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1 Introduction

Lubrication oil combustion within engines has been experimentally linked to increased probability of
fuel-air mixture preignition in spark ignition (SI) and gas turbine (GT) engines, causing erratic
combustion, engine knock, and increasing unburned hydrocarbon emissions [1-3]. To improve engine
high-load, low-speed performance, a better understanding of lubrication oil laminar flame speed is
desirable [4, 5]. Other fundamental properties of oil combustion have been studied, such as ignition
delay times [6-10], coking characteristics [9, 11, 12], and evaporation/boiling properties [8, 9, 13, 14].
However, no literature is available on a study into the laminar flame speed of lubrication oil in an air
environment or in methane-oil-air and hydrogen-oil blends. A characterization of the laminar flame
speed of lubrication oil would aid development of chemical kinetics models.

Lubrication oils encompass a broad class of heavy, long-chain hydrocarbons, which constitute the base
oil of the lubricant. In terms of a simple alkane, most lubrication oils lie within the range of C;s — Csg
for the carbon base, although heavier lubrication oils can contain base carbon chains up to Cso[15] [16].
Within that range, oils with higher viscosity and lower pour point properties generally have longer main
carbon chains than lower-viscosity oils [16]. For the present study, an estimated molecule of C3oHg¢, was
used to represent Mobil DTE-732 and mineral oil, as these oils are relatively less viscous.

Originally, the existing method of liquid-fuel flame speed tests, developed by Keesee et al., was
unsuccessfully used in an attempt to ignite the lubrication oil. Keesee et al.’s method involves injecting
liquid fuel through an injection septum into a preheated combustion vessel, allowing the fuel to
evaporate, and then adding oxidizer and igniting the mixture [17]. The entire rig is heated with a heating
jacket, vaporizing the fuel upon introduction. Several issues with this method rendered it impractical for
an oil laminar flame speed experiment. Lubrication oil vapor pressures are generally too low to be
significant, even at elevated temperatures. While no data were directly available for gas turbine
lubrication oil, Ndiaye et al. studied vapor pressures of castor oil and found them to be 1.950 kPa (14.62
torr) at a temperature of 354 K, which is not a level sufficient for gas-phase combustion to occur [18].
Further, due to their heterogeneous mixture compositions, the boiling point of lubrication oils ranges
from 300 to 600°C, which is outside of safe operating limits of the existing flame speed vessel [15, 19].
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Lubrication oils are less homogenous in composition than other liquid fuels. Often during vaporization
of a lubrication oil, lighter components of the oil vaporize, while heavier components collect as a liquid.
This preferential vaporization is evidenced by the fact that heavier components of lubricating oils often
have boiling points more than 200°C higher than the mixture as a whole [15]. Thus, the existing liquid
flame speed method is unsuitable for accurately measuring laminar flame speed of lubrication oils. That
is, the lubrication oil must be introduced as a liquid, preferable in the form of atomized droplets.

Atomized sprays present unique challenges when used to conduct a flame speed experiment. Among the
largest is ensuring that the atomizer system produces fine droplets. These smaller droplets increase the
quality of mixing between fuel and oxidizer, as well as being easier to vaporize than larger particles [20].
Another area of importance is maximizing the fuel-air ratio of mist leaving the atomizer nozzle, which
is particularly challenging in an air-assisted pressure atomizer. As detailed later in this paper, the
atomizer specifically utilized in this experiment uses a form of air-assist pressure atomization. Although
it was originally designed to generate seed particles for use in an LDV system, the atomizer also works
well for combustion applications, since it generates a fine mist of particles [16, 21]. As seen in Fig. 1,
the oil reservoir has a tube that interfaces with the pressurized air. Pressurized air is passed over this
tube, which causes particles of oil to atomize and exit the nozzle [21].

6 Aerosol Outet Tube

Figure 1: Schematic showing the operation of the atomizer used to mist oil particles into the flame speed
vessel. Drawing courtesy of Agrawal et al. [21].

