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ABSTRACT 

Low cost fuel injection systems are being developed 
specifically for the small engines market. This is a 
result of the environmental drive for reduced 
emissions and the demand from the end user for 
easier engine operation. 

This paper introduces and discusses the challenges 
created by running gasoline and bio-fuels with fuel 
injection systems in this emerging market.  

The main objective for a low cost engine management 
system is to maintain a tight control over the Air Fuel 
Ratio (AFR) of an engine when using a wide range of 
global fuel types. The fuels that will end up being used 
for example are ultra-high Reid Vapour Pressure 
(RVP) fresh gasoline, stale gasoline that may have 
been stored for long periods of time and bio-fuel 
blends. Varying environmental conditions also cause 
additional challenges to AFR control. 

This paper presents the following pertinent information 
and results that effect the operation of a simple 
injection system: 

1) Characteristics of different fuel types using 
chemical composition analysis by Gas 
Chromatography and Reid Vapour Pressure 
measurements using Stanhope SETA equipment  
[Ref: 1]. 

2)  State of the art fuel control systems and how they 
deal with changing fuel characteristics. 

3) How a low cost and low pressure injection system 
for small engines such as Pulse Count Injection (PCI) 
is affected by fuel vapour generation. 

4) Optimisation of PCI injector design for hot fuel 
handling looking at: 

- Electromagnetic simulation studies conducted to 
optimise the efficiency of solenoid operated injectors 
lessening the thermal stress on the volatile fuel. 

- Injector design and functionality enabling good 
thermal and vapour management. 

5)  Hot fuel vapour test validation experiments on 
engine and test bench using PCI. 

In conclusion the paper presents data that will be 
interesting and valuable to engineers and researchers 
working in the small engine industry facing the 
challenge of operating low pressure fuel systems in 
varying ambient conditions. 

INTRODUCTION 

The typical small engine of today is a small capacity 
single or V-twin S.I. engine with fuel delivered via a 
low cost carburetor and ignition powered by a simple 
fixed timing magneto.  

These simple fuel and ignition devices have been able 
to meet the needs for engine control for many 
decades, but increasing operational, emission and 
environment pressures are now forcing engine 
manufactures to adopt more sophisticated 
electronically controlled engine management systems 
capable of delivering the required emission and 
operational improvements [Ref: 2,3,4,5,6]. 

The price pressures on the small engine market and 
the nature of the small engine applications means that 
any electronic engine control system must have the 
following attributes: low cost, low power consumption 
and must be very well protected to cope in the 
extremely harsh environments encountered by small 
engines.  



A specific and unique feature of this small engine 
market is the wide range and very varied quality and 
types of fuel used. These fuels may range from very 
highly volatile fuel purchased during one climatic 
season then stored and used during another. Or the 
common occurrence of stale fuel being used that has 
been stored in a non-sealed container over a long 
period of time. Wide varieties of bio-mass fuels 
blended in various ratios with conventional gasoline 
are also coming onto the market. 

1) FUEL CHARATERISTICS 

Gasoline and its blends are highly volatile multi-
molecular fluids. Their fluid properties and molecular 
stability can only be maintained over time by sealing it 
from the ambient atmospheric conditions.  

Gasoline when handled in atmosphere, under goes a 
continuous process of degradation through effects 
such as evaporation, oxidation and catalysis therefore 
affecting its volatility, density and viscosity. 

Throughout the year the molecular blend of Gasoline 
is deliberately altered by fuel producers changing its 
volatility to cope with winter and summer conditions. 

The industry standard [Ref: 1, prEN13016-1] used to 
determine the volatility of gasoline is known as the 
Reid Vapour Pressure (RVP). This standard measures 
the saturated vapour pressure of a standard volume of 
fuel held at 38degC (100degF) after it has been 
injected into a vacuum. 

RVP is measured in kPa and fuel is blended such that 
it generally has a higher RVP in colder climates (e.g. 
Northern Europe = 100kPa, North America = 110kPa) 
and lower RVP in hot climates (e.g. Southern Europe 
= 60kPa.) 

Bio fuels and blends such as E85 etc. are all 
percentage blends with gasoline and have their 
manufacture in Europe guided by the EU test house 
known as the  ‘Vaegverket’ and they state that for any 
of the above fuels the RVP should be between 30-
60kPa. 

