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Abstract: Increased temperatures at the sealing interface between the seal and shaft can reduce the
working life of a seal through elastomer aging, swelling and increased friction. Degradation of the
seal due to increased temperatures can cause pre-mature failure, wear and leakage. There is no such
thing as a perfect seal; each application has requirements to cater to the needs of each system. For
radial oil seals in helicopter gearboxes, the contact temperatures at the sealing interface are a critical
parameter to consider. In this manuscript, investigating the factors that influence the temperatures
at the contact interface shed light on the operating parameters that cause an increase in contact
temperatures. Four varying shaft coatings are tested against three seal spring loads for a range of
sliding velocities between 5-25 ms™ to reproduce conditions of the gearbox. The study reveals an
optimum seal spring of 12 o0z, with a circumferential load of 3.34 N for lowest temperatures at the
interface. Higher springs of 14 oz and lower springs of 8.5 oz both cause increased temperatures at
the interface. Additionally, the need for surface coatings on the shaft is re-enforced through
experimental evidence demonstrated by comparing temperatures reached between a plain stainless
steel shaft and three surface coated shafts. Chrome plating shafts are undesirable due to the
‘polishing’ in effect they experience. The results of this study build on this by showing that chrome
plated shafts have higher temperatures at the interface, aggravating any wear or polishing in of that
surface. Contact temperatures with Tungsten carbide and Chrome oxide coatings remain within the
expected temperature rise. Lastly, microscopically ‘rougher’ surfaces result in increased
temperatures in contrast to surface coatings within the specified range of roughness as provided by
DIN 3760/61/I1SO 6194.

Keywords: radial-lip oil seals; sealing interface; sleeves; surface coating; garter spring pre-load;
helicopter gearbox; contact temperatures

1. Introduction

Radial Seals are rotary oil seals to prevent lubricant leakage out of a system. While
the primary purpose of such components is to prevent leakage out, they also ensure that
debris and other contaminants do not enter the system. They mount the shaft with an
interference fit and are used in both, static and dynamic sealing applications. In this
application, the seals remain stationary as they slide on the shaft surface as the shaft
rotates, creating a dynamic seal. Figure 1 below is an image of a radial lip seal,
demonstrating the various parts it consists of. The seal has (1) a lip, which presses down
on the surface of the rotating shaft, (2) an outer static seal, (3) a supporting metal
reinforcement and (4) a garter spring with a pre-load, which provides a force for the lip
to achieve sealing. This spring presses onto the seal-shaft interface to provide resistance
to the fluid leaking out.
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Figure 1. Radial Lip Seal Schematic [1] without dust lip to identify main components of this
particular type of seal. 1. Sealing lip, 2. Outer static seal, 3. Supporting metal reinforcement, 4.
garter spring.

The sealing interface is a three-part tribological interaction between the seal lip, the
sleeve surface and the thin film of lubricant in between them. This interface is critical in
determining the resulting sealing system, successful or unsuccessful. The ‘success’ of a
sealing system is also subjective; a perfect seal does not exist. The success of a sealing
system is determined by how well the specific needs of the application as identified by
the engineers have been met [2]. Thus, there are several factors for the seal that effect the
system i.e., seal material, seal radial loads, seal design and geometry, tolerances, etc. For
the sleeve, factors such as coating, hardness, lead, texture, manufacturing method and
surface finish all play a role in determining how the system will perform ([3,4] referring
to ISO 6194, DIN 3760/1), also described in [5,6]. The motivation of this particular study
was to understand the functional behavior of three common shaft coatings in the
aerospace industry against seals of varying radial loads to learn about the factors that will
affect the contact temperatures at the interface.

Various environmental factors also influence the wear, leakage, and overall
performance of each sealing application. Temperatures, pressures, vibration, rotational
speeds, oil selection, shaft coating and seal selection all play an important role and will
eventually determine a successful or failed seal in each case [5,6]. The temperature at the
sealing interface i.e., the contact temperature is a critical aspect of determining the
operational conditions of a sealing system. Several factors influence the contact
temperature, including the radial load, circumferential velocity and lubricating capacity
of the fluid.

The lubricant helps in cooling at the seal interface as well. However, it is important
to note that in such applications (helicopter splash lubricated gearboxes), it is difficult to
predict where the oil will end up and whether the seals are receiving oil, or are running
dry. Seals that run dry experience a high degree of friction and experience pre-mature
wear and failure. This is also a reason a polytetrafluoroethylene (PTFE)-lined seal is
studied in this application as PTFE provides excellent lubricating properties at the
interface [7], in case lubricant is not reaching every seal. In reference to the seal, material
is a critical factor. During selection of a seal material, the operating temperatures are
essential limits to consider. Elastomers are the most commonly used seal materials, where
various elastomers differ from one another based on the polymer and its’ cross-linking.
Additionally, elastomers exhibit viscoelastic behavior, which further enforces the
significance of working temperatures of the seals in service. The glass transition
temperature, Tc, separates the defined states of the polymer at different temperatures.
Most sealing materials will have a very low glass transition temperature so that they can
seal effectively as a flexible elastomer material at ambient temperature [8].
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As seen in Figure 1, the seal has a lip (marked as 1) which slides on the shaft surface.
The seal lip temperature plays an essential role in determining and predicting overall seal
performance and life. When exposed to extremely high temperatures, the rubber material
of the seal lip will experience aging, coking and swelling, thus damaging the seal [9].
Various rubbers have their own temperature limit, beyond which the rubber material will
deteriorate. The respective aging of the rubber directly affects the useful life of the seal as
well. Fluoroelastomer (FKM) rubber can usually withstand the most frictional heat and
operates at a temperature range of —35 to 230 °C. However, it is important to note that the
following rule of thumb applies: ‘for every 10° increase in temperature, aging increases
by a factor between 2 and 4. The life of that component is then decreased by that same
factor’.

