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Miniature (sub kilogram) glow ignition internal combustion (IC) piston engines are an off–the–
shelf technology that could dramatically increase the range and endurance of small unmanned air 
vehicles provided their overall thermodynamic efficiencies can be increased to 15% or better. 
Comprehensive measurements of engine losses suggest that incomplete combustion accounts for 
60-70% of total energy losses and is the major obstacle to meeting this efficiency goal. A net heat 
release analysis based on cylinder pressure measurements suggest that a two–stage combustion 
process occurs at low engine speeds and equivalence ratios close to 1. Different theories based on 
burning mode and reaction kinetics are proposed to explain these observations. High speed 
imaging of the combustion chamber suggests that combustion begins in the vicinity of the glow 
plug in a turbulent premixed mode but that a delayed secondary ignition may occur near the walls. 
The locations of miniature IC engines on a turbulent combustion regime diagram show that these 
engines operate in the ‘flamelet in eddy’ regime whereas conventional–scale engines operate 
mostly in the ‘wrinkled laminar flame sheet’ regime.  

 

1. Introduction 

Miniature glow ignition internal combustion (IC) engines weighing less than a kilogram have 
potential to be used as high energy density power sources in various applications. These include 
propulsion systems for unmanned aerial vehicles (UAV’s) as well as replacements for 
electrochemical power sources in portable applications requiring compact power [1]. Although 
these engines have existed for 50+ years, their usefulness to these modern applications is limited 
by a lack of reliable information regarding their fundamental operation and performance 
characteristics. A multi-year investigation of miniature engines at the University of Maryland has 
focused on acquiring detailed performance measurements including those for power output and 
efficiency from a range of engines weighing between 15 g to 500 g [2]. Results have shown that 
the key to improving current performance levels to meet and exceed power and energy density 
targets for next generation portable power devices lies in improving the overall conversion 
efficiency. A detailed experimental investigation undertaken to quantify the sources of energy 
loss in miniature IC engines identified incomplete combustion loss to be the major factor limiting 
performance in miniature IC engines [3]. 
The combustion process occurring in miniature glow ignition IC engines is currently poorly 
understood. In-cylinder pressure measurements by Dunn-Rankin concluded that combustion 
occurred in a combination of diesel and partially premixed modes with fuel vapors from the 
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walls forming a fuel-rich zone next to it resulting in a diffusion driven process [4]. Similar 
measurements by Raine et al investigated cycle-to-cycle variation in fired cycles of a miniature 
glow ignition IC engine and attributed the observed variation to the presence of trapped radicals 
from the previous engine cycle [5]. The most detailed photographic information regarding 
ignition and combustion phenomena in miniature IC engines is reported by Manente who 
reported ‘dual mode combustion’ where the charge sometimes ignited and burned 
homogeneously and sometimes burned in a premixed flame mode [6]. 
The work presented here attempts to enhance understanding of the combustion process in 
miniature IC engines by using a combination of experimental techniques and analytical work to 
place the combustion process on a combustion regime diagram. The experimental work includes 
measurements of in-cylinder pressure as well as high speed imaging of the combustion zone 
during fired engine cycles. Measurements of in-cylinder pressure are used with a single zone 
heat release model to calculate net heat release rates during the combustion part of the engine 
cycle. The variation of the location of the engine operating point in the combustion regime 
diagram is explored as a function of engine size, speed, and equivalence ratio. Taken together, 
we hope that this information will lead to improved understanding of the turbulent combustion 
process associated with energy release in miniature IC engines. 

2. In-Cylinder Pressure Measurement 

In–cylinder pressure comprises a fundamental measurement that describes the instantaneous state 
of the gas mixture in the cylinder volume during an internal combustion engine cycle. It has been 
used to study various engine phenomena such as ignition [7], combustion, knock [8] and cycle to 
cycle variation in conventional scale engines [9]. In the present work, cylinder pressure is 
measured using a Model M3.5x0.6mm sensor manufactured by Optrand Inc. The sensor operates 
by measuring the intensity of light reflected from one or more optical fibers placed in front of a 
flexing metal diaphragm [10]. Crank angle is measured using a rotary shaft encoder. 
Engines 

Cylinder pressure measurements have been made in three engines: the OS 25 FX, OS 40 FX and 
the OS 46 FX engines. All engines are manufactured by OS Engines Inc. and are single cylinder, 
air cooled, glow ignition engines operating on a fuel mixture consisting of methanol, 
nitromethane and oil. The specifications of the engines are summarized in Table 1.  

