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Bio-hybrid fuels are carbon-neutral and can be produced based on sustainable raw material
sources. Therefore, they represent a promising alternative to conventional fuels. However, the
use of bio-hybrid fuels in automotive systems is challenging due to deviating fluid properties
compared to conventional fuels. This applies especially to the compatibility of bio-hybrid fuels
and sealing materials used in the automotive industry. One reliable way to prevent failure of
seals is the use of PTFE materials, which, in turn, introduces new tribological challenges. For
this reason, this contribution focuses on these challenges for radial shaft seals, which arise
from the special characteristics of PTFE materials and bio-hybrid fuels.

1 Introduction

Bio-hybrid fuels are produced based on non-fossil carbon sources with renewable
energy or by bio processes. Possible raw material sources are biomass from agri-
cultural production, domestic wastes or wastes of the chemical industry. Therefore,
bio-hybrid fuels are COz-neutral and represent a sustainable alternative to conven-
tional fossil fuels with regard to climate change. A major advantage of bio-hybrid
fuels over other energy carriers such as hydrogen or electricity is the easy imple-
mentation in existing vehicle systems and the use of existing infrastructure. This in-
cludes a worldwide network of petrol stations, suppliers and refinery plants.

The cluster of excellence "The Fuel Science Center" (FSC) is investigating bio-hybrid
fuels with respect to their suitability as a substitute for conventional fuels like gasoline
and diesel. In this context, methods for the prediction of fuel properties such as ig-
nitibility indicators, spray behaviour or the tendency for sooth emission are devel-
oped. Using this methods, existing bio-hybrid fuels can be optimized or novel fuel
candidates can be selected.

One prerequisite for the successful use of bio-hybrid fuels in automotive applications
is the compatibility with existing sealing systems. However, many of the fuels studied
within the FSC cause severe swelling as well as immediate failure of conventional
sealing materials like NBR and FKM. This phenomenon particularly affects radial
shaft seals in injection pumps. Preliminary examinations have already shown that
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the only way to prevent swelling in this case is to use PTFE or PTFE compounds.
For this reason, this contribution aims to investigate the tribological consequences
stemming from the material properties of PTFE and bio-hybrid fuels.

The first part of the paper gives a brief overview over a few promising bio-hybrid fuel
candidates investigated within the FSC. Both their chemical structure and typical fuel
properties are addressed.

To illustrate the strong influence bio-hybrid fuels have on conventional sealing ma-
terial, in the next part of the paper the results of an immersion test according to
DIN ISO 1817 are presented. The test was conducted for the fuels described in the
previous chapter and reference elastomers according to DIN 1ISO 13226.

Subsequently, several tribological values such as spreading coefficient and the pen-
etrativity are determined. For this purpose, the used measurement set-up and the
gathered results are presented. Furthermore, a test set-up for the determination of
the wear behaviour of different combinations of PTFE materials and the considered
bio-hybrid fuels is discussed.

Finally, the obtained results are discussed, and PTFE materials are evaluated re-
garding their usability as a sealing material for bio-hybrid fuels in automotive sys-
tems.

2 Bio-hybrid fuels

The investigated bio-hybrid fuels and their chemical structure are shown in Table 1.
In addition to the bio-hybrid fuels, diesel and gasoline were also investigated to es-
tablish comparability with conventional fuels.
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While diesel and gasoline consist exclusively of nonpolar hydrocarbons, it is notice-
able that the fuels investigated also have polar components in the form of oxygen
atoms in addition to nonpolar groups. The change in polarity can affect the behaviour
toward sealing materials. For this reason, it cannot be assumed without further ado
that the bio-hybrid fuels shown Table 1 are compatible with conventional sealing
materials.

Table 1: Investigated bio-hybrid fuels

Fuel Chemical structure
© Gasoline RON 95 .
§ . (RON 95) Various hydrocarbons
< Diesel EN 590 .
8 (D) Various hydrocarbons
Mixture of methyl ketones CH
nc = e {11,13,15} o " ch,
CH,
Ethyl acetate
~
EA) 07 07 eH,
1,3-Dioxolane o o