In reference to the sleeve, the surface coating is critical in determining the functional
behavior of the sealing system. As described in depth by ISO 6194-1 and DIN 3671 [3,10],
there are specific requirements for the sleeve that must be met for radial lip seals. These
requirements include the hardness, the texture and lead as described in this particular
manuscript. The surface coating determines the properties of the sleeve such as surface
texture, wear and corrosion, hardness and thermal insulation [11], all of which are factors
in final sealing performance.

Coating methods refer to the deposition process of the coating onto the metal. There
are several methods of applying these coatings that include but are not limited to thermal
and plasma spraying, chemical vapor deposition (CVD) and physical vapor deposition
(PVD). These processes have varying outcomes on the final specimen in the form of
microstructures, surface texture and durability. The desired coating method is selected
based on the required functionality of the specimen [12].

The surface roughness of the sleeve is key in achieving proper lubrication at the
interface, preventing the seal from running dry. Lubricant-free seal contact with the
asperities also increases shear loads, friction and raises local seal surface temperature
leading to thermal degradation [13]. Owing to the fact that the surface roughness is
determined by the coating and coating method, the coating becomes an invaluable
parameter in controlling increased temperatures at the sealing interface.

Further, due to high rotational speeds, frictional heat at the seal shaft interface and
overall high sump temperatures can enhance the damage caused by thermal degradation.
The heat generated by friction at the contact interface raises the seal lip temperature. An
Finite Element Method (FEM) study conducted by Stakenborg [14] finds that while the
rubbers are chosen such that their stiffness is not effected by the lip temperatures, for any
temperatures above 100 °C, the rubber stiffness will rapidly change due to physical aging,
especially under a dynamic load. Datasheets for the operational limit of such seals [6]
suggests that for a shaft diameter of 50 mm, at 6000 rpm the excess temperature should
be around 40 °C.

Salant [15] conducts a study to find how the aging of oil impacts the seal performance
of a radial lip design. Aged rubber seals and samples are obtained to investigate the
changes in material properties with respect to aging time. His work shoes that the micro-
surface topography of the seal lip is a critical factor in achieving successful sealing and
this changes with aging time. More specifically, he found that the root mean square (RMS)
roughness, known to be a good marker of the surface properties, decreases with aging
time.

Additionally, similar thermal studies on rotary components conducted to study the
relationship between contact temperatures and other factors of the rotary application are
enlightening. Tzanakis [16] finds that a rise in the temperatures at the contact interface
can directly affect the surface geometry. This can lead to severe local wear at the surfaces
and thus, lubrication breakdown. The prediction and measurement of the surface
temperatures of the interacting bodies is an integral step in preventing the failure of
tribological systems, including radial lip seals. Additionally, the surface roughness of the
components will likely affect the distribution of temperature increase during sliding
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contact. Given that increasing contact temperatures can enhance wear and thus, the
surface roughness of the specimen, this is undesirable. Thus, there is a co-relation present
between the contact temperatures and surface roughness with time, which we investigate
in this manuscript as well.

Other conditions, such as misalignment of the seal and high oil viscosity can also
contribute to heat generation at the lip. All these factors can result in reduced seal life and
increase the maintenance intervals for seals. This is additionally confirmed as for every 14
°C drop in the sump temperature, the seal life can double [17]. Thus, it is clear why two
alike seals can display stark differences in sealing efficiency, wear and life simply based
on their location in the aero-engine [14].

In this manuscript, we investigate the contact temperatures at the sealing interface of
radial lip seals sliding on rotating shafts. The contact temperatures as a function of the
sliding velocity, shaft surfaces (roughness and coatings) and the seal radial loads are
studied. The aim of this work is to identify the parameters that result in higher contact
temperatures than expected. This study will shed light on the factors that influence
temperatures at the interface for systems where controlled temperatures are essential to
successful sealing.

2. Materials
2.1. Sleeve

Sleeves are economically and logistically more feasible to surface treat rather than
entire shafts and are thus used for testing. Further, if there is considerable and excessive
wear, only the sleeve will need replacing instead of the shaft. The sleeve rotates along with
the shaft when the rig is operational as they are connected using a hydraulic coupling.
Several factors determine the overall performance of the sealing system concerning the
seal-mating surface i.e., the sleeve. The specific coating, hardness of the sleeve, surface
roughness and the manufacturing method all play vital roles in a successful or
unsuccessful sealing system.

According to DIN 3760/61 [4,10] the sleeve must be hardened to at least 45 HRC
(Rockwell hardness), and as the running speeds increase, the HRC of the shaft must too.

Hard chrome, chrome oxide and tungsten carbide coatings are some of the commonly
used coatings in this particular application. Some of the common methods used to apply
these coatings are Hard Chrome Plating (HCP), High Velocity Oxy Fuel (HVOF), Physical
Vapour deposition (PVD) and Chemical Vapour Deposition (CVD). The various methods
used to apply the coating will determine the properties and effectiveness of the coating.
This will then impact how it will degrade or experience wear during its usable life.

Chrome oxide coating is applied using combustion powder thermal spraying,
chrome plate (CP) coating is applied using hard chrome plating, and the tungsten carbide
coating is applied using CVD.