Engine 
Model 

Displacement Mass Geometric 
compression 
ratio 

Bore Stroke 

A OS 46 FX 0.46 7.5 488 16.52 22 19.6 
B OS 40 FX 0.4 6.5 386 14.49 20.5 19.6 
C OS 25 FX 0.25 4.1 248 17.96 18 16 
 cu. in. cc g  mm mm 

Table 1: Specifications of miniature IC engines tested in the study. 

Sensor Installation 
The sensor is installed in a hole drilled into the stock cylinder head and tapped with the correct 
thread size. Different numbers of sealing washers between the transducer flange and the head are 
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used with different engines so as to minimize changes to the dead volume and to ensure that the 
sensor’s diaphragm blends smoothly with the bowl. 
Crank angle measurement  
The crank angle location corresponding to individual cylinder pressure measurements is made 
using a Model 260 rotary shaft encoder made by Encoder Products Inc. The encoder is an 
incremental type quadrature encoder whose output consists of two separate pulse trains as well as 
an index pulse which can be aligned with any position of the crank shaft. The incremental 
encoder requires an index pulse and a counter to establish the location of the shaft. The index 
pulse is provided by the encoder and the counting is done using the data acquisition hardware. A 
set screw on the shaft encoder allows the rotating part to be locked on to the engine shaft at any 
location.  
Data Acquisition 
A National Instruments data acquisition module (NI USB–6221 BNC) was used to measure 
signals from the cylinder pressure sensor and the outputs of the quadrature encoder. A 
LABVIEWTM program simultaneously records data from the cylinder pressure sensor and the 
shaft encoder. During engine operation, the index pulse from the shaft encoder (channel A) is 
used to trigger the acquisition of cylinder pressure data for each engine cycle. Since the encoder 
produces 360 pulses per revolution, pressure data is acquired for every degree of crank angle 
rotation.  
Dynamometer Setup 
A detailed description of the dynamometer system used to measure miniature engine 
performance has been presented elsewhere [11]. Therefore, only the modifications associated 
with cylinder pressure and crank angle measurements are described here. The cylinder pressure 
sensor is mounted in the cylinder head and the shaft encoder is coupled to the engine shaft. 
Figure 1 is a photograph of the dynamometer setup for the OS 40 FX engine measurements. 
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Figure 1: Dynamometer setup for the cylinder pressure measurements on the OS 40 FX engine. 

Procedure 
The engine is started on the dynamometer using a starter motor and by applying current to the 
glow plug. All measurements are performed at wide open throttle (WOT). The control system 
which allows for automated control of engine operating speed is switched on and the desired 
speed and mixture settings are established. Measurements are obtained from all the sensors on 
the dynamometer and a similar procedure is repeated for different engine speeds, fuel-air mixture 
settings and finally for different engines.  

Results and Analysis 
Cylinder pressure measurements under fired conditions were obtained for three different engines 
mentioned previously in Table 1. Measurements of power output from the engines were made 
with and without the cylinder pressure sensor installed. Similar levels of power are obtained in 
the two cases. This ensures that installation of the sensor produced a minimal change in dead 
volume and engine compression ratio. 
Cylinder Pressure Trace 
Figure 2 is a plot of average cylinder pressure as a function of cylinder volume for the OS 25 
engine for one operating condition. All pressures reported here are absolute (i.e., sensor output 
plus ambient pressure). The pressure trace is obtained using an average of 50 engine cycles. The 
shape of the pressure trace is similar to that observed in conventional–scale two–stroke engines. 
The compression and expansion parts of the cycle resemble the general form of isentropic curves 
for the same. The energy release portion of the cycle appears to occur at mostly constant volume 
as in the idealized Otto cycle. Similar results are obtained for the two other engines tested in this 
work. 
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Figure 2: Cylinder pressure plotted as a function of cylinder volume for a fired engine cycle for the 
OS 25 FX engine operating at a speed of 10000 rpm and an equivalence ratio of 1.05. 

