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Abstract

This study reports experimental results concerning the droplet combustion characteristics
of a commercial 87 octane-rated unleaded gasoline and compares them to the combustion
characteristics of n-butanol. N-butanol has emerged as a potential competitor to ethanol for
blending with gasoline because of its higher cetane number, lower vapor pressure, and higher
miscibility. Therefore, it is important to compare the combustion dynamics of butanol and
gasoline. This study does this from the perspective of single isolated droplets as components to a

full spray.

Using the fundamental droplet combustion configuration of near spherical symmetry as
promoted by low gravity in the standard ambience, this work reports experimental data for
gasoline and n-butanol with initial an droplet diameters in the range of 0.52mm to 0.63mm. A
free-fall facility was used to create low gravity. The facility contained a sealed chamber with the
deployed droplets anchored to a very small diameter (14 um) SiC fiber in the internal gas
environment (room temperature air in the present investigation). Two high energy spark
electrodes placed on either side of the droplet are used for ignition. High resolution digital video
images are obtained of the droplet burning history. The video images are used to obtain
quantitative data using computer imaging analyses software. The data reported include the

evolution of the droplet (D), soot shell (Ds), and flame (Dy) diameters.

The results show that the evolution of the droplet diameter of n-butanol was almost
identical to pure gasoline, though the flame stand-off ratio of gasoline was somewhat higher
compared to n-butanol. The remarkable similarity of the burning rate of butanol and gasoline
suggests that blends of these two fuels may perform similarly to pure gasoline. Such an outcome
would be significant for its implication to reduce the consumption of petroleum-based fuels by

blending gasoline with butanol.



Nomenclature
D: droplet diameter (mm)

Do: initial diameter of droplet (mm)
Ds: flame diameter (mm)

D,: soot shell diameter (mm)

t: time (s)

Ko: burning rate value (mm?/s)

H = height of the ellipse

W= width of the ellipse

SSR: soot stand-off ratio

FSR: flame stand-off ratio



1. Introduction:

The extensive use of liquid fuels in transportation systems has made them a dominant
source of energy. The emergence of sustainable energy technologies might lighten the burden on
fossil fuels. A strategy to reduce the use of petroleum fuels is to blend them with suitable
alternatives that have similar physical and chemical properties. For this particular reason, bio-
fuels are being studied extensively. Immediate benefits can be derived from the understanding
of the combustion performance of systems powered by conventional liquid fuels and

consequently this can help identity different blends that might be used.

The unique properties of butanol (C;HyOH, boiling point at 117.4°C) as a fuel, along with
decreased volatile organic compound emission [1], has made butanol an option worth evaluating.
Prior studies have found favorable results when butanol has been blended with gasoline and in
some cases butanol provides significant benefit over ethanol/gasoline blends. Szwaja and Naber
[2] were able to determine that n-butanol and n-butanol blends combust comparably to that of
gasoline. Additionally, butanol/gasoline blends barely affect the drivability performance over a
broad range of butanol concentrations [3]. Moreover, butanol, has a higher energy content than

ethanol and so is an attractive alternative to ethanol (C,HgO, boiling point at 78.37°C) [4].

This project examines the burning of gasoline and butanol from the perspective of
isolated droplets. Interest in this configuration has existed since the earliest days of combustion
processes and continues to the present time [5-9]. Our desire is to better understand combustion
of fuel droplets and examine the different characteristics, such as combustion chemistry, fuel
evaporation processes and the transient effects the droplet exhibits. To do this, the study of the
base case of spherical symmetry is ideal. The spherical symmetric configuration promotes one
dimensional transport, and the data obtained is easier to model than that of droplets in a
convective flow field. The configuration is achieved by burning test droplets in a stagnant
ambience, restricting their movement(by mounting them onto SiC fibres of diameter 14um), and
performing the experiments in a low gravity environment(order of 10* of Earth’s normal
gravity). This environment is achieved by doing the experiments in a free-fall facility that
incorporates a drag shield. Consequently these conditions result in low Reynolds and Rayleigh’s
number which in turn promotes spherical gas symmetry in the droplet burning process. Figure 1
shows the droplet flame structure for this configuration. The figure depicts the droplet, a soot

shell and a flame in the absence of external convection. The experiments are carried out in a



facility that promotes spherical symmetry of the droplet burning process by reducing the effects
of convection. The basic goals in these experiments might include the evolution of the droplet

diameter, the burning rate of the droplet, in addition to the flame and soot-shell standoff ratios.