HVOF is a type of thermal spraying technique where particles are sprayed onto the
substrate material surface at a high velocity of 600 m/s or more with high pressure
combustion energy of fuel and air (oxygen) serving as a heat source. The coating particles
are in powder form and are injected into the hot gas stream resulting from the combustion
process. High kinetic energy and high impact forces result in bonding of the coating and
the substrate material. With chrome oxide, the HVOF process doesn’t generate enough
heat in the flame to melt the ceramic, so a combustion powder gun is used. It uses the
same powder feed set up and attaches to the robot, but utilizes an alternative fuel which
burns hotter. This type of gun has a lower velocity in the flame as compared to HVOF,
which is why the porosity is higher. The porosity is controlled by the particle velocity and
heat in the flame mainly. A review on plasma sprayed coatings [18] suggests some
methods to reduce the porosity in chromium oxide coatings, as this may be detrimental
to the application.
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Hard chrome plating is an electroplating process to coat a specimen with a later of
chromium. Thickness of hard chrome plating ranges from 2 to 250 um. Hard chrome
plating is a technique that has been in commercial production for over 50 years and which
is a critical process associated with manufacturing and maintenance activities for
commercial and military aircraft [19]. However, in recent years, European Union
directives have highlighted economic and ecological repercussions of HCP and several
industries are finding appropriate alternatives for this coating [20,21].

CVD, on the other hand is a completely different process. It is a more robust version
of PVD as it provides a thicker layer of coating to protect from heat damage. While PVD
uses primarily physical processes to apply source material to the substrate, CVD involves
mixing the source material with chemicals that interact with the material to create the
desired coating. This results in a chemical bonding between the two materials, leading to
a more reliable and improved coating process for aerospace applications. It is an
environmentally compliant and technically superior replacement for HCP and HVOF
coatings, providing enhanced protection against corrosion and chemically aggressive
media, wear, galling, fretting and fatigue. Hardide-A matches HCP in thickness and
hardness and outperforms the material in several key properties including enhanced
protection against corrosion, wear and chemically aggressive media [22]. Additionally,
the tungsten carbide coating (called Hardide A) is by Hardide. It is porosity free and is an
excellent alternative to HCP. According to a recent study [13], it outperforms HCP by 14
times, demonstrating excellent wear resistance. They also go as far as to refer to it as ‘seal
friendly’, as it is qualified by Airbus as ‘an environmentally friendly replacement for
HCP".

The four various sleeves are described below, three of which are coated and one
remains uncoated.

e  Chrome Oxide (CO): Chrome Oxide is a common shaft coating used in many
industries, especially aerospace. The specified standard Ra and Rmr values: Ra =
0.2/0.4 and Rmr = (0.8) > 70% with a 5% reference line surface finish parameters. The
thickness of the coating is 0.1 mm and hardness to be > 55 HRC. The surface finish
process is through diamond grinding. A university verified local manufacturer
manufactured this sleeve. The manufacturer for this coating was a UK based
company (Thermal Spray Coating, B&B precision engineering, Huddersfield, UK).

e Chrome Plate (CP): Hard chrome plating is a common shaft coating for aerospace
applications. However, due to its susceptibility to “polishing in” with high fatigue and
wear, industry is moving away from this coating [23]. The specified standard Ra and
Rmr values: Ra = 0.2/0.4 and Rmr = (0.8) > 70% with a 5% reference line surface finish
parameters. The thickness of the coating is 0.25 mm and hardness to be 64 HRC. The
surface finish process is through plunge grinding. This sleeve was acquired with the
support of my industrial partner (acknowledgements).

e  Tungsten Carbide (TC): Commonly known as ‘hardide” coatings, they are gaining
popularity, as they do not polish in over-time, maintaining their initial surface
parameters, including roughness. These coatings provide improved wear and fatigue
in contrast to other coatings. The specified standard Ra and Rmr values: Ra = 0.2/0.4
and Rmr = (0.8) >70% with a 5% reference line surface finish parameters. The outer
diameter is case hardened to give a case depth of 0.5 mm and hardness to be > 55
HRC. The surface finish process is through plunge grinding. The manufacturer for
this coating is Hardide, it was acquired with the support of my industrial partner
(acknowledgements).

e  Stainless Steel (SS): This sleeve represents an uncoated stainless steel shaft. The
purpose of testing with this sleeve is to draw a comparison between the sleeves made
to the required specifications and a regular stainless steel sleeve concerning the
contact temperatures. It is also to derive results to demonstrate the need for specific
surface coatings for optimum seal performance. A university verified local
manufacturer manufactured this sleeve.
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2.2. Seal

The seals tested in this experiment are radial lip PTFE-lined oil seals and three
varying spring loads are used i.e., 8.5, 12, and 14 oz. ‘PTFE-lined” means that this is
essentially an elastomeric seal, with a PTFE coating on the lip to improve the tribological
properties and lubrication at the sealing interface. The PTFE coating is a filled polymer
matrix and the sealing lip is pre-loaded with an extension garter spring pressing down on
the lip to ensure seal-sleeve contact to aid in static and dynamic sealing. The seal design
includes a garter spring to maintain and provide the radial force of the lip on the surface
of the sleeve. Due to various environmental conditions, particularly heat, the elastomer
will age. However, to ensure that it will remain stable and unchanged during the service,
the spring is heat-treated. The garter spring is tightly wound thus carries an initial tension.
The sum of the force required to overcome the initial tension and the force due to the
spring rate equals the total force that the spring exerts. Over the lifespan of the garter
spring, even as the seal wears, it is designed to provide nearly a constant force. The
calculation of applied circumferential and radial load are in 4.1.

Figure 2 below demonstrates a cross sectional schematic of the seal used in this
experiment. This seal design is the current state of the art with the sealing lip, the garter
spring, metal insert and dust lip (ISO 6194) [3]. As mentioned above, the sealing lip has a
PTFE-coating bonded to the elastomer (visible in Figure 2 below); this PTFE coating is
filled with certain materials to improve the mechanical properties of the sealing lip. While
PTFE provides better lubrication at the interface due to its own properties, it is extremely
soft and reinforcement with fillers elevates its’ strength.

(L

d

Figure 2. Engineering drawing of the exact radial lip oil seal used in this experiment, with a dust
lip and a PTFE coating bonded to the elastomeric seal material.

