces and removing the heat, lubrication oil in helicopter 
(MGB)s is also used to convey any metallic debris to instrumentation capable of providing indications on the 
health status of the MGB itself. Accurate knowledge of the actual oil flow patterns, not only of its main directions, 
and of the parameters that may influence them is required for this mechanism to function properly. A new test 
rig is proposed here, designed to provide insight of the oil flows inside a jet-lubricated test gearbox with a 
quantitative approach rather than a qualitative one. An extensive test campaign has been conducted on this test 
rig, and the results are reported here. Subsequently, these results are discussed to highlight the factors that most 
influence the behaviour of the lubricant oil flow after the jet impingement on the flanks.

1.  Introduction

Gears are machine elements that transmit power (i.e., rotation and 
torque) between different axes, modifying the torque/speed relationship 
with an adequate level of efficiency and compactness. Their operation 
principle relies on a loaded contact in which rolling and sliding occur 
simultaneously along the meshing flanks. In common engineering prac-
tice, lubrication is introduced to maintain a fluid film between the con-
tacting surfaces, hence keeping them separate, and to remove the heat 
produced during meshing. Oil is selected for high-speed transmissions 
[1]. Oil can be supplied to the gear flanks with two different strategies: 
splash lubrication, in which rotating gears enter the oil sump, and jet 
lubrication, where oil is supplied through dedicated nozzles. This latter 
lubrication strategy, which is the focus of this article, is adopted because 
of it great advantages on the overall gearbox efficiency.

Helicopter MGBs are particularly critical due to the potential catas-
trophic consequences of their failure. For this reasons, their lubrication, 
in addition to preventing failures, has a third function, related to sys-
tem safety: it allow for the detectability of potential component damage. 
Indeed, inside MGBs, the oil collects potential metallic debris resulting 
from component damage and transport it to a chip detector, which pro-
vides information on the health status. Here, the designer must ensure 
that the lubrication oil is supplied to the critical areas, where it collects 
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the possible debris and then it provides such debris to the chip detector. 
The latter should be placed in a position favourable to the oil collection. 
Hence, it must be ensured “that the chip detection systems that are installed 
in rotorcraft rotor drive systems achieve an acceptable minimum level of ef-
fectiveness in detecting the incipient degradation or failure of components of 
the rotor drive system”, as stated by (EASA) in 2021 [2]. Therefore, it 
is fundamental the knowledge of oil flows direction, together with their 
magnitude, as well as the factors that govern them. All of the above must 
be done without focusing only on the meshing region, but also after the 
jets impingements on the flaks while looking to the whole housing.

To illustrate the scale of a typical MGB, the AW189 MGB incorpo-
rates two input shafts, each driven by a ≈ 1.5 MW turbine rotating at ap-
proximately 21 000 rpm, and delivers power to the main rotor at roughly 
290 rpm. This configuration yields an overall speed reduction of about 
75:1 and with a total input power of almost 3 MW. The lubrication sys-
tem employs almost 30 L of oil to service all critical elements, including 
gears and bearings, through a combination of dip-based splash lubrica-
tion and jet lubrication [3,4].

This context have strengthened the industrial interest in using (CFD) 
tools during design stages to characterise internal lubrication flows. 
In particular, the need to enhance the detectability of metallic debris 
[2] has intensified the efforts to predict how oil circulates within com-
plex gearbox architectures. Recent studies have demonstrated that CFD
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simulations can provide a reliable description of lubrication mechanisms 
in geared transmissions (e.g., [5–9]). Regardless of the modelling ap-
proach, it is good engineering practice to validate numerical predic-
tions with experimental evidence. Such validation may involve tests 
on the complete component, on a representative subsystem, on a sim-
plified configuration, or, when no other option is available, on data 
extracted from the literature. For splash-lubricated systems, numerous 
studies provide reference measurements suitable for benchmarking. By 
contrast, comparable datasets for jet-lubricated configurations remain 
scarce, limiting the availability of directly applicable validation mate-
rial, as discussed in [10] and in Section 2.

The work presented here is indeed part of a broader project aimed 
at the CFD simulation of the lubrication flows within an MGB. Since 
validation at the level of the complete system is complex, and in view 
of the limited experimental data currently available, the validation ac-
tivity was carried out on a dedicated, simpler, measurable system. This 
choice required the development of a new dedicated test rig on which 
the necessary measurements can be performed. Whenever possible, the 
operating conditions were kept as close as possible to those of the real 
application, including, for instance, the oil type, the nozzle character-
istic and the shrouding dimensions. Such test rig is the focus of this 
article.

After discussing the rationale behind the proposed test rif (see Sec-
tion 2) and its design (see Section 3), the present study offers engineers 
and researchers a dedicated experimental dataset related to the oil dis-
tribution and its main flow paths in jet lubrication of meshing gear un-
der different operating conditions. The database presented hereinafter is 
based on what can be considered the simplest and most straightforward 
quantity to measure: the amount of oil collected by pockets arranged 
radially around the gear pair. Despite its simplicity, this quantitative ap-
proach is rarely, if ever, adopted by the existing literature. The dataset 
proposed Section 4 is enriched with high-speed recordings of the gear 
meshing process.

The results of the tests presented in Section 5 are used to provide 
new insight on oil flows within a gearbox, moving from the classical 
approaches to a newer (and quantitative) one. This allow to investigate 
the relevant parameters involved in the oil flows by looking to the actual 
flows. In particular, here it is observed the influence of gear rotational 
speed, the activation of multiple nozzles, nozzle pressure (and thus flow 
rate), oil temperature (affecting both flow rate and lubricant properties) 
and variations in gear geometry on the resulting oil flows.

2.  Background

The earliest studies on jet lubrication date back to the 1970s. First, 
considerable attention was devoted to the ability of the jet to pene-
trate the space between meshing teeth, so as to ensure adequate flank 
lubrication. This topic was investigated primarily by Townsend and 
Akin through both experimental and numerical approaches. This lead 
to of equations describing the jet behaviour under “in-mesh” conditions, 
where the jet is directed toward the engaging side of the mesh, and “out-
of-mesh” conditions, where it is directed toward the disengaging side, as 
well as for jet velocities either lower or higher than the peripheral speed 
of the tooth (e.g., [11–14]). These studies also examined the ability of 
the jet to remove heat and the resulting effects on gear temperature 
(e.g., [15,16]). They also provided some of the first high-speed images 
of the phenomenon. Further investigations began evaluate the role of jet 
lubrication on the overall efficiency of the transmission (e.g., [17,18]).

