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ABSTRACT 
Losses in internal combustion engines being 

developed for small (< 5kg) unmanned air vehicles 
are expected to become increasingly important as 
the size of the engine is reduced.  This is a direct 
consequence of the fact that the surface to volume 
ratio of these engines increases with decreasing 
engine size.  The performance of three small IC 
engines ranging from ~400g to ~10g was evaluated 
on a small dynamometer in order to see how engine 
performance scales with size.  A power law was 
found that relates engine power to engine mass.  
However, large variations in the fuel air ratios 
maintained by the engines fuel delivery systems 
prevented observation of any scaling of engine 
efficiency with size.*† 
 

INTRODUCTION 
Unmanned air vehicles are being used with 

great success today in applications that range from 
battlefield surveillance to environmental 
monitoring. The primary objective in developing 
power and propulsion systems for these vehicles is 
maximizing either range or endurance.  The 
Brequet range equation for a fixed-wing aircraft1 
shows that the critical aspects of the power system 
that influence range or endurance are the thermal 
efficiency and the energy per unit mass (or energy 
storage efficiency) of the fuel: 
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It shows that the range can be increased by an order 
of magnitude by switching from batteries to liquid 
hydrocarbons which have energy densities ~50 
times larger.  The caveat is that the engine must 
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achieve approximately 20% efficiency in order to 
realize this benefit.  While this is relatively routine 
in automotive engines and larger aero-engines, 
recent work has shown that an IC engine’s 
efficiency scales unfavorably with decreasing size2.  
Moreover, recent measurements of the performance 
of a small hydrocarbon-fueled engine weighing 
~400g and suitable for a man-portable UAV 
indicate that efficiency levels tend to be quite low 
(~5%)3. Nevertheless, the advantages of 
hydrocarbon fuels are apparent and about 65% of 
the UAVs actively deployed by the United States 
are powered using internal combustion engines. 

The objectives of this work are twofold.  The 
first is to measure the performance of three small, 
hydrocarbon-fueled engines that may be suitable 
for powering man-portable UAVs.  This, coupled 
with a careful uncertainty analysis will provide a 
reference point for evaluating the current state of 
the art.  The second is to attempt to use these 
measurements to develop experimentally validated 
models for how engine performance scales with 
engine size (mass).  The latter will be useful for 
establishing a benchmark for the general 
capabilities of existing technology and for 
developing UAVs that can take maximum 
advantage of existing technology.  
 

APPROACH 
The principal performance metrics considered 

here are the power output and the efficiency.  The 
power output is defined as  

ωeP Γ=      (1) 
where Γe and ω are respectively the torque and 
speed (in radians/sec) at the output shaft. The brake 
thermal efficiency4 is defined as follows: 
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where P is the power output of the engine, fm is 
the fuel mass flow rate and QR is the energy density 
of the fuel.   
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The power output and efficiency of three different 
size but small engines is measured using a 
dynamometer that has been specially designed for 
small engines.  The engines considered here are 
two-stroke, single cylinder, glow-ignited engines 
commonly used in model aircraft. All operate on 
the same 70/20/10 mixture of methanol, castor oil 
and nitromethane.  Engine data are summarized in 
table 1. 

 
Engine  1 2 3  
Bore D 22 15.5 11.25 mm 
Stroke L 38 12 10 mm 
Crank 
radius 

r 9.9   mm 

C rod h 3.03   mm 
C rod w 7.7   mm 
Displ. Vd 7.45 2.26 0.99 cm3 
Mass  374 216 54 g 
Speed  2.5-

17 
3.5-
18 

3-25 kRPM 

Comp. 
Ratio 

rc 8:1 8:1 8:1  

Table 1 Engine Data 

 
EXPERIMENT 

High operating speeds and vibration levels 
coupled with relatively small torques and fuel flow 
rates make it difficult to make performance 
measurements in these engines.  Previous work 
explains the dynamometer in detail5 and only a 
brief description follows. 
 
Dynamometer System 

Figure 1 is a photograph of the dynamometer 
system. It consists of a torque-measuring engine 
cradle, a transmission, and an absorber.  The torque 
measuring cradle is supported at either end by 
precision bearings with small breakaway torques.  
The engine to be tested is mounted on the cradle so 
that its axis of rotation is coincident with that of the 
cradle.  A moment arm attached to the cradle and 
the support structure via a load cell (Sensotek 
model 30, 0-5lbf) prevents the cradle from rotating.  
A force balance on the cradle leads to the following 
expression for the engine torque  

lcarmBAe Fr ×−Γ+Γ=Γ      (3) 
where ΓA and ΓB are the parasitic torques 
associated with the cradle bearings and the load 
cell attachment points while rarm is the moment arm 
length. Because engine torque is measured directly 
at its mounts, there is no need to estimate and 
correct for losses in the transmission. The absorber 
is an air-cooled hysteresis brake (Magtrol model 

HB-840).  The torque is directly proportional to the 
current supplied and is independent of operating 
speed.  The maximum operating speed of the brake 
is 800 RPM.  Since each engine operates in a 
different speed range, each requires its own 
transmission to drive the absorber.   