2.3. Lubricant

In the case of these dynamic seals, a thin film of fluid separates the seal and the sleeve
surface (2-5 microns). Leakage will depend on the application, and extent of technical
tightness desired for that case (DIN 3761) [10]. In certain systems, some amount of leakage
is acceptable to ensure that the seal does not run dry. The lubricant used in this study is
Aeroshell 555, approved for the US military standard DOD-PRF-85734 [24]. The seal
material is also approved for compatibility with this standard [25], confirming that oil and
component compatibility will not arise as a problem. Table 1 below outlines the
parameters of this gearbox transmissions oil used in this experiment.

Developed with high temperature and load carrying performance in mind, their
viscosity at 100 °C classifies synthetic gas turbine oils like Aeroshell 555. This oil is a 5 ¢s
oil, which is the most commonly used in engines for commercial aviation. 5 cs oils are
limited by a specification to a maximum of 130,000 cs at =40 °C and are called “type 2’ oils.
This is a reference to their viscosity grade.
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Table 1. Specifications of Aero shell 555, lubricant used in experimental tests.

AEROSHELL Turbine Oil 555: Synthetic Lubricating Oil for Aircraft Turbine Engines

Application Approved for an increasing number of helicopter transmissions
Oil type Synthetic ester
Density Typical 994 kg/m? at 15 °C
Kinematic Viscosity Typical 27 mm?/s at 40 °C
Stability Chemically Stable
3. Methods

3.1. Test Methods

This aim of this work is to reproduce the conditions for a seal placed in the gearbox
of a helicopter. In such instances, oil seals in the input and output shaft locations of a
gearbox prevent loss of oil from the system as shown in Figure 3a. Figure 3b shows the
placement of such seals in a gearbox of this kind. These gearboxes employ a splash-
lubrication technique lubricant is picked up from the base of the gearbox with the gear
teeth and is thrown around as they rotate, thus lubricating the internal components. The
sliding speeds of the seals vary from 5 to 25 ms™ based on their placement within the
gearbox.

(b)

Oil Way
Output
Housing

Centre
Housing

Input Seal
Housing

Figure 3. (a) Intermediate gearbox (IGB) schematic showing input and output housing (b) IGB schematic showing
placement of seals in the input and output housing.

3.1.1. Experimental Rig and Test Conditions

The rig’s mechanical set up consists of three main sections shown in Figure 4 below,
described as follows.

1. The transmitted power supply (Motors): The prime motor in this rig is a 2.2 kW
induction motor, specifications provided in Table 2 below.

2. Drivetrain (shaft and gears): The gears are a 1:3 ratio. The input shaft is the shaft on
top, connected to the motor and the output shaft is in the centre, connected to the seal
test bench.

3. Seal Test bench: This is the test bench where seals are tested. Figure 5 below is a
detailed schematic of this section. A stationary housing holds the seal in place as it
slides on the sleeve surface. A hydraulic coupling connects the sleeve to the shaft,
ensuring that the sleeve rotates along with the shaft as necessary. The stationary
housing attaches onto to a Perspex chamber, filled with engine oil to simulate a
helicopter gearbox.
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Table 2. Motor Specifications.

Parameter Value
Rated Power P. = 2.2kW
Poles Pair p=2
Frequency f=50Hz
De-rated max speed Wmax = 3000 rpm

Figure 4. Top view of test rig designed displaying three sections from left to right: motor,
transmissions (gears), and seal test bench.

Figure 5. Detailed angled view of seal test bench section of the test rig.

A magnified observation view of the seal-shaft interface is facilitated using a
periscope set-up. The stationary housing connects to a mount (purple). A mirror retainer
(green) with two strategically angled mirrors fixes on to this mount. A toothed belt (grey)
connects the mount and a stepper motor together. The stepper motor is a 2 phase, 4 wire
cable, and bipolar motor. It has a step angle of 1.8 degrees and a holding torque of 22 Nm.
As the stepper motor rotates, the mirror mount will also rotate slowly 360° providing a
magnified view of the seal-shaft interface around the entire circumference.

The shaft speeds selected to replicate the conditions of the helicopter gearbox that the
seals will experience in service are presented in Table 3. Rotational speeds of 360 to 6000
rpm on the output shaft replicate various locations of the seal in the gearbox. For example,
for a seal located in the input housing, on an & 66 mm shaft, the engine input speed is
approximately 6250 rpm. This results in a seal surface speed of 21.6 ms™'. However, on the
other hand, for a seal located in the output housing, on an J 275 mm shaft, the main rotor
speed is approximately 330 rpm, resulting in a seal surface speed of 4.8 ms-'. Hence, seal
surface speeds between 5-20 ms™ sufficiently reproduce the conditions of the gearbox.
Refer to calculations using Equations (1)—(3) in Table 3. Data for these equations in taken
from Table 2.

RPM on output shaft = RPM on input shaft X 3 1)
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RPM (n) = f (g) X 60 2)

RPM on output shaft = f x 60 x 3 3)

Following these calculations, the motor operates at frequencies ranging from 2 to 33.3
Hz, producing 120 to 2000 rpm on the input shaft and 360 to 6000 rpm on the output shaft.

Table 3. Rotational speeds for testing of frequency, input shaft and output shaft.

Frequency (Hz) Input Shaft (rpm) Output Shaft (rpm)
2 120 360
3 180 540

5.5 330 990
7 420 1260
10 600 1800
15 900 2700
20 1200 3600
25 1500 4500
30 1800 5400
33.3 1998 6000

A standardized procedure where each seal-sleeve pair operates for a total of 4 h to
ensure uniformity of testing. Each rotational speed in Table 3 above runs for a duration of
20 min, resulting in a total test time of 3 h, 20 min. Finally, the test rig continues to run for
a further 40 min at 4500 rpm.