(DIO) \

Bio-hybrid
fuels

Dimethoxymethane (DMM) Hsc\o/\o/CHs
Diethoxymethane PN NN
(DEM) H5C 0 @] CHj

3 Material compatibility

In preliminary investigations the material compatibility of bio-hybrid fuels and sealing
materials like NBR, FKM, VMQ and EPDM were investigated. For this reason, an
immersion test according to DIN ISO 1817 was conducted [1]. In this context, the
sealing materials were exposed to the investigated fuels. Over a period of 28 days,
the parameters mass, volume and hardness are measured at defined intervals. Ad-
ditionally, the discoloration of the fluid and the formation of particles were examined.
As seal specimens, reference elastomers according to ISO 13226 are used [2].
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In Figure 1 the results of the immersion test after 28 days are visible. On the x-axis
the relative change of volume and on the y-axis the relative change of hardness are
shown. Furthermore, tolerance areas for dynamic and static seals are marked in the
diagram [3]. Each point in the diagram represents a combination of one sealing ma-
terial and one of the bio-hybrid fuels mentioned before.
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Figure 1: Change of volume and hardness for different conventional and bio-hybrid fuels

It can be seen that the conventional fuels diesel and gasoline lead to comparable
low volume and hardness changes. The changes for FKM are within the tolerance
range for both dynamic and static seals. The combination of NBR and diesel is within
the tolerance are for static seals. Only for NBR combined with gasoline significantly
larger changes of volume and hardness are visible. In contrast, all of the bio-hybrid
fuels investigated lead to an extreme increase in volume and a sharp decrease in
hardness, making it impossible to use them in technical systems. The greatest in-
crease in volume has been observed for EA/FKM. The greatest decrease in hard-
ness occurred for MK/VMQ.

The results of the immersion test illustrate that the investigated bio-hybrid fuels lead
to extreme changes of material properties for conventional elastomer sealing mate-
rials. Therefore, an application in technical systems is not possible. To find suitable
sealing materials which meet the requirements for seals in automotive systems, the
immersion test was repeated for different composite materials and PTFE seals visi-
ble in Table 2. In contrast to the previous measurements, technical seals were used
since the investigated materials are not available as reference materials.
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Table 2: Investigated composite sealing materials

Material Sealing type Dimensions
PTFE/carbon Radial shaft seal 25x38x7
PTFE Flat material 2x20x25

For the seals shown in Table 2 no significant change of material properties could be
detected. Neither, discoloration of the sample liquid and particle formation could be
observed. For this reason, it can be assumed that the materials in Table 1 are chem-
ically resistant to the investigated bio-hybrid fuels. However, the insertion test does
not allow any statement about tribological properties. Therefore, different wetting pa-
rameter will be discussed in the following.

4 Wetting properties

For the estimation of the lubrication behaviour of the investigated bio-hybrid fuels in
combination with PTFE sealing materials, different wetting properties were deter-
mined. In the following, the spreading coefficient and the penetrativity are discussed
with regard to dynamic sealing systems.

41 Spreading coefficient

To achieve good lubrication between two solid surfaces and to prevent wear, the
formation of a liquid film between these surfaces is required. Whether a liquid can
spread on a surface mainly depends on the cohesive and adhesive forces acting on
the liquid. In Figure 2 a liquid droplet and the corresponding interfacial energies are
visible.

e

:Ysc / YSL:

Figure 2: Droplet and acting surface energies

The work of adhesion W, is composed of the interfacial energies ysg, vi.c and vy,
as seen in equation (1), and aims to maximize the contact area between the droplet
and the solid body. [4]

Wa = ¥s¢ — (Vrg + ¥s1) (1
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The cohesion work W, counteracts the adhesion work W, and aims to minimize the
interface between the atmosphere and the droplet. The work of cohesion is given by
equation (2) and is equal to twice the surface tension y, of the liquid. [4]

We= 2y (2)
The spreading coefficient shown in equation (3) is the difference between the work
of adhesion W, and the work of cohesion W. [4]

S= Wy— W (3)

In case S > 0, the adhesive work predominates, and complete wetting occurs. If S
is smaller than 0, wetting is incomplete.[4]

In order to determine the spreading coefficient S in the further process, alternative
representation methods are used for the work of adhesion. For example, authors
Kaelble (4) and Wu (5) have established different calculation methods for W,. [5, 6]

e o{ i .

_ 2vd vl 28 e ()
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The symbols y¢ and ysp represent the polar and disperse components of the interfa-
cial tension of the solid body. The polar and disperse components of the liquid inter-
facial tension are indicated by y{ and yf.