To identify other quantities and/or methods that can provide useful 
insights for evaluating the lubrication behaviour of gearboxes, a biblio-
graphic review was conducted to analyse the studies related to this arti-
cle topic. Hence, engineering studies published in the last decade report-
ing experimental results on gear lubrication were reviewed. References 
that refer to the same project/test rig are considered as a single entry. 
A total of 63 entries had been evaluated. The review is summarised in 
Table 1.

Table 1 
Literature review, references are sorted by publication year, from the oldest 
to the newest. The column “G.” refers to the entries that contain the gear 
geometry and the housing geometry, while “G.+H.” refers to the entries that 
contain both the gear and the housing geometry. The column “Eff.” refers to 
references containing efficiency data.

 Ref.  Lub. type  Fluid  Available geom.  Exp. technique
 Splash  Jet  Declared  G.  G.+H.  Eff.  Photo  Other

 [19] ✓ ✓ ✓ ✓ ✓

 [20,21] ✓ ✓ ✓ ✓

 [22] ✓ ✓ ✓ ✓ ✓ ✓

 [23] ✓ ✓ ✓ ✓ ✓

 [24] ✓ ✓ ✓

 [25] ✓ ✓ ✓ ✓

 [26] ✓ ✓ ✓ ✓ ✓ ✓

 [27] ✓ ✓ ✓ ✓

 [28] ✓ ✓ ✓ ✓

 [29,30] ✓ ✓ ✓ ✓

 [31] ✓ ✓ ✓

 [32] ✓ ✓

 [33] ✓ ✓ ✓ ✓ ✓

 [34] ✓ ✓ ✓ ✓

 [35,36] ✓ ✓

 [37,38] ✓ ✓ ✓ ✓ ✓

 [39] ✓ ✓ ✓ ✓ ✓

 [40,41] ✓ ✓

 [42,43] ✓ ✓

 [44] ✓ ✓ ✓ ✓ ✓

 [45] ✓ ✓ ✓ ✓ ✓

 [46] ✓ ✓ ✓ ✓ ✓ ✓

 [47] ✓ ✓ ✓ ✓

 [48] ✓ ✓ ✓ ✓ ✓

 [49] ✓ ✓ ✓ ✓

 [50] ✓ ✓ ✓ ✓ ✓

 [51] ✓ ✓ ✓ ✓ ✓

 [52] ✓ ✓ ✓

 [53] ✓ ✓ ✓ ✓ ✓

 [54] ✓ ✓ ✓

 [55] ✓ ✓ ✓ ✓

 [56,57] ✓ ✓ ✓ ✓

 [58] ✓ ✓ ✓ ✓ ✓

 [59] ✓ ✓ ✓ ✓ ✓

 [60] ✓ ✓ ✓ ✓ ✓

 [61] ✓ ✓ ✓ ✓ ✓ ✓

 [62] ✓ ✓ ✓ ✓ ✓

 [63] ✓ ✓ ✓

 [64] ✓ ✓ ✓ ✓

 [65] ✓ ✓ ✓ ✓ ✓ ✓

 [66] ✓ ✓ ✓ ✓

 [67,68] ✓ ✓ ✓ ✓ ✓

 [69] ✓ ✓ ✓ ✓ ✓

 [70] ✓ ✓ ✓ ✓

 [71] ✓ ✓ ✓ ✓ ✓

 [72] ✓ ✓ ✓

 [73] ✓ ✓ ✓ ✓

 [74] ✓ ✓ ✓ ✓

 [75] ✓ ✓ ✓

 [76] ✓ ✓ ✓ ✓

 [77] ✓ ✓ ✓ ✓ ✓

 [78] ✓ ✓ ✓ ✓

 [79] ✓ ✓ ✓ ✓

 [80] ✓ ✓ ✓ ✓

 [81] ✓ ✓ ✓ ✓

 [82] ✓ ✓ ✓ ✓

 [83] ✓ ✓

 [84] ✓ ✓ ✓ ✓

 [85] ✓ ✓ ✓

 [86] ✓ ✓

 [87] ✓ ✓

 [88] ✓ ✓ ✓

 [89] ✓ ✓ ✓ ✓

 Total  41  23  47  49  10  40  24  24
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Here it must be noted that, among these more than 60 entries, 48 of 
them report the gears geometry. However, only 10 of them report the 
gearbox geometry as well. Hence, only for the latter group is it possible 
to completely replicate (numerically) the test as the complete geometry 
does not have to be devised. Among this latter group, only 5 articles 
(i.e., [20,21,37,38,69]) deal with jet lubrication. It is worth noting that 
[20,21,37,38] are based on the same test bench.

Almost a third of the works deals with experimental tests on jet-
lubricated gears. That is, even on the experimental side, the jet lu-
brication case is less treated by the literature. More in detail, Hand-
schuh and Hurrel [20,21] exhibit power loss data a single jet-lubricated 
gear while Arisawa et al. [23] evaluate the power losses of a bevel gear 
pair, with and without shrouding; they also report photographic anal-
ysis. Wang et al. [24] report high-speed recording of a spur gear, us-
ing water instead of a classical lubrication oil. Fernandes et al. [29,30] 
show an extensive campaign about the efficiency of spur gears. In a 
later work, Fernandes et al. [31] also present results on an entire wind 
turbine gearbox with jet-lubricated stages. Massini et al. [34] provid 
the evolution of an oil jet interacting with a spur gear at different rota-
tional speeds. Wang et al. [35,36] focus on the cooling aspect of the jet, 
with a single measurement point of the measured tooth temperature. 
Delgado and Hurrel [37,38] show windage power loss data obtained 
using the test rig developed by Handschuh and Hurrel [20,21]. Power 
losses are also reported by Arisawa et al. [47] for an helical gear pair. 
Moss et al. [48] show efficiency data for spur gears with different noz-
zle configurations. Dai et al. [52] evaluat the trend of the tooth surface 
temperature using a thermal camera. Dindar et al. [54] report several 
tests about gearbox power losses with spur gears with different surface 
finishings. Andersson et al. [60] present efficiency and gear tempera-
ture data obtained on super-finished spur gears using a “classical” FZG 
gear test rig. Li and Wang [63] focus on power losses of a jet-lubricated 
spiral bevel gear. Torres et al. [69] report temperature data of a single 
jet-lubricated spur gear made in aluminium. Dai et al. [73] show high-
speed recording of the oil flows generated by the impact of an oil jet 
on a face gear as well as power loss measurements. Jiang et al. [74] 
and Qiao et al. [80] report experiments similar to Dai et al. [52] but 
on different gear geometries and with different nozzle configurations. 
Suzuki et al. [75] and, later, Ohno et al. [85] focus on lubrication phe-
nomena within high-speed gearbox for automotive applications, show-
ing high-speed recording, (PIV) data and thermal analysis. Hu et al. [81] 
and Hu et al. [89] evaluate the temperature of a jet-lubricated herring-
bone gear pair. Lastly, Neuenfeldt et al. [87] show efficiency data of a 
jet-lubricated turbo gearbox.