Engine speed is measured using a sensor that 
detects the passage of the poles of a magnetic 
‘pulser’ disc attached to the hysteresis brake shaft.  
A signal conditioning unit converts the sensor 
output to an analog voltage proportional to RPM.  
A nose cone attached at the end of the shaft allows 
the engines to be started using a standard electric 
starter for model aircraft. 

A cooling duct directs air from a blower over 
the cylinder head. This is necessary to replace the 
propeller wash which would normally provide 
engine cooling.  The cylinder head temperature is 
monitored by a K-type thermocouple whose bead 
rests on the cylinder head between the fins.   While 
the other end of the thermocouple is attached to the 
rigid structure, it has a negligible influence on the 
torque measurement.  Another K-type 
thermocouple monitors exhaust gas temperature 
but does not contact the engine directly.  A third K-
type thermocouple monitors air temperature while 
two infrared thermocouples monitor the 
temperature of the hysteresis brakes.   

The engine draws fuel from a 32 oz fuel tank 
supported by an Ohaus model SCA210 portable 
scale located outside the cradle support. The scale 
has been modified to provide an analog signal 
proportional to scale reading. The fuel flow rate is 
determined by measuring the change in fuel weight 
as a function of time.  Two flexible tubes connect 
the tank to the engine on the cradle.  One carries 
the fuel to the needle valve inlet while the other 
provides bleed air from the muffler to pressurize 
the fuel tank. The fuel pressure changes with 
engine speed and has an important effect on engine 
performance.  As a result, a pressure transducer 
(model PX139-030) monitors fuel tank pressure 
while another (model PX139-015) monitors 
atmospheric pressure.  Air flow rate is measured 
using a TSI model 40241 sensor (0-300 SLPM). 
The sensor is connected to the engine via a flexible 
tube that clamps to the carburetor air inlet. A 
Futaba R/C servo controls the engine throttle so 
that the operator will not need to touch the 
dynamometer system during operation and corrupt 
the torque measurements.  Note that the air, fuel, 
and fuel pressurization tubes influence the torque 
measurement, but their effects are corrected for by 
calibrating the torque measuring system before and 
after every experiment. 
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Data Acquisition System 
Signals from all of the sensors are conditioned 

and logged using a National Instruments Data 
Acquisition system. The thermocouples are 

connected to an SCXI-1112 signal conditioning 
module while all other analog signals are 
connected to an SCXI-1120.  The SCXI-1112 and 
SCXI-1120 in turn are connected to a 16 bit DAQ 
card that performs the analog to digital conversion.  
The data are written to files and displayed in real 
time on a custom-designed panel with indicators 
for engine speed, torque, temperature, etc. 

Data is recorded in one of two modes. A strip 
chart mode runs in the background all the time.  It 
writes a time history of the experiment to a file and 
drives the various engine instruments on the 
LabView panel.  A ‘burst’ mode initiated by a 
switch on the operating panel is used to make high-
resolution measurements at particular operating 
points.  One thousand samples of each channel are 
recorded at 80 Hz and saved to a file.  In this mode, 
the acquisition of individual data points is 
hardware triggered.  This ensures that the elapsed 
time between measurements is constant and is 
especially important for the fuel flow rate 
measurement where we seek to measure the change 
in a signal as a function of time. 

 

Experiments 
The dynamometer system allows the load, 

throttle position, and mixture to be controlled 
during an experiment.  At any time, two of these 

are held constant and the third is varied to get a 
characteristic curve.   

An experiment begins by starting the data 
acquisition system and calibrating the torque 
measurement system and scale using a set of 
weights.  Once the calibration is complete, the 
cradle is clamped in place to prevent start-up 
transients from damaging the load cell, the engine 
is started and the mixture is adjusted according to 
the engine manufacturer’s instructions.  The 
mixture is normally slightly richer than the 
optimum setting to avoid overheating and 
damaging the engine.  When the engine is running 
stably, the cradle is unclamped to allow torque 
measurements to begin.  A typical experiment 
involves incrementally increasing and decreasing 
the current to the hysteresis brake and hence the 
load on the engine.  A burst of data is acquired at 
each load condition once the engine speed has 
equilibrated.   

