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ABSTRACT The work presents a reciprocating combustion rig, essentially a very slow spark-ignition engine
with full-optical access. This rig has been employed to study laminar methane-air flame propagation
characteristics at high pressure and temperature for a variety of equivalence ratio from 0.6 to 1.2.
Introduction
Natural gas is one of the three main world fuels, and the main constituent of natural gas is methane, hence
it is of great importance to investigate the combustion characteristics of methane. This work attempts to
characterise the flame propagation of methane-air flames at conditions existing in gas turbines and gas engines at
high pressure and temperature. Gu et al. (2000) have employed a spherical closed vessel to obtain unstretched
stoichiometric laminar burning velocity of methane-air which increased from 0.2 m/s to 0.3 m/s when the initial
temperature increased from 300 K to 400 K at 0.5 MPa. A constant volume with quartz windows was also
applied to observe methane-air mixture flames at initial pressure from 0.1 to 0.5 MPa with variety of equivalence
ratio from 0.8 to 1.3 (Smallbone, 2006). The laminar burning velocity for stoichiometric methane-air mixtures
was around 0.2 m/s at 0.5 MPa and 300 K. Moreover, Heat flux method was applied by Goswami et al. (2013)
from a perforated plate burner within a high pressure cell which increased experiments pressure from 0.1 to 0.5
MPa at stable initial temperature of 298 K. The unstretched laminar burning velocity of stoichiometric mixture
ranged from 0.22 to 0.3 m/s at 1.5 bar and 4.5 bar.
Approach
The experimental equipment is built on the base of the suitably modified LUPOE-2D, Leeds University
Ported Optical Engine, Mk II. The LUPOE-2D has been previously used extensively for visualising the
combustion process in spark-ignition engines (Hussin, 2012). It is a single cylinder engine built on top of a
Petter-Lister small diesel engine crankcase. In order to provide a full optical access to the chamber, the overhead
valve train has been removed and the engine breathing is done using ports in an arrangement similar to that of
ported two-stroke engines; this allowed installation of a full-bore circular top quartz window as well as a pair of
opposite full top dead centre (TDC) clearance side windows, the inner surfaces of which are flush with the
combustion chamber side wall. The chamber has an inner cylindrical shape and the dimensions of which are
given in Table 1. The top window holds a bespoke spark plug installed through centrally drilled orifice in such a
manner that the spark gap is located 3.5mm under the window surface on the symmetry axis.
Table 1 Geometric specifications of LUPOE-2D engine

Chamber geometry

Disc

Inlet

Two opposite ports

Outlet

Four rows of orifices leading to the barrel

Bore (mm)

80

Stroke (mm)

110

Clearance Height (mm)

7.5

Effective Compression Ratio

10.62

Normal testbed control system comprising Safftronic control system and eddy-current dynamometer of
LUPOE2-D proved incapable of operating at crankshaft rotational speeds below 180rpm, at this speed the flame
shape still shows perturbations which may be caused by residual turbulence, see the Results section. Because of
this, in these experiments the crankshaft was couple through a 10-to-1 gearbox to an induction electric motor
which allowed driving the crankcase at rotational speed as low as 5 rpm. The rotational speed of 50 rpm could be
*
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set and controlled to accuracy of ±1 rpm.
The combustible mixture is formed in the individually fed and metered two intake runners inclined at 20 0
to the horizontal as it was found previously (Dawood, 2011) that his inclination induced tumble motion fully
decaying at the TDC thus creating turbulence with very little mean velocity. The laboratory compressed air was
filtered and split into two supply lines equipped with a 5 liter surge tank reducing the flow rate pulsations. At the
exit of the surge tanks the air entered HFM-301 mass flowmeters with the CMD100 control and display untis,
the full range of which is 200 SLPM (Standard litre per minute) maintained with an accuracy of 1% of full scale
deflection. Twenty percentage of total air suppy which was controller by Brooks 5863S mass flow meter and
displayed with Chell 5875 was diverted to the seeding system constituted of six-jet atomizer (model 9306A) and
seeded the flow with olive oil droplets of diameter around 0.8 micrometer for PIV measurements. The gaseous
fuel was supplied to the throat of a venturi tube installed in the runner downstream of the air supply point. The
fuel flow rate was set and controlled with the rotameters allowing required flow rates at an accuracy of 2% fsd.
The air-mixture, or seeded air for cold-flow PIV measurements entered the chamber through two rectangular
inlet ports.
The exhaust port consisted of four rows of orifices in the engine cylinder liner leading to the barrel void
from which the exhaust gas was discharged into a forced draught exhaust collector. Ported engines are known to
have elevated amounts of both trapped and recirculated residual gases (Heywood, 1988), therefore the rig was
operated in a skip fired mode whereby the spark was actuated in only one cycle in ten; thus compensating for
non-unity volumetric efficiency of the chamber filling with mixture and allowing purging of the residuals.
The engine intakes and the side walls of the optical head assembly were equipped with the cartridge
heaters, in this way the combustion chamber walls could have been kept at a constant temperature. Even though
it is impractical heat directly the quartz windows, soaking the engine before the experiments for sufficiently long
time allows to ensure that the gaseous per-mixtures is at contact with chamber walls mainted at a constant and
uniform temperature. For the described tests, the wall temperature was maintained at 317 K.
The flow field inside the combustion chamber was characterised with the SoloPIV sytem allowing 5 twodimensional snapshots per second of the velocity field taken in the meridional, i.e. parallel to the top window
surface plane (Burluka et al., 2012). These measurements taken at the rotational speed of 50 rpm confirmed
absence of noticeable average velocity and the root-mean square velocity fluctuations between the different
"cycles" less than 0.1 m/s. Moreover, the flow fields inside cylider is mostly homogeneous and the root mean
square of turbulence velocity is quite low, less than 0.4 m/s in its maximum value and much less than that in the
central region where ther flame propagation is measured, see Fig 2, according to PIV measurments of 50
motoring cycles at the same conditions (Fig 1). Notice that the central spot seen in Fig 2 correponds to
reflactions of the laser sheet from the spark electrodes. These results clearly show that the rotational speed of 50
rpm is sufficiently low for the turbulence induced by the intake jets to decay at the moment of the spark ignition.