Repeat experiments are conducted for the 12 oz seal, where two sets of tests were
conducted with all sleeves to confirm reproducibility of results. The Pearson coefficient
(r) of each dataset was found using Equation (4). Correlation is ‘the degree of association
between two random variables X and Y. It is expressed by a coefficient that lies between
-1 and 1, known as the Pearson Coefficient, indicating whether there is a positive, negative
or no correlation between the data sets. To find the correlation of the results between the
repeat experiments, we calculated r for the speed against temperature for test 1, and
compared it to the r for test 2. We find the coefficients for the two tests within 1% of each
other, presented in Table 4 below. This provided statistical evidence that the results were

reproducible.

r(X,Y) = % @)

where “cov’ is the covariance and ‘sx’ is the standard deviation.



Coatings 2021, 11, 156

10 of 20

Table 4. Contact temperatures at the sealing interface for Test 1 (T1) and Test 2 (T2), reflecting
repeat experiments conducted on the 12 oz seal spring against all sleeves. Calculation of Pearson
Coefficient ‘1’ for statistical validity and reproducibility of experiments.

Speed Chrome Oxide Chrome Plate Tungsten Carbide Stainless Steel

rpm T T2 T1 T2 Tz T2 T T2
360 297.9 295.9 298.5 298.5 298.5 300.5 301.9 300.9
540 301.3 298.3 302.9 302.9 298.6 301.6 303.1 302.1
990 304.1 302.1 304.8 305.8 300.2 303.2 304.2 306.2
1260  306.2 304.2 306.9 307.9 301.5 304.5 306.1 309.1
1800  306.3 307.3 312.0 312.0 304.0 308.0 310.7 314.7
2700 308.3 309.3 319.4 320.4 308.9 312.9 317.4 322.4
3600 312.8 315.8 326.7 329.7 314.7 319.7 323.4 328.4
4500 317.1 321.1 329.5 334.5 320.9 325.9 329.5 332.5
5400 3214 323.4 333.5 341.5 325.4 329.4 335.0 338.0
6000 326.3 326.3 338.6 345.6 328.6 331.6 340.9 342.9

r 0.88732 0.89276 0.89222 0.89760 0.89763 0.89742  0.89859 0.89480

As seen in Table 4 above, the r-values for all four of the sleeves demonstrate positive
correlations with speed. More significantly, a comparison of the correlation values for
each sleeve between T1 and T2 reveals that the measure of association of test 1 and 2 is
within 1% of each other. For the 12 oz seal, all graphs in the result section reflect a mean
value between the two datasets collected.

3.1.2. Thermal Imaging Data Collection

An infrared thermal imaging camera set up in front of the seal test bench enables
observation of the test. Figure 6 clearly depicts how the camera is positioned in front of
the bench. A two-piece reflective mirror set-up (perpendicular to one another) on a mirror
mount connect to a rotating face on the stationary housing as seen in Figure 5. A pulley,
made with a toothed belt that mounts on this rotating face and connects to a stepper motor
(3:1 transmission ratio), ensures that this mirror mount rotates as the stepper motor
operates. These reflective mirrors are at an angle to provide a magnified view of the seal-
shaft interface, and the rotation of the stepper motor and mirror mount enable that view
around the circumference of the seal. This not only provides a clear image of the interface
between the seal and shaft, but also ensures investigation of the entire circumference.

Figure 6. Set up of FLIR thermal imaging camera in front of the seal test bench.
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The camera used is an infrared thermal imaging camera, IR FLIR MAX (FLIR SC7000,
Wilsonville, OR, USA). This particular series allows capturing accurate temperatures
(using FLIR Hypercal™) at high frame rates, while preserving sensitivity as well.

3.2. Analysis Methods
3.2.1. Surface Roughness Measurements

A ZETA profilometer (Zeta 20, KLA Tencor, Milpitas, CA, USA) is used to take
measurements of the surface roughness and obtain 3D imaging of the specimens. This
technique uses a broadband and spatially extended light source with an interferometric
objective to generate low-coherence interference fringes as the instrument scans along the
optical axis of the system. The surface topography of a sample is derived from these
interference fringes. Mountains Map software (version: 8.2.9468) post-processes the raw
data collected.

3.2.2. Thermal Imaging Measurements

Research IR thermal analysis software enables post-test data processing. This
software is a measurement, recording and analysis software that comes with the FLIR
camera. As mentioned in its description, “ResearchIR performs real-time image analysis,
with an extensive set of measurement tools including spots, lines, and areas. Export image
and plot data graphically as a Bitmap or CSV file for reporting and analysis in other
software programs” [26]. This enables data analysis of the thermal imagery.

3.3. Control Methods

A control test to account for the emissivity of the various components ensures that
this does not affect the final contact temperatures observed at the interface. The thermal
imaging camera is an infrared camera that measures the thermal radiation from each
surface. Varying surfaces emit thermal radiation with differing effectiveness and
emissivity refers to the effectiveness of a surface in emitting energy as thermal radiation.
This control measure includes finding the emissivity of the components and ensures
calibration of the camera to account for this when collecting data.

An insulating glass sheet covers the entire rig, allowing it to ‘thermally soak’ for some
given time period. This ensures that all the components within the insulated rig are the
same temperature after some amount of time i.e., the ambient temperature of the room.

The thermal imaging camera captures the radiant emittance, j* from each body and
uses the inbuilt algorithm to calculate the temperature. For this control experiment, the
camera object parameters are set to default with an emissivity of 1. The radiant emittance,
j* is defined in Equation (5).

j* =eoT* ()

j* = Radiant emittance Jm=2s™!
€ = Emissivity
o = Stefan Boltzman constant Wm™2K™*
T = Temperature K

Thermal images of the rig taken once the ‘thermal soaking’ is complete display that
the temperature of all the components vary by +1 °C. Ideally, all components will have a
homogenous temperature due to the thermal soaking described above. However, the
variance in temperature for each component within a range of +1 °C reveal that calibration
of the camera is necessary.