Single Zone Model for Net Heat Release Rate 
A single zone model of the cylinder volume is used to estimate the heat release rate. The 
procedure used here is as outlined in Heywood [12]. The final expression for net heat release rate 
is expressed similar to that in Heywood.  

       
net 1v vdQ C CdV dpp V

d R d R dθ θ θ
 = + + 
                                               (1) 

Equation 1 gives the ‘net’ heat release rate:  ie. the total heat release rate due to combustion 
minus the heat lost via blowby and heat transfer to the environment. This is the energy that is left 
to do useful shaft work. This expression is convenient because it is only a function of pressure 
and therefore can be computed from cylinder pressure measurements.  
Figure 3 shows the net heat release rate computed for the OS 25 FX engine operating at a speed 
of 10000 rpm and an equivalence ratio of 1.05. Heat release rate is computed based on the 
cylinder pressure trace averaged over 50 cycles. Some amount of scatter is observed in the 
estimated net heat release rate – particularly before ignition and at about 240 degrees after BDC 
in the case shown here. The 5 point moving average removes some of the scatter and gives a 
better picture of engine heat transfer processes [13]. Net heat release rate begins a slow decrease 
about 100 degrees after BDC and continues to drop until about 160 degrees after BDC. This is 
presumably due to a combined effect of heat transfer from the gases undergoing compression to 
the cylinder walls as well as possible blowby from the cylinder to the crankcase. Notice that the 
heat release rate goes positive near TDC. The point at which net heat release rate goes positive is 
determined to be the location of start of combustion. Heat release rate peaks at about 200 degrees 
after BDC. Beyond this point, the heat release rate remains positive but begins to decrease and 
eventually becomes negative at about 270 degrees after BDC.  
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Figure 3: Net heat release rate and a moving average estimated for the same over 5 data points 
plotted a function of crank angle for the OS 25 FX engine operating 10000 rpm and an equivalence 
ratio of 1.05. 
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Figure 4: Five point moving average of the net heat release rate estimated for the OS 25 FX engine 
plotted as a function of crank angle for the engine operating at 10000 rpm and different 
equivalence ratios. 

Figure 4 compares the net 5 point moving averaged heat release rates estimated at 10000 rpm in 
the OS 25 FX engine for 7 different equivalence ratios. As seen in the figure, the primary effects 
of changes in equivalence ratio are reflected in the heat release rate during the combustion 
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portion of the engine cycle. Figure 4 shows that the peak heat release rate occurs slightly rich of 
stoichiometric.  
Figure 5 compares net 5 point moving average heat release rates in the OS 25 FX engine at 7 
different speeds and a constant equivalence ratio of about 0.98. The variation in engine speed has 
a very interesting effect on the net heat release rate. At high engine speeds (10000 and 11000 
rpm) the net heat release rate has a single peak similar to those observed in Fig. 4. However, at 
9000 rpm and below, the net heat release rate develops a second peak that occurs well before 
TDC and increases in strength as engine speed decreases.  
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Figure 5: Five point moving point average of the net heat release rate estimated for the OS 25 FX 
engine plotted as a function of crank angle for the engine operating at different speeds and an 
equivalence ratio of ~ 0.95. 