The evaluation of Table 1 articles highlights two main method-
ologies employed for the analysis of gearbox lubrication: efficiency 
(or power/torque losses) measurements and photographic study of the 
meshing gears. Here, it must be noted that Cardozo et al. [84] improved 
the photographic analysis, obtaining a quantitative measure (i.e., the oil 
velocity field of a splash-lubricated gearbox) by using computer vision 
techniques.

These two techniques are adopted in most cases. However, photo-
graphic analysis allows only qualitative evaluation of the oil behaviour. 
On the other hand, the power losses of a gearbox are composed of several 
components (e.g. bearing and sealing losses). Additional tests and/or a 
dedicated test rig are necessary to discern the quantity that is specif-
ically related to the fluid-dynamic interactions between the gears and 
the oil/air mixture inside the gearbox (e.g., [54,90]). As it is an indi-
rect measure, efficiency is a quantity more prone to uncertainty. At the 
same, efficiency is a different phenomena, as it is a consequence of the 
oil flows.

There also exist alternative techniques, defined in the “Other” col-
umn of Table 1, which will be presented and discussed to derive the 
experimental technique adopted in this work. These alternative tech-
niques can be classified into three main categories, as shown in Table 2

The first techniques in this series, certainly the most advanced and 
experimentally demanding, are (LDA) and PIV. LDA enables pointwise 

Table 2 
Summary of the “other” experimental technique.
 Method  References
 LDA and PIV  [19,22,26,27,42,43,53,75]
 Thermal analysis  [35–37,52,55,60,66–69,74,80,85,86,89]
 Oil collection  [46,51,71,77,83]

velocity measurements of air while PIV allows the acquisition of veloc-
ity fields in both 2D and 3D. LDA had been used by Simmons et al. [27] 
to measure the velocity of a fluid (i.e., air) passing through a calibrated 
hole located in the shrouding of a bevel stage of an aero-engine. PIV had 
been adopted as a means to evaluate fluid (i.e. air) flows around a single 
gear by Massini et al. [42,43] and a spur gear pair Suzuki et al. [75]. 
Chernoray’s research group used PIV on a single-stage spur gear trans-
mission [19,22,26,53] with actual lubrication oil. However, those tech-
niques require a transparent fluid (air or lubrication oil) to work prop-
erly, and the oil adopted here is coloured (specifically, light brown with 
purple hues). In any case, transparency is not a necessary condition for 
PIV as it can also be adopted with slightly coloured oils. Here, how-
ever, the main issue is the non-uniform density of the air-oil mixture 
that forms in jet lubrication. This alters the optical properties of the 
resulting two-phase fluid. Furthermore, it is necessary to suspend par-
ticles (often fluorescent) in the oil, which may modify the behaviour 
of the micro-droplets generated during lubrication. Hence, neither LDA 
nor PIV can be adopted in this specific case. Here, it must be noted that 
Cardozo et al. [84] is a first attempt to overcome such a limitation, ex-
ploiting the lubricant appearance to derive the velocity field.

Another technique that provides useful information models is the 
analysis of the thermal behaviour of the gearbox [67,68,86], its lu-
bricant [55,66,85] and/or of its subcomponents [37] and the gears 
[35,36,52,60,69,74,80,81,89]. Typical approaches include point mea-
surements via thermocouples [35–37,55,60,67,68,81,86,89], as well as 
global measurements performed with infrared cameras [52,66,74,80,85,
86]. It must be noted that this type of measurements are mainly applied 
to study the thermal effect that the oil has on the system/components 
rather than on the oil per se.

The last group of papers follows the idea of performing measure-
ments directly on the oil. This set of works involves the design of ex-
pansion thanks and/or collection pockets from which point measure-
ments of the oil can be performed. However, despite being very sim-
ple, it is adopted only by very few (and recent) studies. A first exam-
ple is the works of Neurouth et al. [46] and of Quiban et al. [51], 
where a siphon is installed inside an oil bath agitated by a gear. 
In this case, the steady-state oil height within the siphon is used as 
the indicator. Kunik et al. [71] use an expansion vessel connected to 
the lower part of a vertically oriented two-stage epicyclic gearbox. 
Here, the measured quantity is the oil level inside the vessel. Hilde-
brand et al. [77] perform point measurements by observing the amount 
of oil collected and subsequently removed through an extraction chan-
nel. A similar concept is adopted by Reichl and Lenz [83], who perform 
measurements inside a single-stage helical-gear reducer. Specifically, 
they use a “riser tube” (sic), essentially a Pitot tube, placed near the 
gear to measure the oil level, and, in another configuration, they employ 
“tangential oil catchers” (sic) located tangentially to the gear. In this 
case, the measurement corresponds to the amount of oil collected over
time.