Figure 1. The average velocity flow field at the moment of theFigure 2. The root-mean square velocity flow field at the
spark ignition. The shown field is obatined from 50 PIV moment of the spark ignition. The shown field is obatined from
snapshots ; the crankshaft rotational speed was 50 rpm.
50 PIV snapshots ; the crankshaft rotational speed was 50 rpm.

The combustion process was characterised with two independent methods; firstly the flame propagation
was filmed using a lens-coupled intensified CMOS camera, Phantom Miro M310 and Inivisible Vision ILS-3-18
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one stage intensifier. In the current set the imaging was undertaken at 10 kfps, the camera resolution set at 512
by 512 pixels yelding the spatial resolution of the smallest details of the flame front of 0.3 mm. The samples of
the flames images for the different rotational speeds is shown in Fig. 4 for stoichiometric methane air-flames; the
spark ignition timing was set for these images to match the pressure in the chamber; the shown images were
taken at approximately the same flame sizes. The second method was the pressure record with Kistler 5011A
piezo-electric transducer, in this work the acquision rate of 40 kHz was used for the pressure sampling. To
provide reference level for this dynamic transducer druing the chamber filling, a piezo-resisitve absolute pressure
transducer, Kistler 4601A, was set at a location where it was cut by the raising piston thus protecting it from high
temperatures during combustion. The repeatability of the pressure signals from propagating flames and non-fired
compression-expansion cycles is demonstrated in Fig. 3.
The natural timing of a reciprocating rig is given by the crankshaft angle; this was read by the crankshaft
encoder (Hohner 3202) and the signal was used by a bespoke control system built a dsPIC32MX360 microcontroller controlling the timing of the spark. A standard twin-coil automotive spark unit delivering 1mJ was
used.

Figure 3. Pressure signal versus crank angle for propagating
stoichiometric methane-air flames, shown in blue lines and
pressure signal from non-fired compression-expansion strokes.
The crankshaft speed is 50 rpm; the spark ignition set at the
instance when pressure reaches 5 bar.

Figure 4. Response of the flame surface structure to the
rotational speed of the crankshaft. For the images the spark
timing was changed so that the flame is initiated at practically
identical pressure and temperature.

Results and discussion
Piston motion to the top dead centre results in a polytropic compression of the combustible mixture as
there are invariably heat exchange between the gas and the solid walls. While the accurate control of temperature
of the fuel-air premixture is absolutely crucial for the laminar flame speed measurement, the diret mesurement of
the temperature within a closed combustion chamber is a challenge. Here we rely on a reverse thermodynamic
analysis of the pressure signal taking into account the heat losses using well established and widely used
engineering correlations for the heat transfer in internal combustion engines (Woschni, 1967). The second
potentially significant source of errors in a reciprocating engine is the flow of the gaseous charge through the
piston rings. The magnitude of this flow depends on the time allowed for compression and the initial pressure; it
acts together with the heat loss to reduce the pressure in comparison with the ideal case of adiabatic compresion
of a fixed mass. In the present analysis the magnitude of the flow past the piston rings is estimated using
compressible flow analysis (Ebrahim, 2003). Essentially the combined magnitude of the heat and losses is
calculated using the measured deviations of the maximum pressure the end of compression from the ideal case
for different rotational speeds. The coefficients in heat and mass transfer models so found are then used for the
derivation of the mass fraction burnt from the pressure signal and to estimate the temperature during the
compression stroke of the piston. The results of the latter simulations are shown in Fig. 5.
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Figure 5. Fresh gas temperature versus pressure during the Figure 6. Flame radius derived from the flame imaging (solid
compression for stoichiometric methane-air mixtures for the lines) and from the pressure signal (dashed lines).
rotational speed of 50 rpm.

The initial assessments of the rig aimed at estimation of whether the operation at the low rotaional speed
allows to obtain a quiescent charge when the piston motion produces high pressures and the range of attainable
conditions. Only a limited number of tests have been undertaken in order to establish the viability of the method.
Several low rotational speeds were studied and from the flame images showin in Fig 4, one can conlude that
there is no noticeable effects of turbulence at the rotaional speed of 50 rpm; this speed was chosen for
measurements in the methane-air flames.
The first observsation can be seen from Fig. 3 showing the pressure traces from 3 different explosions is
that the magnitude of the cycle-by-cycle variability is reduced to the levels usualy seen in the closed volume
explosions (Gu et al., 2000) and it is much smaller than the variability ususally seen in normal engine operation;
in other words, the repeatability of experiments was excellent at this low rotational speed. For the fixed value of
the ignition timing of 19 degrees of the crank angle before the TDC, the pressure at the moment of the spark
initiation is 5 bar and the temperature is 463K. With these setttings, Fig. 6 shows the flame radius derived from
the flame images, such as shown in Fig 4, in comparison with the values derived from the pressure signal. One
can see a very encouraging agreement showing the viability of the presented experimental approach.
Conclusions
A novel type of a laboratory burner has been developed for measurements of the laminar flame speeds at
high temperatures and pressures: it is, essentially, an optical research engine run at a very low speed. It has been
shown tha flame propagating in this rig are laminar and two independent methods of thermodynamic analysis
and the flame imaging produce very close results confirming the viability of this method.
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