The duration of the experiment is limited by 
the size of the fuel tank but will typically sweep 
through the full operating range of the engine twice 
and acquire about 25 high-resolution data points.  

 

Absorber Cradle 

Scale 

Load Cell 

Cooling Duct 

Fuel Tank 

Exhaust T 

Speed Sensor 

Engine 

Moment Arm 

 

Cyl. Head T Throttle Servo 
 

Figure 1 Photograph of dynamometer system showing the important components. 
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The experiment concludes when the engine either 
exhausts its fuel or is shut off by closing the needle 
valve.  At this point, the scale and torque-
measurement system are re-calibrated, and the data 
acquisition system is turned off. 

 
Corrected Performance (STP) 

Engine performance varies with atmospheric 
pressure, temperature, and humidity.  As a result, 
performance measurements are corrected to 
standard atmospheric conditions so that 
measurements made on different days may be 
compared.  The methods for accomplishing this are 
well known6 but we will summarize them here: 

A correction factor cα relates the power 
corrected to standard reference conditions Pr, to the 
measured power P: 

PP cr α=                  (4) 
The correction factor for a naturally aspirated 
compression ignition engine is given by  

( ) mf
c afα =   (5) 

where af  is the atmospheric factor and mf  is the 
engine factor.  

The atmospheric factor accounts for the effects 
of atmospheric pressure, temperature and humidity 
and is computed from: 
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In this expression rp is standard atmospheric 

pressure, rφ  is standard relative humidity, srp is 

standard saturated water vapor pressure, and rT  is 
standard ambient air temperature.  p, φ, ps and T are 
the same quantities corresponding to the test 
conditions. 

The engine factor for a 2-stroke engine is:  
0.036 1.14m cf q= −     (7) 

where qc is the corrected specific fuel delivery 
which is the ratio of the fuel mass per cycle per 
liter of air (q), to the boost pressure ratio under 
standard atmospheric conditions ( rr ). 

rc rqq =   (8) 

Note that rr=1 for the naturally aspirated engines 
considered here and that q depends on the air/fuel 
ratio.  

 
Uncertainty Analysis 

The uncertainty analysis follows the guidelines 
proposed in ASME standard PTC19.17.  The 95% 

confidence interval for a particular measurement p 
is given by: 

( )2
2

2
2 xSBp +






=δ   (9) 

where B represents the total uncertainty due to 
systematic errors in the individual measurement 
and is computed using the following expression.   

( ) ( ) ( )22
2

2
1 ....... nbbbB +++=       (10) 

where b1, b 2, … b n are the various contributions to 
the systematic uncertainty of the measurement.  For 
example, if we are measuring voltage, b1 could 
correspond to the linearity of the instrument, b2 
could correspond to the repeatability, b3 could 
correspond to the offset, and b4 could correspond to 
the resolution of the A/D converter.   

xS is the standard deviation of the mean and 
represents the total uncertainty in the measurement 
that arises as a result of random errors.  It is 
computed using  
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where N is the number of samples taken and x  is 
the average value of all of the measurements.   

The total uncertainty in a result δR which is a 
function of several individual measurements 
( ( )JpppfR ,,, 21 =  ) is given by: 

( ) ( )22
11 JJ ppR δθδθδ ++=        (12) 

where J is the number of quantities measured to 
determine R, Jpp δδ ,,1  are the uncertainties in 

the measured quantities, and Jθθ ,,1  are the 
sensitivity coefficients:.   

i
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∂
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The fuel flow rate is determined by performing 
a least-squares fit to the measurements of fuel 
weight as a function of time.  The uncertainty in 
the fuel flow rate is given by8: 
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where mi is an individual measurement of the fuel 
mass, δmi is the uncertainty in that measurement, 
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and M is the total number of measurements made 
during the time interval.   

Some sample results from the uncertainty 
analysis are presented in Table 2.  Note that 
uncertainty in the force measurement is the most 
important contributor to uncertainty in the power 
measurement while uncertainty in the heating value 
of the fuel is the most important contributor to 
uncertainty in the efficiency measurement. 
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Flc 6.98 0.139 N 1.994 
ω 11277.43 17.047 rpm 0.151 

fm  4.93x10-4 3x10-6 kg/s 0.646 

P 414.18 8.366 W 2.019 
η 3.157 0.075 % 2.37 

Table 2 Results of uncertainty analysis for a 
single engine performance point. 

 
EXPERIMENTAL RESULTS 

Figure 4 shows torque at full open throttle as a 
function of speed for the three engines tested.  
Unlike larger engines where torque tends to 
increase with engine speed until reaching a peak, in 
these engines torque tends to decrease with 
increasing speed. One possible explanation is that 
the characteristic time for combustion in these 
engines is of the order of or longer than the 
residence time.  Operating at lower RPM would 
increase the residence time which, in turn, would 
increase the degree of reaction and hence the 
pressure rise in the cylinder.   