The nature of multi molecular fluids is that the 
separate molecules described above can stay mixed 
in the liquid at higher temperatures than their boiling 
points only being released at points of high turbulence 
(e.g. sharp edges and moving surfaces), the liquid 
surface itself or at points of local high temperature. 

The following tables and figures show results from a 
range of commonly available fuel types, shown in 
Table 1.  They have been analysed at a test house 
[Ref: 7] for their chemical composition to aid the 
understanding of fuel characteristics on small engine 
development work.  

Samples of each fuel type were analysed qualitatively 
by Gas Chromatography - Mass Spectrometry (GC-
MS) and quantitatively by Gas Chromatography - 
Flame Ionization Detector (GC-FID). 

Sample  
No. 

Description Reid Vapour 
Pressure (kPa) 

1    Vented winter fuel  74.5 
2    250 hour aged fuel 12 
3    UK Winter Fuel 101.6 
4    E85 ethanol fuel 58.7 
Table 1: Fuel type samples 

GC-MS Results 
GC-MS provides information about the chemical 
composition of each of the component peaks as they 
are separated and enter the mass spectrometer 
detector. For convenience the chromatogram is 
divided into five time bands, shown in Table 2.  

Band 
Retention 
Time Span 

(min) 
Peak Characterisation 

1 0 to 10.5 

Lighter hydrocarbons – 
substituted C5, C6 and C7 

alkanes/alkenes and hexane. 
E.g. aliphatic compounds 

2 10.5 to 
21.50 

Medium hydrocarbons – 
substituted C6 to C9 alkanes, 

alkenes and napthenes 
(cycloalkanes), benzene 

3 21.50 to 
22 Toluene (methylbenzene) 

4 22 to 30 Higher alkanes and          di-
substituted benzenes (xylenes) 

5 30 to 50 
Higher alkyl-substituted 

benzenes, Tri-substituted 
benzenes etc. 

Table 2: Summary of 5 bands of GC-MS 

Band 1 is of the most interest to the control of fuel 
vapour in a fuel system, as ambient and under 
bonnet/hood temperatures can reach the levels that 
effect the molecules identified here. 

Further analysis of a 101.6RVP winter fuel in Band 1 
reveals that the following molecules, shown with their 
boiling points (BP), are present. 

 
Organic Compound BP °C 

Isobutane -12 
Butane 0.5 

3-methyl-butene 3 
Isopentane 28 

Trans 2-pentene 30 
1-Pentene 30 

Cis 2-pentene 36 
Ethylcyclopropane 36 
3-methyl-1-butene 38 
2,3-dimethylbutane 58 



1,3-pentadiene 58 
2-methylpentene 60 

1-hexane 63 
Methylpentene (many types) 63-80 

Hexane 69 
Benzene 80 

3-methylhexane 91 
Dimethylcyclopentane 98 

Heptane 98 
Methylhexane 94 

Table 3: Summary of Band 1 Compounds. 

GC-FID Results 
The fuels in the table below were analysed by GC-FID, 
and each time band was integrated and analysed as a 
percentage of the total, shown in Table 4.  

  
No. Fuel Band 

1 
Band 
2 

Band 
3 

Band 
4 

Band 
5 

1 Vented 25.4 29.5 17.0 11.3 16.8
2 Aged 0.1 14.5 24.6 33.3 27.5
3 Winter 35.0 26.5 16.1 13.2 9.2

Table 4: Summary of % of total in each band for 3 fuel 
types 

The following graph shows the result of Winter fuel 
chemical components expressed as percentage of 
mass from the GC-FID tests used to calculate the 
values shown in Table 4. 

 
Graph 1 GC-FID results for Winter fuel  

 
2) STATE OF THE ART FUEL SYSTEMS 

Changing ambient conditions and different fuel types 
lead to varying fuel saturated vapour points, therefore 
when running an engine on gasoline the fuel system 
applied to the engine must cope with these changes. 
Different fuel system types manage these changes in 
different ways.  

 

Carburetors 

 

 
Fig 1: State of the art twin choke small engine 
carburetor with solenoid main jet cut off. 