It should be noted that, under splash lubrication, oil collection and 
extraction disturb the equilibrium of the oil bath. By contrast, this ap-
proach appears well suited to the investigation of jet lubrication, where 
oil extraction is required for recirculation. For this reason, the present 
study considers extraction points located downstream of the oil jets 
as a practical means of obtaining a quantitative metric, namely the 
amount of oil collected at each port over a given time interval. This 
method offers several advantages: it provides quantitative data, un-
like photographic analysis; it is based on a direct measurement, unlike
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Fig. 1. Test rig in its original configuration.

efficiency-based approaches; it is applicable to any lubricating oil; and 
it does not require a complex experimental arrangement, unlike PIV or 
LDA.

This methodology yields information only on the region associated 
with each pocket and does not describe the overall flow behaviour. In 
contrast, photographic analysis makes it possible to observe the global 
flow pattern, although only in a qualitative sense. Therefore, the quan-
titative, but localized, information obtained with the present method 
should be complemented by the qualitative yet global evidence provided 
by photographic observations.

For these reasons, the proposed test rig will include shrouds sur-
rounding two spur gears. Several pockets will be defined within the 
shrouds, and the oil discharged from each pocket will be collected and 
measured. Optical access to the entire housing will be provided by a 
transparent panel.

3.  Development of the test rig

The developed test rig is based on the “CENIT2” test rig, which is 
a four-square gear testing machine with a 91.5mm centre distance, op-
erating in a closed-loop configuration (back-to-back). A picture of the 
test rig is shown in Fig. 1. Unlike the classical FZG test rig, “CENIT2” 
applies the load (i.e., torque) by means of a rotating hydraulic actua-
tor, and the adopted gear ratio is 17/18. As is typical of geared test 
benches, it includes a dedicated system for controlling the lubricant 
temperature before it enters the gearboxes. A description of the basic 
principle of back-to-back test rigs can be found in [91]. In the present 
work, the test gearbox was redesigned, and both the housing and the 
final section of the lubrication system were modified to satisfy the re-
quirements of the experimental campaign. Only one half of the original 
test-gearbox housing, bolted to the steel base, was retained, whereas 
all rotating components, including shafts and bearings, were newly
designed.

The test rig already available imposes dimensional constraints on the 
gears (module and number of teeth) as well as other minor geometri-
cal constraints (e.g., housing maximum dimensions and nozzle position 
with respect to the gear axis). Efforts were therefore made to obtain 
within the design geometry and lubrication configurations as close as 
possible to the real MGB application. Hence the choice of the oil used 

(i.e., AeroShell Turbine Oil 555), the 1mm diameter nozzles pointing 
towards the meshing region, the target nozzle pressure of 4 Bar and the 
peculiar housing structure with its shrouding.

To avoid gear rattle, tests are performed with a very low torque un-
der the assumption that the active load does not influence oil-related 
phenomena (e.g. [92,93]). Hence, the shafts are kept overhanging, sup-
ported by two radial ball bearings housed in cartridges placed within 
the housing. This allow for the complete optical access to the meshing 
region and its surrounding. Shielded bearings are used to avoid to lu-
bricate them, hence avoiding interference with the flows related to the 
gear meshing process. The gears are connected to the shaft via a parallel 
key and secured in the axial direction by a shaft cover.

The transparent panel provides optical access to the gearing and fea-
tures two openings aligned with the jet nozzles, allowing for their adjust-
ment. The two nozzles are mounted into the housing, above and below 
the gear meshing region, and oriented toward the meshing region.

The assembly of the new casing consists of several laser-cut plates 
stacked together to define the internal geometry, plus a rear plate with 
tapered edges adjacent to the housing frame. A structural front plate 
closes the stack and connects the assembly to the housing frame. Each in-
ternal plate contains the collection pockets with corresponding drainage 
channels. Raised edges around each pocket serve as physical separators, 
ensuring that the oil collected by each pocket originates from its desig-
nated area. Liquid sealing is adopted to seal the whole structure.

The drainage channels at the base of each pocket direct the oil to-
ward the ports machined into the front plate. The latter does not present 
channels; instead, it closes the internal geometry and provides threaded 
connections for outlet fittings and for mounting the transparent panel. 
The fittings drain the oil into the graduated cylinders. The collected oil, 
measured over fixed intervals, forms the quantitative dataset discussed 
here.

The shrouding shape had been defined based on internal knowledge 
and on the features of the test rig. A sketch of the housing is shown in 
Fig. 2, while a section view is shown in Fig. 3. The geometry of the test 
rig is designed to be symmetric with respect to a plane passing through 
the gear face midplane. In fact, the symmetry of the structure itself is 
conditio sine qua non for applying symmetry in any numerical model.

The step file of the test rig is included in the supplementary material 
of the article while a sketch with the basic dimension is shown in Fig. 4.
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Fig. 2. Housing detail.

Fig. 3. Housing section. A different coloring highlights the different collective pockets and their drainage channel.

Fig. 5 presents two views of the test bench during the high-speed 
video recordings. In particular, Fig. 5-(a) shows the complete set-up, 
including the camera and the associated lighting system. The vertical 
blue panel contains the oil flow control system. Fig. 5-(b) shows the front 
view of the rig together with the camera field of view. In this image, the 
oil drainage pipes are also clearly visible. During tests performed with 
video acquisition, these pipes discharge the oil into a bucket (and not 
into the dedicated graduated cylinder).

4.  Test campaign

The following test procedure was defined for the oil collection mea-
surements:

1. Activation of oil jets and shaft rotation.
2. Timed operation for 5min.
3. Shutdown and collection of residual oil.

After assembling the test bench, a functional verification was per-
formed. The inspection focused on system integrity, confirming the ab-
sence of oil leakage between components and proper drainage across 
all channels. Additional tests assessed the system transient time, which 
includes the time required to reach the target rotational speed and the 
time needed for the oil to get to the graduated cylinders after nozzle ac-
tivation. In worst-case conditions, this delay was estimated to be ≈ 20 s. 
These tests showed that the variability between repeated measurements 
of the oil volume collected in each graduated cylinder was equal to the 
cylinder resolution, namely 50ml [94]; this correspond to ≈1% of the 
almost 4000ml of oil passing throughout each single nozzle during the 
5min of operation.

Tests were conducted on the geometry of interest, referred to as “A”, 
and on a second geometry already available and compatible with the 
test bench, referred to as “B”. From a geometric standpoint, the gears 
are globally similar (same number of teeth and module) but differ in 
profile shift, implying different tip diameters (i.e., [95]), and in face 
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Fig. 4. Housing section with basic dimensions.