The emissivity correction is a control measure that ensures temperature data taken is
reliable and not skewed due to emissivity of the components.
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4. Results
4.1. Seal Spring Applied Load

The garter spring provides and maintains radial force of the lip on the sleeve surface
over the life of the seal. The load of the spring (P) is the initial tension (P1) plus the load
due to spring rate (kf) (Equation (6)). The total load of this 12 ounce-force seal is 20.9 N.
Calculation of the radial load of the seal (Pr) includes using the circumferential load (Pc)
(Equation (7)). D2 is the maximum extended inside diameter of the seal. The
circumferential load, Pc, of this seal is 0.1336 N/mm. The final radial force of the seal is
calculated using Equation (8), and is 20.9 N [27]. The selection of the seal spring loads is
in line with the standard sealing practices for this particular application, helicopter
gearboxes. The seals are placed in the input and output locations of an intermediate
helicopter gearbox.

P =P, +kf (6)
2P (7)

P, = D,
P.=P. XmX2r 8)

Table 5 below displays the circumferential and radial load for each of the three seals
included in this test.

Table 5. Radial and Circumferential seal loads for varying seal spring.

Seal Spring Circumferential Load (N/mm) Radial Load (N)
8.5 oz spring 0.0923 14.5
12 oz spring 0.1336 20.9
14 oz spring 0.1521 23.9

At rotational speeds of 6000 rpm, an excess temperature rise of 40 K is expected. Since
6000 rpm is the maximum rotational speed in this experiment, it is the maximum
acceptable value for excess temperature at the interface.

Figure 7 below displays four plots and each plot demonstrates the maximum contact
temperature at the sealing interface as a function of shaft rotational speed for four sleeves.
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Figure 7. Maximum contact temperature at the sealing interface as a function of shaft speed for (a) Chrome Oxide (b)
Chrome Plate (8.5 and 12 oz results overlap with one another and display almost identical trends, making the 8.5 oz line
difficult to spot) (c) Tungsten Carbide and (d) Stainless Steel.

Qualitatively, Figure 7 reveals that the 14 oz spring exhibits the highest increase in
temperature for all the sleeves. Given that all the sleeves are initially at a temperature of
300 K, a recorded temperature of more than 340 K is undesirable according to what we
expect. At a closer look, the maximum excess temperature for CO and TC does not exceed
340 K. However, for the CP and SS sleeves, the final temperature at 6000 rpm is 360 K and
375 K. This is higher than the expected temperature rise by a factor of 1.5 and 1.9
respectively. From the three springs, this provides the highest radial load and is
consequently the case that exhibits highest excess temperatures for all four sleeves.

For the 8.5 oz spring, the SS sleeve alone records excessively higher temperatures.
For the CP, CO and TC sleeves, the 8.5 and 12 oz springs reach roughly the same
temperatures. For the SS sleeve, the 8.5 oz spring reaches approximately 368 K, which is
not far behind the 14 oz seal for this case. Although it did not reach undesirable
temperatures in all of the tests, the 8.5 oz seal is not optimal. While the spring load is
considerably lower in this case, results demonstrate that they still may reach higher
temperatures. However, while the observed higher temperatures in this test case is partly
due to the SS sleeve, the 12 oz spring in contrast did not reach these temperatures. This
indicates that the load provided by the 8.5 0z spring is partly responsible for this increase
in temperature.

In contrast to the previous two springs, the 12 oz spring exhibited consistent
temperatures within the desired range for all test cases as demonstrated in Figure 7 below.
It is the optimum spring load, evidenced by the results that it did not exceed the expected
40 K temperature rise, even for the SS sleeve that is poor performing as will be noted in
further sections.

4.2. Surface Coatings

To analyse the performance of each surface coating and draw a comparison between
them, Figures 8-10 depict the maximum contact temperature as a function of shaft speed
for each seal spring. This enables a comparison between the four sleeves for each seal
spring load. The initial temperature at the contact interface lies between 295 and 300 K.
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Figure 8 below displays the temperatures at the sealing interface for the 8.5 oz spring.
From this plot, it is quantitatively apparent that the SS shaft experiences noticeably higher
temperatures than expected, reaching almost 370 K. This is an approximate increase of 70
K from the initial temperature, higher than the expected temperature rise by a factor of
1.75. The temperature increase noted in the CP sleeve comes in next, reaching a
temperature of just above 340 K. This is a temperature rise of approximately 40 K, within
the expected range of temperature increase. The TC and CO sleeves remain at temperature
rises well below the expected amount at near 330 K.
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Figure 8. Maximum contact temperature at sealing interface for all 8.5 oz spring loads, comparing
temperatures reached for CO, CP, TC and SS sleeves.

Figure 9 below displays temperatures at the sealing interface for the 12 oz spring. It
is worth nothing that there are no exceptionally high temperatures observed with any
sleeves here. Quantitatively, the CP and SS sleeves reach higher temperatures than the TC
and the CO by 10-15 K. While the final temperatures for these two sleeves at the interface
are not that much higher than the expected range of values, the results are consistent with
Figure 8, where the CP and SS sleeves result in higher temperatures than TC and CO.
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Figure 9. Maximum contact temperature at sealing interface for all 12 oz spring loads, comparing
temperatures reached for CO, CP, TC and SS sleeves, reflecting mean values of two datasets taken
for repeat experiments.