The heat release rate in these cases decreases sharply between 6 and 19 degrees BTDC after an 
initial increase and reach a minimum value at around 176 to 185 degrees after BDC. The heat 
release rate then gradually increases until it reaches a second peak around 191–199 degrees after 
BDC and starts to drop in a manner similar to that seen earlier in Fig. 4 until the exhaust port 
opens. This suggests that some type of two–stage combustion process is occurring. 
A two–stage combustion process involving a premixed phase and a mixing controlled phase due 
to fuel injection gives rise to a double peak in net heat release rate in direct injected diesel 
engines [14]. However, no such fuel injection driven phenomena occurs in miniature glow 
engines. A similar occurrence in spark ignited engines which are premixed similar to miniature 
glow engines could not be found in published literature. Hence, only speculative explanations for 
the double peak phenomena observed with heat release rate can be offered at this point. 
One possible explanation is based on a two stage combustion process with the primary ignition 
and combustion of a premixed charge via turbulent flame propagation followed by diffusion 
controlled burning of fuel droplets deposited on the cylinder walls. As will be seen in the latter 
part of this paper, where high speed combustion images are obtained for a larger glow engine 
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(OS 46 FX), the primary phenomenon driving fuel air combustion appears to be the propagation 
of a turbulent premixed flame having its origins in the vicinity of the glow plug. However, at 
lower engine speeds (about 8000 rpm), a secondary burning phenomenon appears to occur near 
the walls. This observation in conjunction with the observations above suggest that the following 
possible mechanism for the combustion process: The heat release associated with an initial 
premixed burning process occurring in the center of the chamber away from the walls vaporizes 
a liquid fuel film or droplets deposited on the cylinder walls. This fuel diffuses away from the 
wall into the hot products of the premixed combustion event and eventually ignite. A delay 
associated with the mixing and ignition time of the secondary process produces the two distinct 
heat release peaks. Increasing the speed reduces the time available to complete the secondary 
combustion process resulting in the eventual disappearance of the secondary peak. It also raises 
the in–cylinder turbulence level which could increase the size of the premixed charge and 
decrease the size and number of droplets near the walls.  
A second explanation for the double peaks observed in heat release rate is based on reaction 
kinetics. Because ignition starts well before TDC, chain branching reactions are initiated but get 
suppressed as the piston moves up and the pressure rises. The reactions do not get going again 
until the pressure starts to fall again after TDC. At low speeds, the reaction can proceed quite far 
before getting suppressed by the rise in pressure and so the first peak is much larger. As the 
speed increases, there is less time for the chain branching reactions to get going before they are 
cut off and the primary peak gets smaller while the secondary peak gets larger. At very high 
speeds, there isn’t time for the chain branching reactions to get going at all and everything occurs 
after TDC.  
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Figure 6: Five point moving point average of the net heat release rate estimated for the OS 25 FX 
engine plotted as a function of crank angle for the engine operating at 5000 rpm and different 
equivalence ratios. 

Figure 6 shows the net heat release rate as a function of CAD after BDC at 5000 rpm for 
different equivalence ratios in the OS 25 FX engine. The figure shows that the double peaks 
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become more apparent when the mixture is close to stoichiometric and are increasingly 
suppressed as one moves away from stoichiometric conditions. One possible explanation is that 
the larger heat release per unit charge mass expected at stoichiometric conditions and the larger 
resulting temperature rise increases the droplet vaporization rate leading to a stronger secondary 
combustion event. Additionally, the larger heat release could also change the pressure sensitivity 
of the mixture, making the pressure–sensitive chain branching reactions occur quicker. 
Similar double peak behavior was observed in the OS 40 FX and the OS 46 FX engines. 
However the phenomenon is not as pronounced and appears to get weaker as engine size 
increases. This suggests that the occurrence of double peaks in net heat release rate is possibly 
also a scale dependent phenomenon.  

3. In-Cylinder Imaging  
The in-cylinder imaging work done by Manente described previously required extensive 
modifications – like relocating the glow plug to near the bottom of the engine cylinder to achieve 
optical access. These modifications are severe enough that it is unclear how closely the 
combustion process observed in this engine is related to combustion in the unmodified engine. 
Therefore, a key goal of the in-cylinder imaging work done here was to provide optical access 
with as few changes as possible to the physical structure of the engine.  

Test Setup  
Optical access into the combustion zone is achieved by replacing the stock cylinder head with a 
quartz disc with a hole at its center to admit the glow plug (OS#8 glow plug with ¼–32 threads) 
and that has been machined around the hole to duplicate the ‘bowl’ around the glow plug. The 
quartz disc is clamped to the cylinder liner using an aluminum ring in exactly the same way as 
the stock head is clamped to the liner. Optical access is provided through the edges of the disc 
and through the top of the quartz element via an array of holes bored through the aluminum ring. 
The original cylinder head bolts are used to sandwich the quartz bowl between the clamping ring 
and the cylinder liner. The quartz bowl fits directly into a matching recess machined into the 
bottom surface of the aluminum disk. Figure 7 shows the experimental setup for in–cylinder 
visualization with the quartz window assembly mounted and secured with cylinder head bolts on 
the OS 46 FX engine. The engine is held to the test stand using aluminum support blocks and 
retaining bolts. A nose cone is connected to the propeller to facilitate engine start up. The 
propeller is for multiple purposes. It applies a load to enable engine speed control, provides 
cooling air and gives a time reference for the high speed photographs. The photographs are 
captured using a v12.1 high speed Phantom camera made by Vision Research Inc. In addition to 
acquiring in-cylinder images, measurements of fuel-air mixture ratio, engine speed, cylinder 
head and exhaust gas temperatures were also obtained.  