 

Small engines have for many decades used 
mechanical carburetors to meter precisely the fuel and 
air delivered the combustion chamber. These 
carburetors range from very simple low cost units 
(<$5) to more sophisticated components with variable 
venturis and solenoid shut off valves for more 
demanding applications (Fig: 1). 

The elegance of the carburettor lies in its ability to 
control fuelling across a range of engine operating 
conditions with only mechanical or physical inputs to 
maintain AFR fuelling. It also has the ability to work 
from very low fuel feed pressures such as the small 
head of pressure direct from the fuel tank. These 
attributes alone make the carburettor a very efficient 
and hard to replace component.  

Its short comings in view of current operational, 
emission and environmental pressures lies in the 
following: 

• Wide operational tolerances under different 
environmental conditions.  

• Limited feedback control compatibility. 

• Wide production tolerances. 

• The need for a choke mechanism. 

• The need for an open vent float chamber 
which provides good control of the jet fuel 
level but allows high levels of hydrocarbons 
(HC) to escape directly into the atmosphere. 



However, the aforementioned ability to vent vapour to 
atmosphere gives the carburettor a very effective way 
to control excessive vapour generated by heat. The 
rate of vapour loss is temperature and fuel RVP type 
dependant. Under hot ambient running conditions the 
rate of loss is considerable, in fact spontaneous 
boiling can occur in a float bowl and on hot soak with a 
restart it may take some time to re-fill the float bowl 
enough to enable an engine start. It must also be 
noted that the float bowl fuel temperature of a simple 
carburettor can seriously alter the engines air fuel 
ratio. 

 

Conventional Electronic Fuel Injection (EFI) 

 
Fig 2: Typical small engine EMS. 

EFI systems are well established in the automotive 
market and have been optimized over the last 4-5 
decades to deliver increasingly sophisticated levels of 
accuracy of fuel and ignition control. With modern high 
speed electronics, feedback control and adaptive 
software, accurate fuel delivery and precise ignition 
timing is now possible under all possible engine 
operating conditions without any requirement of 
knowledge or input from the operator. This precise 
control has allowed automotive engines to 
successfully meet stricter and stricter emission 
legislation without significant loss in performance. 

The delivery of this precise fuelling requires the 
inclusion of a high pressure fuel pump and 
sophisticated pressure regulator to deliver fuel to the 
accurate fuel flow valve (injector). It is the high fuel 
pressure (>3bar) that stops excessive vapour forming 
and therefore affecting the flow characteristics of the 
injectors. This complexity combined with the multitude 
of sensors, extensive wiring harness and high power 
consumption makes the conventional EFI unit too 
expensive and environmentally vulnerable for the 
small engine market, (Fig: 2). 

Pulse Count Injection (PCI.) 
 

 

 
 

Fig 3: Low cost fuel injection system (shown in 
external and sectioned view). 

Pulse Count Injection (PCI) is a novel form of low cost 
fuel injection [Ref 1 & 4]. Its basic principles are based 
on the concept of digital injection where fixed micro 
litre volumes of fuel are injected into the engine at very 
high frequencies each engine cycle. To cope with 
changing engine speed and load demands the number 
of pulses of injected fuel are increased or decreased 
therefore controlling the total amount of fuel delivered 
and thus the air fuel ratio.  

The complex EFI system shown in Fig 2 is replaced 
with an integrated Throttle body shown in Fig 3 which 
contains the majority of components of the PCI 
system. 

The PCI injector is a positive displacement pump with 
a very small displacement (<3µLtrs.) Its pumping 
action creates a depression transporting fuel into the 
pumping chamber through small passageways. The 
RVP of the fuel therefore has a great bearing on how 
the injector performs, especially as the fuel 
temperature increases.  



 

 
Fig 4: Pressure trace from the internal pumping 
chamber of a PCI injector for one pulse. 

The pressure trace above (Fig: 4) describes a single 
injection cycle that constitutes a ‘pulse’. The pressure 
trace is represented by the green line. The fluid intake 
depression is clearly seen, its lowest pressure point is 
bound by the saturated vapour pressure of the fuel at 
the corresponding ambient temperature. This is 
quickly followed by re-saturation creating a pressure 
spike. As the piston returns to expel the fuel from the 
pumping chamber a second pressure spike as great 
as 5bar is seen before the outlet valve opens and the 
fuel discharges returning the chamber to the system 
pressure. 