The method according to Kaelble is particularly suitable for liquids with a low surface
tension. Since most of the investigated fuels have a low surface tension, in the fol-
lowing, the method of Kaelble is used for the determination of the work of adhesion

[3]-
4.2 Penetrativity

To ensure good lubrication in the contact between seal and shaft, the liquid must be
able to penetrate the sealing gap. The penetrating fluid is primarily affected by vis-
cous friction F,;; and surface tension Fgr as shown in Figure 3.
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Figure 3: Penetration of a sealing gap
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The viscous force is the product of the geometric dimensions of gap width W and

gap length [ as well as the viscosity n and shear rate % (6).[7]
v

Pas= oonow 1 ®)

The force Fgr caused by the surface forces corresponds to the difference of the in-

terfacial energies yg, and y,¢. According to Young and Dupre, the difference be-

tween o5, and gy can be represented as the product of the cosine of the contact

angle 6 and the surface tension y,; of the liquid [8]. Taking the gap geometry into
account, equation (7) is obtained.[7]

Fsy = By - cos(6) (7)

From equilibrium between the forces from (6) and (7), equation (8) follows. By rear-
ranging, the penetrativity i is obtained, which is a measure of the ability of a liquid
to penetrate a gap.[7]

v (8)
2v vl Yy cos(6)
7-n-w-l=w-aLGcos(9) © = LGT

According to (8), high surface tension, low viscosity and a small contact angle lead
to a high penetrativity, which improves lubrication in the gap. For contact angles
greater than 90°, the liquid withdraws from the gap as shown in Figure 3 for liquid 2,
which is not desirable.

If the surfaces of the gap are made of different materials, for the approximate calcu-
lation of the pentrativity, the formula from (9) can be used. Since the investigated
sealing systems also consist of two different materials, for the evaluation of the pen-
etrativity of the bio-hybrid fuels equation (9) is used.

6, 45 92) 9)

Yig €OS (
=~ 2n

4.3 Determination of material properties

The wetting properties, spreading coefficient and penetrativity depends on both the
material properties, like the liquid viscosity and surface tension, as well as on the
surface energies of the solid materials. Thus, the measurement methods used for
the determination of these parameter will be presented in the following.

4.3.1 \Viscosity

For the determination of the kinematic viscosity, an Ubbelohde viscometer according
to DIN 51562 is used [9]. The temperature of the sample liquid is controlled by a
thermostat with a temperature accuracy of 0.01 K. To ensure accurate temperature
control of the samples, the filled viscometers initially remain in the temperature con-
trol bath for 30 min. Subsequently, 7 measurements are conducted for each liquid.
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The first two measurements are considered preliminary measurements and are not
evaluated. The mean value is finally formed from the remaining 5 measurements.

Since the dynamic viscosity 7 is required for the calculation of the value penetrativity,
the density p of the fluid is determined in addition to the kinematic viscosity v. The
dynamic viscosity can be calculated using equation (10).

n=p-v (10)

The measurement set-up for the determination of liquid density is shown in Figure 4.
The set-up mainly consists of a displacement body and a precision tension scale.
During the measurement process, the displacement body is immersed into the sam-
ple liquid and the resulting mass m,,.qsureq iS Measured with the precision scale.

——— Precision scale

9
Fmeasured l

Temperature
sensor
Heat Fbuoyancy T _ Sam |e
exchanger S quuidp
connection — O _ .
to tempering — H F ° lcl?(l)sdplacement
unit y

Figure 4: measurement set-up for the determination of liquid density

The measured mass m,,.q.sureq Multiplied by the gravitation constant g equals the
difference of the weight force and the buoyancy force (11).

Mpeasurea "9 = Mpp 9 — Vo pL g (1 1)
weight force buoyancy force
By rearranging and shortening, one obtains equation (12).

Mpp — Mypeasured (1 2)

VD B

pL =
Since the volume V,; and the mass mp; of the displacement body are known, the
liquid density can be calculated depending on the measured mass m,cqsured-

To control the temperature of the sample liquid, a heat exchanger is used, which is
connected to temperature control unit with a temperature accuracy of 0.02 K.

The measurement was repeated 10 times for each liquid and temperature step.
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4.3.2 Surface tension

The surface tension of the liquids is determined by means of the du Nodly ring
method in accordance to DIN EN 14370 [10]. For the temperature control of the
sample liquid a temperature control unit with a temperature accuracy of 0.02 K is
used. In sum 5 measurements are performed for each sample liquid and each tem-
perature step.