Table 3 
Gear geometries.

 A  B
 Z17  Z18  Z17  Z18

 Number of theet 𝑍  17  18  17  18  –
 Normal module 𝑚𝑛  5  5  mm
 Center distance 𝑎  91.5  91.5  mm
 Pressure angle 𝛼  20  20 ◦

 Face width 𝑏  11  12  12.5  12.5  mm
 Profile shift 𝑥  0.466  0.454  0.475  0.445  –
 Reference diameter 𝑑  85  90  85  90  mm
 Root diameter 𝑑𝑓  78.37  80.34  75.75  80.45  mm
 Root radius 𝜌𝐹𝑝  2.4  2.6  1.5  1.5  mm
 Tip diameter 𝑑𝑎  101.1  103.07  99.75  104.45  mm

Table 4 
Average nozzle flow rate.
 T  p  Flow rate
◦C  Bar  L/min
 60  3  0.75
 60  4  0.85
 60  5  0.95
 90  4  0.90

widths. The geometries of the two gear sets are summarised in Table 3. 
The gear body is the same for both geometries and is included in the 
step file of the test rig.

The main experimental campaign focused on analysing the be-
haviour of geometries “A” and “B” within the test bench speed range, 
in 500 rpm increments and in both rotation directions (i.e., (CW) and 
(CCW)). Tests were performed at six speed levels: 500, 1000, 1500, 
2000, 2500, and 3000 rpm, under three nozzle configurations: only up-
per nozzle active, only lower nozzle active, and both active. In this setup, 
nozzle pressure was set to 4bar to replicate application conditions, with 
a test temperature of 60 ◦C. A total of 72 test conditions had been evalu-
ated. A subsequent series of tests was carried out on geometry “A” at the 
two extremes of the speed range, again in both rotation directions and 

with the three nozzle configurations. These tests investigated the effect 
of varying nozzle pressure (3 and 5bar) while keeping the test tempera-
ture of 60 ◦C, and the effect of increased oil temperature (90 ◦C), while 
maintaining nozzle pressure at 4bar, leading to 24 different test con-
ditions. A total of 96 test conditions had been analysed, with each test 
repeated 2 times. The oil adopted for these analyses is the “AeroShell 
Turbine Oil555”, which is the mineral oil adopted in the actual applica-
tion (i.e. the MGB).

The quantitative analysis of the oil flow is complemented by a qual-
itative investigation based on high-speed imaging, as shown in Fig. 5. A 
Phantom VEO-E 310L high-speed camer was used to record the lubrica-
tion phenomena while two 450W LED lamps provide the proper illumi-
nation. Images were acquired at 7500 fps. This corresponds to ten times 
the meshing frequency at 3000 rpm (750 Hz). High-speed photographs 
and video recordings were collected for gearing “A” at six rotational 
speed levels, for different nozzle configurations, and for both directions 
of rotation.

5.  Experimental results

The nomenclature of the tests is described in Fig. 6. Rotation di-
rections (i.e., CW and CCW) are defined on the pinion (i.e., Z17). The 
two nozzles (i.e., upper and lower) point towards the meshing region. 
Hence, when the rotation is CW, the lower nozzle is “in-mesh” while the 
upper one is “out-of-mesh”; when the rotation is CCW, it is vice versa: the 
upper nozzle is “in-mesh” while the lower is “out-of-mesh”. All results 
discussed here are presented as averaged and as percentages of the total 
oil flow.

The results of the main test campaign are shown as colour maps in 
Fig. 7 for Geometry “A” and in Fig. 8 for Geometry “B”. Each figure also 
reports the corresponding percentage values. The results of the tests per-
formed with different nozzle pressure settings or lubricant temperatures 
are presented in Appendix A. The average nozzle flow rates at the dif-
ferent test conditions are reported in Table 4.

Several videos are also included, and are reported in Figs. 9–15. All 
videos are slowed down by a factor of 240 with respect to the actual 
phenomena. A frame for every single test condition of the main test 
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Fig. 5. Experimental setup during high-speed camera recording.

campaign on gearing “A” are reported in Appendix B. Post-processing 
techniques had been applied to improve oil visibility. In the videos, the 
presence of oil flows centrifuged by the teeth can be discerned (espe-
cially at low speed), along with the formation of oil droplets originating 
from the upper cusps (on the side of the upper nozzle).

Fig. 6, reported without annotations in Appendix B and presented 
as a video in Fig. 15, illustrates the value of the proposed test rig. At 
the relatively high rotational speed shown in the figure (3000 rpm), the 
oil jet breaks up into droplets that are too small to be clearly resolved, 
which makes the actual flow paths difficult to identify. A similar lim-
itation arises when oil is splashed onto the inspection panel, thereby 
reducing optical access to the housing interior. By contrast, the adopted 

experimental arrangement makes it possible to assess the oil flow by 
measuring the quantity collected in each pocket, providing useful infor-
mation even when the flow cannot be fully visualised.

6.  Discussion

By examining the oil distribution in the cases with a single active 
nozzle (i.e., Figs. 7-(a) to (d) and i.e., 8-(a) to (d)), it can be seen that, as 
expected, the main parameters governing the distribution are functional 
parameters: the direction of rotation (i.e., CW and CCW) and the active 
nozzle (i.e., upper and lower). Nevertheless, some global trends can be 
identified. CW rotation (i.e., Figs. 7-(a),-(c), 8-(a) and 8-(c)) promotes a 

Results in Engineering 30 (2026) 110908 

7 



L. Bonaiti et al.

Fig. 6. Test nomenclature. The picture refers to a case at 3000 rpm, CCW, with both nozzles open.

more even division of the flow among the various pockets. On the other 
hand, when the rotation is in CCW (i.e., Figs. 7-(b), -(d), 8-(b) and -(d)), 
the distribution tends to concentrate in the central pockets (i.e., 3, 4, 
and 5).

To understand the reason for such behaviour, it is necessary to ob-
serve how the rotation directions are defined in Fig. 6. In the case under 
consideration, CW pushes the oil toward the upper part of the housing 
and thus toward the outer pockets (i.e., 1, 2, 6, and 7) as well. Con-
versely, CCW promotes a downward displacement of the oil, thereby 
limiting the amount of oil that can reach the outer pockets.