Procedure 
The camera is positioned in the right location to capture images through the quartz window as 
well as to view the blade of the propeller cutting across the field of view. The engine is started 
using a starter motor pressed to the nose cone. The engine is adjusted to the required operating 
speed and fuel-air mixture setting. The camera is triggered using the control software and a 
movie is recorded. Simultaneously, measurements are obtained from the flow, speed and 
temperature sensors using the LABVIEWTM data acquisition setup.  
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Figure 7: Photograph of the engine test setup on a stand with nose cone and propeller for engine 
loading. 

Results and Analysis 
Figure 8 is a false color image of natural luminescence occurring from the combustion chamber 
for one cycle of the OS–46FX engine operating at a speed of 8000 rpm and a fuel–air mixture 
ratio of 0.21 or an equivalence ratio of about 1. The corresponding crank angles at approximately 
10 CAD intervals are shown in the upper left hand corner of each image and the white lines show 
the approximate edges of the combustion chamber bowl. The exhaust port is located to the left of 
the bowl center. The bright spot in the center of the images that remains illuminated throughout 
the engine cycle is the glow plug. The images from the cycle which show an increase in 
background luminescence that spreads throughout the chamber beginning at about 100 and 
ending at about 180 CAD suggests that the combustion event occurs within this interval. The 
images suggest that the mixture to the left of the glow plug ignites first and a flame front 
propagates outwards. (See 93.4 – 112.8 CAD in Fig. 8).  
Since the images are purely of the light emitted by radiation from soot particles, there is no way 
to infer the location of the flame from the images. This makes it difficult to infer whether the 
combustion is characteristic of a premixed turbulent flame or of an HCCI type event. However, 
the gradual spread of combustion from the exhaust port throughout the bowl indicates a 
propagation type of phenomenon (possibly initiated by hot products near the exhaust port that are 
left over from the previous cycle) which is more typical of a premixed flame than that of HCCI 
combustion. Figure 9 shows the high speed images of the combustion events during another 
cycle of the OS 46 FX engine operating at 8000 rpm and a fuel–air mixture ratio of 0.21. The 
figure illustrates several types of irregularities observed in the combustion process in some 
engine cycles. A soot particle or combustion of a fuel droplet is visible to the left of the glow 
plug from 122.6 ATDC to 151.8 ATDC and appears to travel some distance across the face of 
the bowl to the left. Other isolated areas of luminosity at different locations in the cylinder 
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volume suggest that combustion does not always occur via a propagating flame front. For 
example, a re–ignition event seems to begin in the lower left of the image at 151.8 ATDC and 
this could possibly be evidence for the secondary combustion events observed in the pressure 
measurements reported in the previous section. 
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64.2 ATDC 73.9 ATDC

 
Figure 8: High speed false color images of a single engine cycle during the combustion phase in 
the OS 46 FX engine at 8000 rpm and a fuel air mixture ratio of 0.21. Uncertainty in crank angle 
location is about 40 degrees CAD.  
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Figure 9: High speed false color images of a single engine cycle during the combustion phase in 
the OS 46 FX engine at 8000 rpm and a fuel air mixture ratio of 0.21 showing the formation of soot 
as well as evidence of a thin films of fuel burning on the walls of the quartz window. Uncertainty in 
crank angle location is about 40 degrees CAD. 

4. Combustion Regime Analysis 
Abraham and Williams [15] showed that combustion in conventional–scale gasoline and diesel 
engines generally occurs in a wrinkled laminar flame regime and this has driven the development 
of IC engine combustion models [16, 17]. The combustion regime associated with miniature 
engines is not known but is probably different than that occurring in conventional–scale engines 
for the following reasons:  
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• Engine operating speeds are considerably higher and engine dimensions are 
almost an order of magnitude smaller than conventional–scale engines leading to 
increased importance of wall interactions.  