This paper concerns studying the combustion characteristics of gasoline (87 octane)
under conditions that promote spherical symmetry. Dy will range from 0.52 mm to 0.63 mm.
This experiment recorded the droplet burning history at ambient conditions of atmospheric

pressure and room temperature air.



2. Experimental Method:

The experiment is designed to promote spherical droplet flames by minimizing the
influence of external convection. Buoyancy and gravity effects were minimized by carrying out
the experiment in a free-fall facility. The experimental design and procedures follow the

description given in [10]. A brief description is given here.

With reference to Figure 2, the fiber support structures are placed in a crossing pattern
and the droplets are directed at the intersection of the crossing of the fibers. A piezoelectric
generator (HP 214B) is used to direct fuel droplets onto two fibers (14um), until the droplet
reaches the desired size. The droplet, generator, electrodes and support fiber mounts are secured
in a sealed chamber containing room temperature air at atmospheric pressure. The sealed
chamber and cameras are then released into free fall over a 7.6m distance to give an
experimental time of 1.2 s of low gravity (i.e., 10™* of Earth’s normal gravity). Droplet ignition is
delayed after free-fall begins to reduce influences of vibration associated with release of the
instrumentation package. To reduce spark disturbances, the lowest possible energy that achieves
ignition was employed. The time sequence of package release, spark activation, and electrode
retraction is coordinated by a multichannel digital signal composer (QC-9618). The droplet

burning process is recorded by two cameras in perpendicular views as shown in Figure 2.

3. Data Analysis

To obtain quantitative measurements of the evolution of the droplet, soot shell and flame
diameters, the video imaging of the droplet burning process is used. Two methods are available
to measure the diameters. One is an automated process as described in [11], and the other is a
manual procedure using commercial software (Image-Pro v6.3). Due to the sooty nature of the
fuel the manual method was employed. The process involves placing an ellipse around the
droplet and the soot-shell and then calculating D as = (H X W)%° . A sample of how the ellipse
is place on the droplet and the soot shell is shown in Figure 3. Image Pro returns W and H in
pixels. The pixels are converted to millimeters using an image from a calibration ball. The flame
dimension is measured by using CorelDRAW software. As shown in Figure 4, an ellipse is
placed around the outer blue flame and CoreIDRAW provides the W and H. Ds is then obtained
as Dy = (W x H)%>,



3.1 Quantitative Data
The evolution of the droplet size, along with soot shell dynamics, and spherical droplet

flame for gasoline for the indicated value of Dy is shown in Figure 5. Figure 6 shows the
evolution of the droplet size for the current runs of the gasoline with the indicated values of Dj.
The coordinates in this figure are motivated from the classical theory of droplet combustion

which shows that [6]

D\? t
(D—o) =1-Ko* 3 (1)
where the burning rate Kq is
D
d(D—O)Z
Ko=- (d(%)) @
Do

From eq. 1, the evolution of (D/Do)2 with /Dy’ should be linear, which is almost consistent with
the trends in figure 6. In the remaining presentation of data we present the results in terms of this

time coordinate, t/DOZ.

The data for Dy=0.53mm gasoline and 0.56mm n-butanol come from previous studies,
[10], [12] respectively , and are included for comparison. As can be seen in Figure 6, gasoline
and n-butanol are almost identical to each other. Figure 7 shows the burning rates of gasoline and
n-butanol. The burning rates conform over most of the burning history. Initially, the burning

rates increase during the transient droplet heating process, but then are relatively constant.