Diagnosing the amount of fuel being atomized also presents challenges. Particle size is often
characterized by the mean aerodynamic diameter, which is the average diameter of a particle that moves
with the same average velocity as the atomizer flow [18]. Mean aerodynamic diameters of particles
emitted by atomizers relevant to this study are generally in the range of 0.6 to 0.8 microns, and thus
cannot be easily filtered and measured on a mass basis [20, 21]. Agrawal et al. used an aerodynamic
particle sizer [21], although a Malvern machine could be used to achieve similar results. A pressure
atomizer setup suspends oil particles within the rig, allowing for a more homogenous composition.

3 Experimental Setup and Procedures

For this experiment, the 33.8-L turbulent flame speed vessel (TFSV) in the TEES Turbomachinery
Laboratory at Texas A&M University was used [19]. A schlieren Z-type diagnostic system imaged the
resulting flames. All experiments were conducted at room temperature. A new injection system (Fig. 2),
consisting of a TSI 9306 Six-Jet atomizer and piping system was installed on the TFSV. This system
utilizes an atomization method similar to that shown in Fig. 1. To test neat oil-air flame speeds, the
TFSV was opened to atmospheric conditions, as operating the rig at vacuum did not allow for proper
atomizer operation. The exhaust vent valve was slightly opened to avoid over pressure, while
minimizing losses. After timing the injection duration, the mixture was ignited, following standard
procedures [22]. For methane-oil and hydrogen-oil tests, oil mist was injected from the atomizer, after
which a portion of the oil-air mixture was vacuumed into the exhaust manifold. This partial pressure
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amount was determined for each equivalence ratio [23]. Fuel was then added to the vessel, filling the
chamber to 760.0 torr. The mixture was subsequently ignited.
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Figure 2: (a): Schematic of atomizer setup. (b): Atomized oil masses and uncertainties, dependent on
atomizer run time. Results given with 95% confidence.

4 Results and Discussion

4.1 Characterization of OQil Mist from Atomizer

The resulting equivalence ratio of the oil mist from the atomizer was characterized via an indirect mass
measurement (IDM), which involved measuring the tank reservoir mass before and after atomization,
with the difference being the atomized mass. Oil amounts can also be estimated with a particle size data
method (PSD), which relies on manufacturer data (6 um particle diameter) to calculate a theoretical
mass flow rate [21]. The results plotted in Fig. 2c were found to be time dependent, resulting in lower
uncertainty when collection time was held constant. Approximately 1.5 grams of oil were atomized into
the rig for these tests. Additionally, errors associated with the experimental venting and filling
procedures were characterized on a per-equivalence-ratio basis. These oil losses are incorporated in the
final oil measurement, with oil amounts ranging from 0 to 1.5 grams, depending on equivalence ratio.

4.2 Oil-Air Laminar Flame Speeds

The first mixture that was tested was lubrication oil as the fuel in air. Ignition of the lubrication oil (both
mineral oil and Mobil DTE-732) was attempted to obtain a flame speed. Oil mist was atomized into the
TFSV from durations of 30 seconds to two minutes of atomizer run time in regular, 10-second intervals.
One ignition attempt consisted of a 32-minute injection period, while repeatedly sparking the mixture
at regular intervals every 30 s for 30 min. During the two-minute tests, flame kernels were seen
developing at run times of 60 s upwards but were unable to propagate past the electrode tips. An
increased 30 V primary circuit supply was used rather than the standard, 15-V power supply to increase
ignition energy. The oil mixture within the rig was also pressurized up to 50 psig. While pressurized,
the mixture was sparked with air as an oxidizer, as well as one test which used oxygen in an attempt to
increase the mixture’s reactivity. Ignition was not observed during any of these tests.

Several factors may account for difficulties igniting the neat oil-air mixture. The most likely reason is
the spark supplied by the 15- and 30-V primary circuit in the TFSV ignition system does not provide
the oil with enough energy to reach its activation energy, including local vaporization of the droplets.
Additionally, unlike most liquid fuels, the oil mix was not heated. Thus, it is likely that a stronger spark
or pilot fuel is necessary to provide the mixture with energy to vaporize and propagate a spherical flame.

Another factor that likely contributes to the inability of the oil to ignite is the combustion-inhibiting
antioxidant additives within the oil. The Mobil DTE-732 oil was new, synthetic, and sparked at room
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temperature. Antioxidant additives and synthetic properties of the oil may have inhibited combustion
further. The mineral oil mixture does not have these additives and was tested to provide insight on this
theory. More frequent flame kernels were observed, but none propagated past the electrode tips.