• Crankcase scavenged two–stroke operation potentially results in much greater 
charge dilution by combustion products.  

• Most of these small engines operate considerably rich of stoichiometric [18]. 
The objective here is hence, to identify the combustion regime associated with miniature engine 
operation as a first step toward developing a fundamental understanding of combustion in 
miniature engines and toward developing appropriate modeling strategies. 

Regime Diagrams 
A regime diagram is a non–dimensional representation of how the ratios of various flow length 
scales – including the ratio of turbulence length scale to reaction zone thickness – depend on two 
fundamental dimensionless parameters: the Turbulence Reynolds number and the Damköhler 
number. Figure 10 is an example that was regenerated based on the work of Abraham et. al. The 
horizontal and vertical axes are the turbulent Reynolds number and Damköhler number 

respectively. The solid lines marked on the chart are contours of constant 
rms
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These ratios show how turbulence rates and turbulence length scales relate to flame speed and 
flame thickness. The lines delineate the different regimes of turbulent combustion as represented 
by flamesheets, flamelet in eddy and distributed reactions. A more detailed explanation of the 
chart can be found elsewhere [19]. The square symbols on Fig. 10 correspond to Abraham et. 
al’s predictions for where various gasoline and diesel IC engines are located in the space while 
the box shows Abraham et al.’s prediction for where most IC engine combustion processes 
would lie. Note that while the box spans the flamelet and flame sheet regimes, most of it lies in 
the flame sheet regime. 

Procedure for Placing Engines on the Regime Diagram 
Placing engines on the regime diagram requires estimating the Damköhler and Reynolds number 
at a variety of operating conditions. This, in turn, requires carefully quantifying the range of 
conditions possible in the engine and determining the laminar flame speed and thickness at each 
condition. The procedure used here to estimate the Damköhler number and turbulence Reynolds 
number in different engines is presented in detail elsewhere [20]. This procedure is ‘checked’ by 
applying it to the same engines investigated by Abraham et. al. [21] The Damköhler and 
Reynolds numbers calculated for these engines using the methodology described above are 
shown by the round symbols in Fig. 10. The fact that they coincide with Abraham’s results 
indicates that applying the procedure outlined above to conventional–scale engines gives results 
that are consistent with those of other researchers. Now that we have a validated tool, the next 
step is to apply it to the small glow–fueled engines of interest in this work.  
Five different parameters are chosen as variables and the effect of each on the location of the 
engines in the combustion regime diagram is analyzed using the procedure outlined previously. 
Table 2 gives the ranges over which each parameter was varied. The ‘baseline value’ of a 
parameter is the constant value assigned to it while one of the other parameters is varied. The 
ranges are assigned based on the range of small engine operating conditions observed in the 
considerable amount of test data accumulated on the dynamometer device. The fuel is assumed 
to be methanol in all cases.  
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Figure 10: Operating points for internal combustion engines on the combustion regime 
diagram.  
 
Variable parameter Range explored Baseline value Units 
Displacement 0.16–7.54 N/A cc 
Equivalence ratio 0.6–1.6 1  
Speed 5000–15000 10000 rpm 
Ignition timing 10 BTDC–5 ATDC 5 BTDC CAD 
Charge dilution 0–45 45 % 

 
Table 2: Variable parameters explored in the analysis of combustion regimes for methanol 
fueled two–stroke miniature IC engines. 
Figure 11 illustrates the effect of various parameters as listed in table 2 on the location of the 
engine operating point in the regime diagram. The effect of decreasing engine size in all cases is 
seen to result in shifting the operating point to the lower left of the figure. This is due to the 
decrease in length scale resulting in a corresponding decrease in both the Damköhler and the 
turbulent Reynolds number. The effect of changing other variables within the size limits of the 
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engines explored here, are indicated by the corresponding colored boxes. The effects of these 
parameters are explained in further detail below. 