To this information, we can add the effect of the active nozzle po-
sition relative to the meshing direction. When the active nozzle is out-
of-mesh (i.e., Fig. 7-(a), -(d), Fig. 8-(a), and -(d)), the oil jet impacts the 
tooth flanks moving in the opposite direction. This interaction disrupts 
the jet integrity. In the case of the upper active nozzle with CW rotation 
(i.e., Figs. 7-(a) and 8-(a)), the jet disruption occurs in the upper region 
of the housing and, combined with the rotation direction, the broken 
jet is further shifted laterally. Similarly, when the lower nozzle is ac-
tive with CCW rotation (i.e., Figs. 7-(d) and 8-(d)), the jet disruption 
occurs in the lower part of the housing. Given the rotation direction, 
the disrupted jet ultimately falls predominantly into the more central 
pockets.

On the other hand, when the active nozzle is the in-mesh one (i.e., 
Figs. 7-(b), -(c), 8-(b), and -(c)), the jet is less disturbed by the meshing 
process, as the teeth move in a direction consistent with the jet itself. In 
the case of the upper active nozzle and CCW rotation (i.e. Figs. 7-(b) and 
8-(b)), this causes the flow to reach mainly the central pocket (approxi-
mately 40%) and, aided by the rotation, the adjacent pockets. Similarly, 
when the lower nozzle is active (and the rotation is CW, i.e. Figs. 7-(c) 
and 8-(c)), the central pocket again collects the largest amount of oil. 
In this case, however, the rotation causes the gear to push the oil to-
ward the more lateral pockets, to the detriment of those adjacent to the 
central pocket.

Evidence of this behaviour can also be found by examining the 
frames extracted from the high-speed recordings, particularly those ac-
quired at low rotational speeds, namely 500 and 1000 rpm. In the case 
of out-of-mesh nozzles, the images show a highly disturbed region, that 
is, an area with a significant presence of oil splashed on the transpar-
ent screen, whose origin is shifted relative to the meshing zone. This 
occurs because the impact between the oil jet and the rotating teeth, 
on average, does not take place in the region upstream of the jet direc-
tion and, in the out-of-mesh configurations, the tooth flanks move in a 
direction opposite to the jet. This results in a more intense interaction 
between the oil jet and the tooth flanks. In the CW rotation case (i.e., 

Figs. B.1-(a) and B.3-(a)), this phenomenon is more pronounced than in 
its counterpart of lower nozzle active with gears in CCW direction (i.e., 
Figs. B.2-(b) and B.4-(b)). Indeed, as discussed above, the gears rota-
tion in CW drives the oil toward the upper part of the housing, i.e., in a 
direction opposite to gravity. Conversely, with the in-mesh nozzles, the 
magnitude of the phenomenon is considerably smaller; furthermore, the 
disturbance originates much closer to the meshing region

Looking to the video recordings, it is possible to notice also this dis-
ruption of the oil jet, as shown in the videos referenced in Figs. 9 and 
11. This phenomenon occurs in the region close to the meshing zone, 
specifically in the area above the mesh for Fig. 9 and in the area below 
the mesh for Fig. 11. By examining the flow behaviour in these upper 
and lower regions, the progressive meshing of the teeth leads to the 
formation of open volumes relative to the oil jet. As soon as these vol-
umes open, the jet passes through them and impacts against the flank, 
dispersing the oil in multiple directions. On the other hand, when the 
active nozzle is in-mesh configuration, this phenomena does not occurs, 
as reported in the video Fig. 10.

The way in which the jets interact with the gears rotation and the 
resulting flow distribution do not depend solely on the active nozzle 
and the rotation direction, but also on the rotational speed, although 
to a lesser extent. It is therefore possible to address the first research 
question by examining the colour map (and the corresponding magni-
tude) associated with the data reported in Figs. 7 and 8. The results 
clearly show that a gradual variation in the amount of oil collected 
by the individual pockets does indeed occur; however, this variation 
does not modify the relative positioning between the central and lateral
pockets.

A qualitative indication of this gradual effect of the rotational speed 
can also be observed in the frames reported in Appendix B. The oil-spray 
pattern on the viewing screen changes progressively as the rotational 
speed increases. For instance, in the case of the lower nozzle under CW 
rotation, spray formation is clearly visible at low speeds. Its intensity 
decreases as the rotational speed increases and ultimately disappears at 
3000 rpm. It is possible to observe this effect also in the videos reported 
in this article, by comparing, for example, the one of Fig. 10 with the 
one of Fig. 13, the one of Fig. 11 with the one of Fig. 14, and the one of 
Fig. 12 with the one of Fig. 15.

Moving to the cases with two active jets (i.e., Figs. 7-(e), -(f), 8-(e) 
and -(e)) it is possible to address the second research question: the effect 
of having both an in-mesh and an out-of-mesh nozzle operating simul-
taneously. In these cases, the nozzle selection is removed as a discrim-
inating factor; the only remaining variable is the direction of rotation. 
In this configuration, the quantitative outcome is consistent with the 
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Fig. 7. Experimental results for gearing “A”, T=60 ◦C and p=4bar.

single-jet cases: CW rotation moves the oil also to the lateral pockets, 
whereas CCW rotation favours the central pockets.

Once the above trends are established, the next step is to determine 
whether any interaction exists between the two jets and whether such 
interaction is strong enough to introduce nonlinearity into the system. 
To assess this, the principle of superposition was applied: the absolute 
results from the two single-jet configurations were summed and com-
pared with the corresponding experimental distribution obtained with 
both jets active. Fig. 16 illustrates some examples of these outcomes, 
together with the error between the predicted value (i.e., the sum of 
the two single-jet flows) and the measured one. The distributions are 

highly similar, without significant change in the relative positioning of 
the pockets. To quantify this phenomenon, the (MAE) was computed 
across all test conditions presented here. The resulting MAE is 164ml, 
corresponding to 4% of the ≈ 4000ml of inlet oil from a single nozzle.