4.3.3 Interfacial tensions

The polar and disperse components of the solid materials are determined by means
of the sessile drop method according to DIN 55660-2 [11]. For this purpose, drops
of various reference liquids are placed on the investigated sealing materials with a
manual microliter pipette. Subsequently, the contact angles of the droplets are rec-
orded and evaluated with the methods specified by DIN°55660-2 [11]. Based on the
contact angles, the polar and disperse interfacial tension were calculated according
to the WORK method. The droplets were recorded with a Mitutoyo 3x magnification
telecentric lens in combination with a Nikon digital SLR camera .The volume of each
dropletis 2 ul. For each material 5 droplets are evaluated. The used reference liquids
and their polar and disperse components are listed in Table 3.

Table 3: Reference materials for the determination of the polar and disperse interfacial ten-

sion [11]

Reference Interfacial Polar interfacial | Disperse inter-

liquid/material Tension tension facial compo-
y in mN/m y? in mN/m nent

¥4 in mN/m

Water 72.8 51.0 21.8
1-bromo naphthalene 446 0 44.6
Ethylene glycol 47.7 16.8 30.9
Thiodiglycol 54.0 14.8 39.2
PTFE 19.0 0.5 18.5

For the determination of the polar and disperse components of the liquid interfacial
tensions, the sessile droplet method is used, too. The procedure is the same as the
one used to study the polar and disperse interfacial tension of the solid materials.
For each sample liquid 10 droplets were evaluated. PTFE was used as reference
material (Table 3).[12]

44 Results

The results for the physical fuel properties determined with the methods described
in sections 4.3.1 and 4.3.2 are visible in Table 4. It can be seen that the viscosity of
most bio-hybrid fuels is low and in the same order of magnitude as RON 95. Only
the viscosity of the methyl ketone mixture with a value of 1.98 mPa-s is significantly
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higher and comparable to that of diesel (1.83 mPa-s). The surface tension of all lig-
uids is comparatively low, with values not exceeding 24.5 mN/m. The only exception
is 1,3-dioxolane with a surface tension of 30.66 mN/m.

Table 4: Physical fuel properties at 40 °C

Density Kinematic | Dynamic Surface
in kg/m® viscosity | viscosity tension
in mm?/s in mPa's in mN/m
Conven- | Diesel EN 819,24 2,23 1,83 24,5
tional 590
fuels RON 95 786,15 0,49 0,39 21,5
Bio-hy- MK 812,79 2,43 1,98 24,5
brid EA 876,08 0,42 0,37 21,73
fuels DIO 1041,54 0,50 0,50 30,66
DMM 800,7 0,22 0,26 18,4
DEM 809,72 0,41 0,33 191

With aid of the physical fuel properties from Table 4 and the measurement methods
discussed in 4.3.3, the spreading coefficients (Figure 5) and the penetrativity (Fig-
ure 6) are determined.

The spreading coefficient for NBR and the conventional fuels diesel (5,52 mN/m)
and gasoline (7,96 mN/m) is positive, which indicates complete wetting of the seal
surfaces. The values for FKM in combination with diesel and gasoline are both neg-
ative and suggest incomplete wetting. Since both FKM and NBR are used as sealing
materials for conventional fuels in automotive applications, the values for diesel and
gasoline are to be understood as a reference for sufficient wetting.

Since the material compatibility between FKM and NBR is not given for bio-hybrid
fuels, the values for the spreading coefficient are shaded here. They are to be un-
derstood as theoretical values, as technical implementation is not possible.

Furthermore the results in Figure 5 show that the spreading coefficient for all fuels
in combination with PTFE and PTFE+C is much lower than for NBR and FKM in
combination with conventional fuels. The lowest values are reached for 1,3-diox-
olane (-37,46 mN/m for PTFE, -48,28 mN/m for PTFE+C). These results suggest
that the surfaces of these seals can be wetted significantly worse than for NBR and
FKM. The only exception is DMM. Positive values can be obtained for both PTFE
(2,22 mN/m) and PTFE+C (2,83 mNm), which indicates complete wetting. The val-
ues obtained for steel differs significantly for each fuel and ranges from -10,13 mN/m
for 1,3-dioxolane and 17,29 mN/m for DMM.
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Figure 5: Spreading coefficient S at 40°C