Figure 10 below displays the displays temperatures at the sealing interface for the 14
oz spring. In this case, it is qualitatively evident that the SS and CP sleeves reach relatively
higher temperatures in contrast to the TC and the CO sleeves. Quantitatively, the SS sleeve
has a temperature rise of 75 K and the CP sleeve has a temperature increase of 60 K. The
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remaining two sleeves both continue to remain within the expected range of temperature
increase, not exceeding an increase of greater than 40 K. These results are also consistent
with Figures 8 and 9 of SS and CP sleeves demonstrating higher temperature increase at
the sealing interface.
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Figure 10. Maximum contact temperature at sealing interface for all 14 oz spring loads, comparing
temperatures reached for CO, CP, TC and SS sleeves.

Consistent results confirm the use of SS and CP sleeves as seal-mating sleeve surfaces
have exceptionally higher temperature increase at the sealing interface in contrast to other
coatings, i.e., TC and CO. This is the case for all seal springs at all rotational speeds.

These findings emphasize on the significance of surface coatings for the seal counter
surfaces to control temperatures at the contact interface of the sealing system. It builds
upon already established literature and guidelines that explain how the hardness and
other properties of the surface coated sleeve enable a successful seal [5,6]. Additionally,
guidelines [28] specify that chrome plating is a technique that is undesirable for a few
reasons, most notably their interaction with the seal over time. They state that the chrome-
plated sleeve will “polish’ overtime and become smoother. Evidenced from the higher
temperatures at the contact interface in the case of CP sleeves, this may be a reason that
contributes to wear and polish at the interface. Thus, increased temperatures may be
causing or aggravating wear in these cases.

4.3. Surface Roughness

Different standards for radial oil seals specify that the running surface for oil seals
should meet the following requirements outlined in Table 6 below. The surface roughness
of the sleeve must range between Ra 0.2 um to 0.8 pm according to DIN 3760/61 [4,10],
while ISO 6194 and RMA OS-1-1 [3,29] provide a smaller range of Ra 0.2 um to 0.5/0.43
pm. The performance of a seal is heavily reliant on the mating surface topography,
including the surface roughness and texture. Plunge grinding is the preferred method of
surface finish as other methods result in higher friction, and as a result, higher
temperatures [5].

Table 6. Specifications for Radial Lip Seals Mating Surfaces (Sleeve) according to ISO, DIN &
RMA Standards.

Title DIN 3760 * ISO 6194-1 ** RMA OS-1-1 ***
Shaft surface roughness Ra 0.2 to 0.8 um Ra 0.2 to 0.5 um Ra 0.2 to 0.43 um

* DIN = Deutsches Institut fiir Normung. ** ISO = International Organization for Standardization.
** RMA = Rubber Manufacturers Association.
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Table 7 below summarizes the roughness parameters of the four sleeves. The Ra
value refers to the arithmetic average height of the surface roughness profile.
Alternatively, it is known as the centerline average and is the most basic measure of the
surface roughness of any specimen. Rp and Rv values refer to the roughness peaks and
roughness valleys. Rp is defined as the maximum height of the peak above the mean line,
and Rv is defined as the maximum depth of the valley below the mean line [30].

Table 7. Sleeve Surface Roughness (units: pm).

Sleeve Coatings Ra Rp Rv
Chrome Plate 0.174 1.115 0.585
Chrome Oxide 0.135 1.699 1.115
Tungsten Carbide 0.187 0.471 0.689
Stainless Steel 3.143 4.145 2.178

Sections 4.1 and 4.2 demonstrate clearly that the SS and CP sleeves exhibit higher
temperatures at the sealing interface over the others. The surface of SS sleeve is
microscopically far rougher than the other three sleeves. Evidenced by the fact that it
consistently has higher contact temperatures in all of its test cases, the microscopically
rough surface is a contributing factor for this. Additionally, the SS is not surface coated or
finished to any specifications, another significant reason for the overall higher contact
temperatures observed in this specimen.

5. Discussion

This study considers three important parameters to investigate their effect on the
contact temperatures at the sealing interface: seal spring loads, surface coatings and
surface roughness.

The total load of the sealing system is a combination of the load provided by the
elastomer and the garter spring. The garter spring is designed to maintain a constant
radial force on the seal lip, even as the elastomer ages and the load decreases. An
increasing radial load results in frictional forces to increase at the interface [31], which
would cause temperatures to rise. However, it has been shown that increasing
temperatures at the interface causes contact forces to subsequently decrease [32], which
would likely result in a decrease in the rate of change of temperature rise. Thus, it is not
as straight forward as higher radial load will result in higher temperatures and vice versa.
In this study, an optimum seal of 12 oz exhibits controlled temperatures at the contact
interface. A lower seal spring of 8 oz results in slightly higher temperatures, as does a 14
oz seal spring. This is unexpected as a lower radial load would decrease friction at the
interface and thus, presumably cause temperatures to decrease. However, for this
application, findings show that a lower seal spring of 8 oz does not cause a reduction in
contact temperatures. This may be due to an improper formation of the dynamic seal gap
with this applied force, resulting in increased friction at the interface. It is difficult to
predict with certainty why a 12 oz seal spring exhibited optimum performance. However,
it can be concluded that for such applications, a 12 oz seal spring reaches optimum
temperatures at the contact interface—higher and lower values result in increase of
temperature.

The application of thin and hard coatings to metals with lower wear resistance is a
practice that has improved the tribological interaction of contacting bodies and surfaces.
Components operating in high temperature environments like gas turbine engines would
experience premature wear, damage and failure without protective hard coatings [33].