A qualitative indication of this phenomenon also emerges from the 
high-speed recordings, specifically the oil splashing on the observation 
screen. In the double-jet configuration, both the appearance and loca-
tion of the oil splash are directly related to those observed in the corre-
sponding single-jet cases. For example, at 500 rpm in CW rotation, the 
upper nozzle produces spray in the upper region, see Fig. B.1-(a) and the 
video of Fig. 9,. On the other hand, when the lower nozzle is active, the 
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Fig. 8. Experimental results for gearing “B”, T=60 ◦C and p=4bar.

splashing occurs in the central area, see Fig. B.1-(b). With both jets ac-
tive, both regions show spray, see Fig. B.1-(c). At 500 rpm in CCW, the 
condition with the upper nozzle produces splashing in the lower and 
central part, see the video of Fig. 10, while the lower nozzle only in the 
lower part, see the video of Fig. 11, albeit to a lesser extent. When the 
two nozzles are active, the splashing occurs only at the lower and central 
part, see the video of Fig. 12. Similarly, at 3000 rpm in CCW rotation, 
no spray is present in the single jet cases, see the videos of Figs. 13 and 
14, nor with two jets, see the videos of Fig. 15.

The limited interaction between the jets is due to the fact that the jets 
are physically separated by the continuous meshing of the gear teeth, 

which prevents the jets from interacting directly with each other. In-
deed, as can be seen in the videos referenced in Figs. 9–11, 13, and 
14, the jets do not cross the meshing zone for obvious physical reasons. 
As a consequence, any interaction occurs only after the jets have been 
disrupted by impact against the flanks.

By comparing the data presented in Figs. 7 and 8, it is possible to 
address the third research question, namely the influence of gear ge-
ometry. In this case, the two gear geometries are essentially equiva-
lent, see Table 3, as they share the same module, number of teeth, and 
nearly identical face width. The only difference arises from different pro-
file shifts, hence the different tip diameters [95]. A simple macroscopic
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Fig. 9. Video recording of the case at 500 rpm, CW with only the upper nozzle active.

Fig. 10. Video recording of the case at 500 rpm, CCW with only the upper nozzle active.

Fig. 11. Video recording of the case at 500 rpm, CCW with only the lower nozzle active.
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Fig. 12. Video recording of the case at 500 rpm, CCW with both nozzles active.

Fig. 13. Video recording of the case at 3000 rpm, CCW with only the upper nozzle active.

Fig. 14. Video recording of the case at 3000 rpm, CCW with only the lower nozzle active.
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Fig. 15. Video recording of the case at 3000 rpm, CCW with both nozzles active.

Fig. 16. Superimposition principle. Data are for four different test conditions. Each single figure presents the direct comparison above, while the absolute error is 
reported below.

comparison of Figs. 7 and 8 data suggests that simple geometrical dif-
ferences do not alter the overall behaviour: CW rotation still leads to 
oil flows more distributed among the pockets, whereas CCW rotation 
favours the central pockets at the expense of the lateral ones. A more de-
tailed analysis, however, reveals that geometry "A" exhibits more "sym-
metrical" flows, while geometry "B" favours the side pockets on the right 

over the left ones, especially in the CW case (where gear rotation pushes 
the oil upward) and the upper nozzle active.

The reason for this behaviour is related to the different tip diameters 
of the two geometries. In geometry "A", the tip diameters are much more 
similar to each other than in geometry B, as can be seen from the data 
reported in Table 3. By contrast, the pocket geometry is symmetric with
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Fig. 17. Comparison of results obtained for "A" and "B" geometries. Data are for p=4 Bar and T=60 ◦C.

Fig. 18. Test results obtained by varying the test conditions.

respect to the vertical axis, see Fig. 4. This also implies that the spaces 
available between the two upper cusps and the tip diameters are much 
more similar (and symmetric) in case "A" than in case "B", leading to 
more "symmetrical" oil flows within the housing. As a result, the result-
ing oil flow patterns may differ when such openings are involved (i.e., 
in CW with upper nozzle active), as shown in Fig. 17. In Fig. 17-(a) (CW 
with only upper nozzle active), pocket 7 shows, for gearing (B), a flow 
whose magnitude becomes comparable to that of the central pocket, 
whereas this effect is not so pronounced for gearing "A". On the other 

hand, Fig. 17-(b) (CCW with only upper nozzle active) show more sim-
ilar results between the two gearing. Comparing the values reported in 
Figs. 7-(a) and 8-(a), it can be observed that gearing A yields an average 
flow in pocket no.7 of approximately ≈ 14% across the different speeds, 
whereas configuration B reaches about ≈ 22%. For both cases, the flow 
in the central pocket is ≈ 25%.

It is now possible to address the last two questions: the effect of a 
different upstream pressure at the nozzle and of a different oil tempera-
ture. From a practical perspective, a change in supply pressure results in 
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a different flow rate. Similarly, an increase in oil temperature modifies 
the lubricant properties, most notably by reducing its viscosity. If the 
pressure is kept constant, a lower viscosity results in a higher volumet-
ric flow rate.

Fig. 18 shows some examples of results. We can observe that, as 
discussed above, the general positioning of the pockets is unchanged. 
However, there are cases, such as the Fig. 18-(d) one, in which signifi-
cant variations occur; variations that are nevertheless compensated for 
by the adjacent pockets. In the case of Fig. 18-(d), in fact, pocket 4 varies 
from 29% to 41%, while pocket 4, the adjacent one, varies from 24% 
to 11%. Consequently, the macroscopic oil flows do not change signifi-
cantly, while variation might occur, but only on a local level.

7.  Conclusions

Within the context of evaluating the oil flows inside a jet-lubricated 
gearboxes, this article presents to the scientific community a quantita-
tive experimental dataset. Starting from the analysis of the literature, a 
new concept of test bench was defined to measure a quantity that makes 
it possible to understand the oil flow distribution within the system: the 
amount of oil collected inside pockets arranged radially with respect to 
the meshing zone. The rationale behind this choice, as well as the design 
details of the test bench, are reported in detail.

The test rig proposed here is intended and will be used for the de-
velopment and validation of CFD models, currently under development. 
In the meantime, the test rig was designed and used prior to the devel-
opment of such models in order to identify which variables influence, 
both qualitatively and above all quantitatively, the oil flows inside a 
jet-lubricated housing. An experimental campaign was therefore con-
ducted.