Figure 5 shows full open throttle power curves 
for the three engines.  The power output of engines 
1 and 3 decreases with increasing RPM because the 
torque decreases with increasing RPM.  The power 
output of engine 2 increases with RPM (and looks 
more like that of a conventional engine) because 
engine torque does not decrease as fast as speed 
increases.   

Figure 6 shows that fuel consumption 
decreases with decreasing operating speed and 
figure 7 shows that efficiency increases with 
decreasing operating speed.  While the peak 
efficiencies of all of these engines are similar, the 
smaller engines seem to operate more efficiently 
over a wider operating range than the larger engine.   

Figure 8 suggests that this may be the result of 
the operating characteristics of the carburetor and 

fuel system which is pressurized by bleed air from 
the exhaust manifold.  The mixture is leanest at low 
speeds when the fuel pressure is low, and becomes 
richer as engine speed increases. As a result, fuel 
consumption is lowest and efficiency is greatest at 
low operating speeds.  As engine speed increases, 
the mixture becomes progressively richer and 
efficiency decreases.   

This may also explain the unusual shape of the 
torque curves:  increasing the speed richens the 
mixture, increases the characteristic time for 
combustion, and decreases the residence time in the 
cylinder.  The result is that a smaller pressure rise 
is achieved in the cylinder before the mixture is 
exhausted and hence a smaller torque is generated.   
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Figure 4 Torque vs. speed for three small IC 
engines. 
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Figure 5 Corrected power vs. speed for three 
small IC engines. 
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Figure 6 Fuel consumption rate vs. speed for 
three small IC engines. 
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Figure 7 Efficiency vs. speed for three small IC 
engines. 
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Figure 8 Mixture ratio vs. speed for three small 
IC engines. 

 

PERFORMANCE SCALING 
Figure 9 is a plot of power output of over 200 

small IC engines ranging in size from 13g to 
1000g.  The crosses correspond to these engines’ 
peak power as reported by their manufacturers 
while the solid squares correspond to the 
measurements made in this investigation. The first 
thing to note is that power output tends to decrease 
with engine size and that that a power law seems to 
be a reasonable model for how power output scales 
with engine size.  However, the power outputs 
measured here seem to be lower than average and 
the power output tends to increase more slowly 
with size than one would expect based on the 
manufacturers’ data.  The reasons for this are not 
yet known.  One possibility is that manufacturers 
report performance using fuels with higher 
fractions of nitromethane.  Another is that 
manufacturers may use different standards when 
reporting power.  Whatever the origin of the 
discrepancy, however, the figure highlights the 
importance of developing scaling laws based on 
well-understood performance  measurements. 

Figures 4 and 6 show similar trends with 
engine torque and fuel consumption:  The smaller 
engines produce less torque and consume less fuel. 

Figure 10 is a plot of peak efficiency as a 
function of engine size.  Surprisingly, it does not 
show much dependence on size in spite of the fact 
that the smallest engine has the highest 
surface/volume ratio and thus should be most 
susceptible to losses etc.  Figure 7 reinforces this 
observation as it shows that there does not seem to 
be any clear scaling of efficiency with size.  In fact, 
the largest engine seems to be the least efficient.   

As was noted earlier, differences in efficiency 
between engines seem to arise primarily as a result 
of differences between the fuel systems and their 
inability to control mixture ratio effectively over 
the operating range of the engine.  This would 
mask any possible scaling effects caused by 
changes in surface/volume ratio. 

y = 1733x1.292

R2 = 0.9485
0

500

1000

1500

2000

2500

3000

3500

0 0.2 0.4 0.6 0.8 1
Mass (kg)

Po
w

er
 (W

)

Manufacturer
Manufacturer
Measured
Power (Measured)

 



7 
American Institute of Aeronautics and Astronautics 

Figure 9 Scaling of small IC engine power 
output. 
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Figure 10 Scaling of small IC engine efficiency. 

CONCLUSION 
Detailed measurements of the performance of 

three small 2-stroke IC aero engines were made on 
a small dynamometer system.  The measurements 
show that a power law relationship seems to govern 
the scaling of engine power output with size.  
While this is consistent with earlier findings, it is 
important to note that the power levels measured in 
this work are consistently lower than those reported 
by manufacturers of similar size engines.  The 
efficiency of these engines seems to depend 
primarily on the performance of the fuel delivery 
system.  As a result, no meaningful scaling of 
efficiency with engine size was observable. 
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