Effect of Equivalence Ratio 
The effect of operating off stoichiometric on the rich or lean side moves shifts the engine down 
in the regime diagram and can be dramatic for very rich or lean mixtures as it can drive the 
engine well into the distributed reaction zone regime. This shift is primarily due to the drastic 
decrease in flame speed as the equivalence ratio is moved away from stoichiometric. The 
decrease in flame speed results in a consequent decrease in Damköhler number due to longer 
chemical reaction time. 

Effect of Engine Size and Engine Speed 
The principal effect of increasing engine speed is to increase the mean piston speed thereby 
increasing the turbulence intensity. This, in turn, increases the turbulent Reynolds number and 
decreases the Damköhler number. The net effect of increasing speed is to shift the location of the 
engines in the regime diagram lower and to the right in the figure. However, the effect of speed 
is not as strong as that of equivalence ratio. While the combustion regime lies outside the range 
associated with conventional–scale engines, realistic changes in speed will not drive it out of the 
flamelet in eddies regime.  

Effect of Engine Size and Ignition Timing 
Retarding ignition timing from the baseline value of 5 degrees BTDC increases the pressure and 
temperature at the point of ignition. This increases the flame speed resulting in an increase in 
Damköhler number without any change in the turbulent Reynolds number. Thus, the location of 
the engines in the regime diagram shifts upward by a small amount and the combustion mode 
remains in the flamelet in eddies regime.  

Effect of Engine Size and Charge Dilution 
The primary effect of increasing charge dilution is to reduce the laminar flame speed. For a 
charge dilution value of greater than 45%, the flame speed is negative. The decrease in flame 
speed contributes to a decrease in Damköhler number with no change in the turbulent Reynolds 
number. The net effect is shift the location of the engines on the regime diagram downward 
while still occupying the flamelet in eddies regime but tending towards the distributed reaction 
regime. Changing the in charge dilution seems to have the strongest effect on the location of the 
engines in the regime diagram after the effect of change in equivalence ratio. Finally, it should be 
noted that while the baseline charge dilution of 45% puts the baseline engine well outside the 
regime associated with conventional–scale engines, reducing the dilution to 0% as in a 
conventional 4–stroke engine puts small engines in the same general combustion regime as 
conventional–scale engines. 
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Figure 11: Operating points for methanol fueled two–stroke miniature internal combustion 
engines showing the effect of variation in engine size and equivalence ratio.  

5. Concluding Remarks 

In-cylinder pressure measurements made in three different size miniature engines are used to 
obtain a general understanding of the combustion process and how it is affected by scale. The 
key findings are that the combustion mode appears to be scale-dependent and that miniature 
engines may operate in a new regime that will require different combustion models. Equivalence 
ratio and engine speed are the most important parameters governing peak cylinder pressure and 
peak engine performance. Peak cylinder pressure and heat release rate decrease as speed 
increases and equivalence ratio deviates from 1. In smaller engines and at low speed, there is 
evidence suggesting that a two–stage combustion process occurs. It begins with localized 
ignition in the region around the glow plug and is followed by a delayed secondary ignition. 
Evidence of this behavior disappears in all engines as speed increases or fuel to air ratio deviates 
from stoichiometric suggesting that this is less influenced by scale than the local Damköhler 
number. One possible explanation of this apparent re–ignition is that radiation from a turbulent 
combustion process initiated at the glow plug ignites residual fuel near the walls after a delay. 
Another possible explanation is that this is an artifact of the combustion kinetics in which rising 
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pressure suppresses chain branching reactions which re–start once the pressure starts to decrease 
after the piston passes TDC. In either case, this suggests that a major source of inefficiency could 
be the loss of un-reacted fuel. High speed images of the reacting flow suggest that energy release 
occurs primarily due to a flame propagation phenomenon however there also is some evidence 
for a secondary combustion that occurs in a diffusion controlled manner. A regime diagram 
analysis shows that miniature piston engines operate entirely in the ‘flamelet in eddy’ regime 
whereas conventional–scale piston engines span the ‘wrinkled laminar flamesheet’ and ‘flamelet 
in eddy’ regimes but lie mostly in the flame sheet regime. Reducing engine scale drives the 
combustion regime even closer to distributed reaction. Therefore, it is clear that the approaches 
used to model combustion in conventional–scale engines are not appropriate for use in miniature 
engines and different approaches will need to be developed.  
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