Figure 5 shows the related images of the burning sequence of the gasoline droplet with
the indicated Dy. The flame has a yellow inner core with a faint outer blue boundary. The yellow
inner core is due to the soot incandescence while the blue zone suggest CH emissions. The two
needle like glows on the side of the spherical flame are due to the interaction of the flame and the
supporting fibers. The FSR, which is a relative measure of the position of the flame to the
droplet, is shown in Figure 8. The FSR for the two present gasoline runs( Dy=0.62 mm and Dy=
0.63 mm) are almost identical, but D,= 0.52 mm gasoline has a higher FSR. Additionally,
butanol has a relatively lower FSR when compared to the current gasoline runs. Figure 9 shows
the evolution of the flame diameter of gasoline and butanol. Dy=0.62 mm and Dy= 0.63 mm have
an almost identical Df which is to be expected since the initial diameter is almost the same.

Dy=0.52 mm has a relatively lower D¢ due to a lower initial diameter. In comparison to the



present runs of gasoline, n-butanol had a lower Dy. Additionally it was noticed that the FSR and
the flame diameter for Dy= 0.53mm [10] is lower than that of the present gasoline runs. In order
to investigate why the FSR of the present gasoline runs was higher than the previous
measurements of gasoline, one of the runs from [12] was reanalyzed. Figure 10 and Figure 11,
show that the analyzed data was underestimated. On reanalyzing the data it was realized that the
previous gasoline run[10], had a similar flame diameter and FSR when compared to the Dy=0.52

mm. This is to be expected since both the runs have similar diameters.

The relative position of the soot shell to the droplet or the SSR is shown in Figure 12. In
Figure 12, it can be seen that the SSR of the present gasoline runs is slightly higher than the
0.53mm gasoline [10]. One of the reasons for the different SSR can be attributed to the fact that
in the averaged data of 0.53mm gasoline [10] one of the runs was considerably lower than the

other two which in turn dragged the average down

4. Conclusion

The results in this report showed that the evolution of droplet diameter for n-butanol was
almost identical to pure gasoline. Additionally, the flame diameter of the three gasoline runs was
significantly higher than that of n-butanol, most likely due to the soot formation during the
burning history of gasoline. Moreover, the flame stand-off ratio of the pure gasoline was
considerably higher than that of pure n-butanol. Due to the findings of this experiment it would
be interesting to repeat the experiment with a blend of gasoline and n-butanol. Depending on the
concentration of the blend, the results would be expected to fall in between the results of pure

gasoline and n-butanol.
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Appendix A: Figures
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Figure 1: Schematic of a spherically symmetric droplet flame structure. [10]
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Figure 2: (a) schematic of procedure; (b) layout of package. [10]



Ellipse recording soot-shell dimensions

Ellipse recording droplet dimensions

Figure 3: Selected BW images showing how the droplet and soot-shell dimensions were recorded.



Ellipse recording flame dimensions

Figure 4: Selected color image showing how the flame dimensions were recorded.
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Figure 5: Selected BW and color images showing evolution of droplet size, soot structure dynamics and evolution of
spherical droplet flame for gasoline with Dg= 0.52 mm
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Figure 6: Evolution of droplet diameters for three runs of gasoline. Also shown are data for 0.53mm gasoline [10] and
0.56mm n-butanol [12].
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Figure 7:

Burning rates as computed from a 4th order polynomial of the data in Figure 6.




16

® (.62 mm Gasoline Run 1 .
¢ 0.63 mm Gasoline Run 2
14 r @ (0.52 mm Gasoline Run 3 ® ¢
00.53 mm Gasoline [10] ¢
12 L  A0.56 mmn-Butanol [12] -‘0.’
[ ] ..’ .
o
10 | [ ] . ‘.’ [ £ o A
]
S 8| wemTo o a4
A s - o O, A A A
a C,p A
6 | o A
. A
L
4 L
2 |
0 : ' '
0 0.5 1 1.5 2

t/D,? (s/mm?)

Figure 8: Evolution of FSR of the fuel investigated and compared to 0.53mm gasoline [10] and 0.56mm n-butanol [12].
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Figure 9: Evolution of the flame diameter for the fuel investigated and compared to 0.53mm gasoline [10] and 0.56mm n-
butanol [12].
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Figure 10: Reanalyzed FSR Data for Gasoline Run 20100619_Drop 3 [10].
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Figure 11: Reanalyzed Flame Diameter Data for Gasoline Run 20100619_Drop 3 [10].
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Figure 12: SSR for the fuel investigated and compared to 0.53mm gasoline [10].