The experimental result presented here consists of 96 different test 
conditions, in which parameters such as gear geometry, position of the 
active nozzles, rotational speed and its direction, and operating condi-
tions (nozzle pressure upstream and oil temperature) were varied. The 
quantitative results are complemented by high-frequency recordings, 
some of which are also shared in video format.

Subsequently, the results are discussed to highlight the factors that 
have the greatest influence on the global behaviour of oil flows observed 
within the experimental housing. The results show that oil distribution 
is governed primarily by the rotation direction and by the in-mesh or 
out-of-mesh condition of the active nozzle, whereas rotational speed, 
pressure, and temperature mainly produce gradual local variations with-
out altering the overall trends. In addition, the double-jet distributions 
can be reproduced by superposition of the corresponding single-jet re-
sults Although these observations refer to the specific case investigated 

here, the present study provides a first quantitative assessment of the 
mechanisms of behind oil-flow behaviour. Further analyses on different 
geometries and lubrication layouts will help extend these findings.
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Appendix A.  Additional tests

Table A.1 enlist the results of the tests performed on gearing "A" with different nozzle pressure while Tables A.1,A.2 reports tests performed on 
gearing "A" with different 90 ◦C oil temperature. All the results averaged over the two repetition.

Table A.1 
Experimental result with different oil pressure (in bar). Oil temperature is 60 ◦C.

 Rotation  Nozzle pressure  Pockets
 Speed  Dir.  Up.  Lo.  1  2  3  4  5  6  7
 500  CW  3  0  6.9  7.6  20.6  20.6  26.0  9.9  8.4
 500  CW  0  3  6.5  8.3  11.3  33.3  17.9  14.3  8.3
 500  CW  3  3  7.1  7.1  16.7  21.1  25.2  11.9  10.9
 500  CW  5  0  6.4  7.0  16.4  23.4  21.6  14.0  11.1
 500  CW  0  5  3.8  10.4  13.7  35.4  16.5  12.7  7.5
 500  CW  5  5  6.3  8.9  16.5  24.1  19.9  11.5  12.6
 500  CCW  3  0  0.0  15.0  13.5  43.6  17.3  9.0  1.5
 500  CCW  0  3  0.0  9.8  29.3  19.5  23.2  15.9  2.4
 500  CCW  3  3  1.3  8.0  24.4  29.1  24.4  11.0  1.7
 500  CCW  5  0  2.3  14.5  15.0  42.8  13.9  9.2  2.3
 500  CCW  0  5  1.9  10.2  29.2  18.1  21.3  16.7  2.8
 500  CCW  5  5  1.1  8.4  25.9  27.2  22.2  13.7  1.6
 3000  CW  3  0  11.9  6.0  10.4  29.1  23.1  6.0  13.4
 3000  CW  0  3  13.1  16.7  6.0  26.2  7.1  15.5  15.5
 3000  CW  3  3  11.6  9.2  8.9  32.1  17.1  8.5  12.6
 3000  CW  5  0  10.4  8.1  10.4  38.2  12.1  6.9  13.9
 3000  CW  0  5  11.2  15.9  6.5  27.1  7.5  16.8  15.0
 3000  CW  5  5  10.1  10.6  9.0  39.2  10.3  10.1  10.8
 3000  CCW  3  0  4.4  11.1  25.9  40.7  8.9  5.9  3.0
 3000  CCW  0  3  2.4  6.0  22.6  29.8  31.0  6.0  2.4
 3000  CCW  3  3  2.1  6.3  24.0  37.3  24.0  4.9  1.4
 3000  CCW  5  0  4.6  13.9  22.0  42.2  8.1  6.9  2.3
 3000  CCW  0  5  1.9  5.6  22.4  33.6  29.0  5.6  1.9
 3000  CCW  5  5  2.1  7.2  22.6  39.1  21.7  5.8  1.6

Table A.2 
Experimental result with 90 ◦C oil temperature. Oil pressure is 4bar.
 Rotation  Active nozzle  Pockets
 Speed  Dir.  Up.  Lo.  1  2  3  4  5  6  7
 500  CW  0 ✓  5.7  7.8  11.4  33.2  19.7  13.5  8.8
 500  CW ✓  0  6.3  8.8  15.1  25.2  18.9  14.5  11.3
 500  CW ✓ ✓  7.5  8.1  14.4  24.8  21.3  11.0  13.0
 500  CCW  0 ✓  2.0  10.2  26.9  21.3  24.4  13.2  2.0
 500  CCW ✓  0  2.5  13.6  16.0  39.5  16.0  9.9  2.5
 500  CCW ✓ ✓  1.1  7.5  25.9  27.6  24.7  12.1  1.1
 3000  CW  0 ✓  12.1  14.1  7.1  28.3  8.1  15.2  15.2
 3000  CW ✓  0  9.9  7.5  13.0  41.0  11.2  6.2  11.2
 3000  CW ✓ ✓  9.2  9.2  8.6  44.3  9.8  9.2  9.8
 3000  CCW  0 ✓  2.0  6.0  18.6  40.2  25.1  6.0  2.0
 3000  CCW ✓  0  3.8  13.8  19.5  44.0  8.8  7.5  2.5
 3000  CCW ✓ ✓  2.3  7.4  20.5  44.2  18.2  5.7  1.7

Appendix B.  High speed recordings

Figs. B.1–B.12
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Fig. B.1. 500 rpm, CW.
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Fig. B.2. 500 rpm, CCW.
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Fig. B.3. 1000 rpm, CW.
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Fig. B.4. 1000 rpm, CCW.
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Fig. B.5. 1500 rpm, CW.

Results in Engineering 30 (2026) 110908 

21 



L. Bonaiti et al.

Fig. B.6. 1500 rpm, CCW.
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Fig. B.7. 2000 rpm, CW.
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Fig. B.8. 2000 rpm, CCW.
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Fig. B.9. 2500 rpm, CW.
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Fig. B.10. 2500 rpm, CCW.
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Fig. B.11. 3000 rpm, CW.
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Fig. B.12. 3000 rpm, CCW.
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