The second wetting property that is determined, is the penetrativity. The results,
shown in Figure 6, range from 1,05 to 14,3 m/s. Diesel and MK are located in a
similar low range between 1,05 and 1,88. Average results are calculated for RON
and DEM with values from 4,5 to 8. Values for EA and DIO are slightly higher, up to
8,8 or 10,5. The liquids seem to have a larger impact on the penetrativity than the
solid materials. For this reason DMM is showing the highest penetrativity in a range
from 8,7 to 14,3 m/s since it has the lowest dynamic viscosity of all investigated
materials. Nonetheless there is a tendency that the combination of PTFE/100Cr6 is
resulting in higher penetrativities, whereas FKM/100Cr is correlating with lower re-
sults. A good penetrativity in a shaft sealing system is expected for relatively high
numbers. According to this EA, DIO and especially DMM are showing the most prom-
ising results, in particular in combination with a shaft sealing system made of PTFE
and 100Cr6.
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Figure 6: Penetrativity ¢ at 40°C

5 Summary and Conclusion

This paper reviewed the poor material compatibility of conventional sealing materials
used in the automotive industry and bio-hybrid fuels. For this purpose, an insertion
test was carried out in accordance with DIN ISO 1817. The results have shown that
PTFE materials exhibit good compatibility towards the bio-hybrid fuels investigated.
Subsequently, basic principles for the determination of the spreading factor and pen-
etrativity for PTFE, PTFE/C, NBR and FKM sealing material and bio-hybrid fuels
were discussed and the measurement methods used were presented. According to
the results most bio-hybrid fuels show bad spreading coefficient, while the penetra-
tivity is comparable to conventional fuels or even better. One exception is DMM

According to the results, DMM shows the best wetting properties, in particular when
it is combined with a PTFE sealing. A sealing, made of commonly used FKM elasto-
mer, is not recommendable, whereas NBR, also a widely used elastomer, is showing
acceptable wetting properties in combination with the regarded bio-hybrid fuels. The
Penetrativity of PTFE is scoring the best results, if MK is excluded, but in regard of
the spreading coefficient the results are poor, DMM not regarded. PTFE/C delivers
consistently worse parameters in comparison to PTFE, again without regard of
DMM. Noticeable are the relatively high penetrativities of DIO in contrast to the in-
complete wetting of all tested elastomers.
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6 Outlook

Since the determination of the "wetting properties" is only an initial estimate of the
friction and wear behaviour of bio-hybrid fuels and PTFE-containing seals, further
investigations will be carried out in the future to determine whether there is a corre-
lation between "wetting properties" and wear or "friction".

In order to investigate the influence of the wetting properties determined in section 4
on wear and friction, a novel test set-up will be designed. The test set-up mainly
consists of a driven shaft and a radial shaft sealing. During the measurement, the
shaft sealing is exposed to the sample liquid and presses against the shaft. After
each measurement process, seal and shaft are disassembled and investigated with
regard to wear. A profilometer with a resolution in the sub-micrometer range shall be
used for this purpose.

In the further course of the investigations, the presented bio-hybrid fuels will be ex-
amined by means of the mentioned test set-up. Due to the large number of possible
bio-hybrid fuels, further wetting parameters and wear values are to be determined in
the future. Once a sufficient number of fuels and seals have been examined, it will
be checked whether an accurate prediction of wear can already be made on the
basis of the wetting parameters.
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8 Nomenclature

Variable  Description Unit
Fpuoyancy ~ Buoyancy force IN]
Fheasurea  Measured force [N]
Fgr Force caused by surface tension [N]
Fis Force caused by viscous friction [N]
Fueighe ~ Weight force [N]
Vbr Volume of the displacement body [m?3]
Wy Work of adhesion [mN/m]
We Work of cohesion [mN/m]
Mmpg Mass of the displacement body [m?3]
Mmpeasured Measured mass [m?3]

h Disperse component of liquid interfacial energy [MN/m]
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[1]

[2]

[3]

[4

5

]

—_

VLG Interfacial energy liquid - gas

yf’ Polar component of liquid interfacial energy
e Disperse component of solid interfacial energy
Ys Interfacial energy solid - gas
YsL Interfacial energy solid - liquid

ysp Polar component of solid interfacial energy
DL Liquid density

h Height

S Spreading coefficient

g Gravitation constant

l Length

v Velocity

w Width

n Dynamic viscosity

6 Contact angle

v Kinematic viscosity

P Penetrativity
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