4.3 Methane-Oil-Air Laminar Flame Speeds

To obtain ignition using the present setup while still utilizing the oil-mist system, hybrid methane-oil-
air blends (60-30% oil content) were tested, and these mixtures did ignite. For all experiments, the run
time of the atomizer was 7 min (around 1.6 g of oil using the IDM method), except the experiment at ¢
= 0.8, which had a run time of 5 min (around 1.5 g). Fig. 3a shows the results of the methane-oil-air
flame speeds compared to the Aramco Mech 1.3 kinetics mechanism [24] results for methane-air at
298.15 K and 1 atm (14.7 psia), as well as experimental methane-air laminar flame speeds from Turner
et al. [25] at the same conditions. Oil-air experimental results are reported based on the unadjusted
methane-air equivalence ratio (what was experimentally controlled in the lab).
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Figure 3: (a) Methane-oil-air flame speed results. The error bars on the methane-oil-air data are 0.1
for equivalence ratio and £3 to 4 cm/s for flame speed, based on uncertainty in the mixture composition
and uncertainty in the gas density ratio used for conservation of mass in the flame speed analysis. (b)
The oil mist fog creates diagnostic issues by scattering the Schlieren light source.

Additionally shown in Fig. 3a are three simulations using the Creck Mechanism [26-29]: a pure
methane-air simulation for comparison purposes with the Aramco Mech 1.3 kinetics model, a methane
and n-hexadecane blended fuel (based on the ratios of methane to oil). The n-hexadecane model and
blended methane n-hexadecane model are of particular interest, as these correlate with the mixtures
predicted by perfect-mixing and perfect-displacement mass models respectively.

Fig. 3a shows that the methane-oil-air flame speeds are anywhere from 23-39% slower than the methane-
air chemical kinetics models. Both the perfect-mixing (n-CisHz4) and perfect-displacement (CHy-
nCisH34) models also do not capture the experimental behavior. The model underpredictions are likely
a result of the assumption that the oil (n-hexadecane) is gaseous, whereas in actuality, the flame is likely
having to expend additional energy towards vaporizing the oil droplets in the fuel mix. It is also
interesting to note that when the equivalence ratio is adjusted to account for the oil content in the fuel
mixture, the peak measured laminar flame speed is closer to an equivalence ratio of 1.2. The vaporization
of the oil seemed to slow the flame momentum down significantly at peak flame speeds compared to
the Aramco mechanism, as evidenced by the flattened curve. This negative effect on laminar flame
speed may result from higher amounts of oil being vaporized at methane equivalence ratios closer to
stoichiometric, since the methane adiabatic flame temperature is higher.
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Diagnostic issues were encountered during the methane-oil-air test runs, particularly for the lean flame
speeds (Fig. 3b). Due to the oil-mist particles, after an atomizer run time of around one minute, the
particles scattered and diffused the light from the schlieren power source. After an atomizer run time of
around two minutes, the light was obscured almost completely by the particles. The exposure time and
shutter speed were adjusted to try to compensate. On methane-oil-air blends, the images were noticeably
brighter towards the end of the experiment because of this adjustment, and edge detection was often
poor. The effect of exposure changes was less noticeable in the rich regime of equivalence ratios tested.

5 Conclusion

A new atomizer injection system was developed to test laminar flame speeds of lubrication oils and oil-
fuel hybrid mixtures in air. Mixtures of oil-air and oil with elevated oxygen content were tested under a
variety of atomizer run times, as well as at elevated pressures, but did not ignite. This outcome is likely
due to insufficient spark voltage not providing the mixture with ample energy to surpass the reaction
activation energy. Methane-oil-air hybrid blends did ignite and showed significantly lower flame speeds
when compared with methane-air results calculated from Aramco Mech 1.3 at atmospheric conditions.
This outcome likely results from a combination of factors, most significantly the energy requirement to
first vaporize the oil prior to ignition. The lower flame speed of methane-oil-air compared to methane-
air also validates the claim that the spark ignition system failed to provide sufficient energy to the oil
for ignition in the pure oil tests. Future work will focus on the particle loading produced by the atomizer,
reduction of the uncertainty in equivalence ratio, and continuing work with hydrogen-oil-air blends.
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