The CP sleeve experienced the highest contact temperatures from the three coated
sleeves, albeit not as high as the uncoated SS sleeve. The SS sleeve, in contrast, experienced
the highest contact temperatures from all the four sleeves tested. The SS sleeve was
uncoated and its surface roughness was not within the desired ranges as required by the
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ISO, and DIN standards. The CP sleeve fulfilled the surface roughness requirements, so
its failure in terms of contact temperature falls on the nature of the coating. The CP coating
is one that has become seldom used in the aerospace industry and due to the
implementations of EU directives such as 1999/13/EC (VOC), 2011/65/EU (RoHS), and
2012/19/EU (WEEE) [20,34-36], alternatives to such a coating is encouraged. Additionally,
it has a nature of polishing in easily overtime [28]. This polishing in effect will result in a
smoother surface than it initially was as the roughness peaks are removed by this
phenomenon. This can eventually also result in wear of the sleeve surface. Smooth
surfaces are considered undesirable for seal counter surfaces as they will result in more
friction at the interface, and as a result, higher contact temperatures.

This is why this CP sleeve experienced higher contact temperatures than TC and CO.
However, the SS sleeve has a higher roughness and is uncoated, both of which contribute
to the higher friction, resulting in excessively higher temperatures at the interface in all
test cases.

Micro roughness, groove textures and other laser-textured surfaces are known to
reduce the friction at contacting interfaces [37]. Table 5 presents the surface roughness
range for sleeves as recommended by the standards. These standards also specify that a
plunge ground surface finish is recommended, as the micro roughness patterns on the
surface are a critical aspect of achieving an effective sealing system. Lead on the sleeve
surface is also undesirable and ISO 6194 and DIN 3761 [3,4,10] recommend zero lead on
the sleeve surface. Any lead, coupled with the direction of shaft rotation may result in
pumping of oil toward either side [38] which can starve the interface of lubricant. Thus,
the surface roughness is critical in controlling friction and temperatures at the sealing
interface.

An uncoated SS shaft or sleeve is not finished to the desired specifications, and as we
observe in this study, does not perform up to the required standards in terms of contact
temperatures at the sealing interface. In this study, the three coated sleeves (TC, CO, CP)
are surface finished to the desired standard, while the SS sleeve is generically
manufactured without any surface finishing process. While this results in a flawed
comparison from one aspect, the test is designed this way to draw a comparison between
sleeves that are coated and surface finished as opposed to using a plain SS sleeve/shaft
that has not undergone any surface treatment.

The first finding is that a microscopically rougher shaft will result in increased
temperatures at the sealing interface. The flaw in the study is that it is difficult to pinpoint
whether the temperature rise is attributed to the sleeve being rougher or because it is
uncoated, as an uncoated SS sleeve with the correct roughness has not been studied here.
However, previous studies have established that a surface that is ‘too rough’ is
undesirable, just as a perfectly smooth (super-finished) surface is. A shaft surface
‘rougher’ than required can result in excessive and undesirable wear, thus decreasing seal
life. Consequently, a shaft surface ‘too smooth’ can also be detrimental as the seal will not
wear in as required, potentially resulting in high leakage levels. Horve concluded that this
phenomenon is a critical aspect necessary to achieve reliable seal performance [39]. Thus,
it is not presumptuous to conclude that the microscopically rougher surface of the SS
sleeve contributes to higher temperatures at the sealing interface.

6. Conclusions

This experimental study reveals the maximum temperatures at the sealing interface
for a number of seal-sleeve combinations at sliding velocities of 5-25 ms. The results
demonstrate that a 12 oz spring load is an optimum load, as higher spring loads of 14 oz
result in undesirable and higher temperatures at the sealing interface. Consequently, a
lower spring load of 8.5 oz does not result in lower temperatures than observed in the 12
oz spring as one might expect. Depending on the requirement of the application, a 14 oz
spring may be optimal if controlled leakage is more important than controlled contact
temperature. In contrast, an 8.5 oz spring may be optimal if wear is a more poignant
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concern for that application. However, for applications where excess temperature at the
sealing interface is a high priority concern, 12 oz seal spring provides an optimal sealing
environment for controlled temperature increase.

The seal-running surface, the sleeve, is of great importance in achieving a successful
sealing environment. The presence of state-of-the-art seal specification standards
(described in 4.3 depict the importance of the surface roughness of the sleeve. The
microscopic roughness of the SS is higher than the other three sleeves, mainly because it
has not been finished to a desired standard. The results of this sleeve reveal higher contact
temperatures with all seal springs, which is due to this microscopically rough surface. It
will result in higher friction at the interface, resulting in higher temperatures at the sealing
interface. Additionally, the SS does not have a surface coating. Evidenced by the disparity
of temperature increase for this sleeve in particular in contrast to others, the significance
of an appropriate surface coating on the sleeve is re-enforced.

The results from the SS clearly demonstrate the need for surface coating and its role
in contact temperature at the sealing interface. The CP sleeve also exhibits higher contact
temperatures over the TC and CO sleeve, albeit lower contact temperatures than the SS
sleeve. CP sleeves are not as highly recommended as seal-mating surfaces anymore as
they have been in the past. They are undesirable as they polish in over time; resulting in
‘smoother” surfaces (smoother than the recommended roughness guidelines) and cause
wear in the system. This study concludes that another reason for its poor performance is
the tendency to have higher contact temperatures at the sealing interface, which will only
aggravate wear of the seal lip through elastomer aging and other mechanisms.

Results from the TC and CO sleeves consistently exhibit excess temperature of 40 K
or less at the sealing interface, indicating that they are ideal sleeve surface coatings in
terms of temperature control. However, other factors that may contribute to the increase
of contact temperatures include long-term wear, vibration in the system and shaft
eccentricity. Evaluation of these factors was outside the scope of this work.

Future work can benefit from a deeper insight into the surface micro roughness of
the sleeves, including the texture and lead. This may provide more insight into specific
micro patterns, grooves or textures that are causing contact temperatures to increase and
thus, detrimental to the overall success of the sealing system.
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