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Combustion on Top of a Mountain

Andrew Smallbone
Research Staff, Department of Mechanical and Aerospace

Engineering, Princeton University

The Kyushu University campus now sits
proudly on top of a mountain a few kilometers
outside Fukuoka, Kyushu. With a hydrogen
filling station, fuel cell powered izakaya, canteen
and shower the campus seems more ready for
the challenges of the 21st century than the rest
of us! I was lucky enough to live and work there
for two years. Looking back now think of it as
some of the most fun, exciting and fruitful years
of my life and in research.

I was the first Western member of academic
staff in Mechanical Engineering at Kyushu
University, which despite an improving grasp of
Japanese, was rarely ever problematic in the
departmental office; that was unless I had
forgotten my hanko! It was such a fantastic
place to live and work as everybody was so kind
and helpful. I never felt like a visitor to Japan- I
felt like a guest.

Whenever 1 talk about Japan to people who
have never been there, they are surprised that
you can walk in the city late at night and still
feel safe, that you do not have to worry too
much about leaving your wallet and cell phone
on the table in a bar, that school children are
respectful in public towards each other and that
crime happens only sometimes but not all the
time. Whilst it seems that many people in Japan
have a great interest in adopting the latest
trends from the Western hemisphere, these
values I hope will never change as they
represent the basis of what a modern society
should be.

I worked closely with Professor Toshiaki
Kitagawa on laminar and turbulent combustion
at elevated pressures, I was very lucky to have
regular access to his experience and a novel
combustion research vessel. This vessel was
unique to Japan and one of very few worldwide
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that can be used to examine turbulent
combustion in regimes equivalent to those
observed in practical engines. With a unique set
of experimental equipment and plenty of
research students, I had everything I needed to
carry out interesting and challenging research.
We examined many aspects of laminar and
turbulent combustion, including hydrogen,
methane, propane and iso-octane fuelling,
influence of mixture pressure and temperature,
turbulence and air-fuel ratio on combustion
rates, flame structure and flame quench. Without
the high degree of motivation, dedication and
enthusiasm of the research students in
examining this large data matrix, such a
comprehensive analysis of turbulent combustion
would not have been possible.

Before I moved to Japan, my research and
PhD thesis obtained at the University of Leeds,
UK was primarily on engine combustion 2. As
part of a large project involving a number of
automotive manufactures and consultancies we
had identified the shortcomings of state-of-the-
art combustion models/correlations as they
failed to accurately and reliably predict the
combustion rates of even the most well defined
engine experiments with very simple engine
geometries.

This finding was not such a surprising
conclusion as during a single turbulent
combustion event, the expanding flame
experiences an increasing unburned gas
pressure and temperature 2 a varying
(temporally and spatially) turbulent flow (in
terms of intensity and scales) B, wall-flame
interaction and often a variable air-fuel ratio.
Combustion has proven highly sensitive to all of
these variables individually and interestingly in
combination. As with any vigorous scientific
effort, these variables should be isolated,
analyzed and understood, individually and then
in combination. Only then can more reliable
models be developed which can be used in a
predictive mode.

To properly separate the influence of elevated
pressure and temperature, turbulence and air-



fuel ratio, specialist combustion vessels such as
that at Kyushu University must be employed.
The vessel can be used to generate turbulence
using fans. High speed imaging is employed to
observe unsteady spherically expanding
turbulent flames. The unsteady and expanding
flame aspect makes such an approach more
consistent with the sort of combustion events
observed in spark-ignition engines.

To date, much of the experimental data used
to develop such codes have been obtained at
atmospheric conditions. Much of my research
carried out in Kyushu had the objective of
identifying the differences between turbulent
combustion at atmospheric conditions and
elevated pressure.

Presented in Figure 1 are three images
selected on the basis of similar flame size
(approx. 40mm radius) from a series of high-
speed Schlieren (a measure of temperature
gradient) images. The two diagonal lines from
top left to centre and bottom right to centre are
the spark electrodes. A spark is induced and a
flame propagates outwardly, the circular image
is created as this is the shape of vessel windows
rather than the vessel walls, the pressure and
temperature rise in the vessel from ignition to
the size of the window is less than 2% ¥ of the
initial pressure so events are considered to occur
at constant pressure and temperature.

In all three combustion events, the surface of
the flame has been wrinkled by the turbulence,
the darker the flame image, the stronger the
local temperature gradient and more fine the
wrinkles. At more elevated pressures the more

wrinkled the flame surface appeared. It is
expected that the smallest scales of turbulence
are of the order of the Kolmogorov length scale
which reduces with increased pressure. This
increases the local surface area of the flame and
thus enhances the combustion rate.

As the pressure increased, the flame also
became thinner and the sensitivity of the flame
to thermo-diffusive aspects also became more
apparent. In an attempt to reduce the data for
all fuels, we developed a tentative correlation for
turbulent combustion which to date, was
presented at conferences around Japan and in
their corresponding journals [ 91,

At present I am working with Professor C.K.
Law at Princeton University. I am continuing
this same research topic and can now study
flames up to 40 atm. The next step is to extend
combustion research into surrogate gasoline
mixtures, coupled with the development of
chemical kinetic schemes for the higher
molecular weight hydrocarbons 1.

[1] Burluka, A.A., Liu, K., Sheppard, C.G.W.,
Smallbone, A.J., Woolley, R., "The Influence of
Simulated Residual and NO Concentrations
on Knock Onset for PRFs and Gasolines",
SAE Transactions: Journal of Fuels and
Lubricants 113 4 pp.1873-1889, 2005.

[2] Smallbone, A. J., "Residual and fuel effects on
knock onset in a SI engines', PhD Thesis
University of Leeds, UK, 2004.

[3] Heywood, J.B., "Internal Combustion Engine
Fundamentals", McGraw-Hill, 1988.

[4] Smallbone, A.]., Kitagawa,T., "Premixed

(a) 1.0 atm
Figure 1: Hydrogen-air flames observed at an equivalence ratio of 0.8, turbulence intensity of 0.8m/s and flame radii of at 40mm

(b) 2.5 atm

(c) 5.0 atm



Laminar and Turbulent Combustion: An Conference on Combustion, pp.130-133., 2007.

Examination and Correlation in terms of [6] Smallbone, A. J., Liu, W., Law, C. K., You, X.
Lewis Number", FISITA Transactions 2006, Q., Wang H., "Experimental and Modeling
F2006P153T, 2007. Study of Laminar Flame Speed and
[5] Smallbone, A.]., Kitagawa,T., "The Influence Nonpremixed Counterflow Ignition of
of Thermo-Diffusive Aspects on Premixed n-Heptane", 32nd International Conference of
Turbulent Flame Propagation Rates at the Combustion Institute, August 2008.
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