The pressure trace described alters with different RVP 
fuels. In fact with increasing fuel temperature the 
saturated vapour pressure point seen in the intake 
part of the cycle becomes closer to the system 
pressure with the re-saturation point becoming less 
pronounced. This results in less fuel entering the 
pumping chamber as there is a smaller pressure drop 
to draw liquid fuel into the pumping chamber. 

Therefore PCI requires a different approach to vapour 
management than those methods used in either the 
carburettor or high pressure conventional fuelling 
systems. 

3) PCI INJECTOR DESIGN OPTIMISATION. 

The application of pressure to the fuel is one way to 
eliminate the effect of fuel vapour; however, to 
maintain the systems simplicity this method has been 
deliberately avoided as a separate pump would then 
be required. 

Therefore the following mechanisms have been 
implemented to achieve good injector flow 
performance at elevated fuel temperatures. 

The injector can be split into two main parts; the 
electro-mechanical component and the fluid pumping 
component as shown in Fig 5. 

 
Fig 5: Prototype Pulse Count Injector 

Each part interacts thermally with one another. The 
electro-mechanical component is powered by a 
solenoid that has inductive and resistive properties. 
Therefore whilst running heat is imparted to the 
pumping chamber not only by conduction and 
convection, but also by induction (magnetic eddy 
currents being induced by the action of the solenoid in 
the metallic components). 

The fuel entering the fuel pumping component has to 
be managed such that it does not contain vapour 
bubbles or travels through points that could create 
vapour such as sharp edges and hot spots. Therefore 
the inlet channels are away from the 
electromechanical components and are as large and 
as smooth as possible.  

To manage the fuel vapour further the injector sits in 
an enclosed volume totally immersed in fuel (Fig: 6) 
and is not supplied with fuel via a fuel rail as is normal 
in conventional EFI systems. 



  
 

Fig 6: Cross section of a PCI injection system 

A return type fuel system continually tops up the fuel 
volume and under hot soak and hot ambient running 
conditions any vapour formed in the volume is quickly 
and completely returned to the fuel tank and can be 
dealt with by the evaporative emission system.  

The control system and strategy for a PCI system is 
described in another paper [Ref: 8] 

To minimise the generation of vapour a series of 
studies were undertaken to reduce the heat generated 
whilst running a PCI injector.  

The PCI injector’s solenoid is cooled by the fuel that 
surrounds it and because of its size this solenoid 
heated fuel can be ingested into the pumping chamber 
and therefore affect the pumping efficiency of the 
injector. Design optimisation was required to minimise 
the thermal effect of the solenoid and back iron. 

 
Fig 7: Mesh generation used for improving the 
electromagnetics of the injector. 

To try to eliminate the need to build many different 
iterations of the same injector the use of FEA was 

implemented. Using COMSOL multi physics FEA 
software the mesh shown in Fig 7: and the output data 
shown in Fig 8 were generated. Fuel Volume 

The initial designs of PCI injector consumed 25W of 
power when running continuously at 800Hz nearly all 
of this power consumption was being wasted as heat. 
This heat was generated by eddy currents which were 
created by using non-optimised materials and 
designed-in problems that cause other inductive paths 
with in the injector body.  

Injector 
By using FEA and combining this with a new drive 
circuit [Ref: 8] the next design of injector was 
optimised to only consume 4W for the same flow rate 
performance.  

 
Fig 8: Image showing simulation of eddy current 
losses around an injector solenoid drive. 

As power consumption is directly related to heat 
output the thermal impact of the injector on the 
surrounding fuel was reduced by a factor of 6. 

4) HOT FUEL VAPOUR TESTING 

 
Carburettor Temperature Survey
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Fig 9: Fuel temperatures measured on test engine 



 
To obtain real hot fuel test data several different 
engines were baseline tested on their original 
carburetors, one set of results for a test engine is 
shown in Figure 9. 

As can be seen the fuel temperatures after full load 
has been run rises rapidly once the engine has 
stopped and is in a hot soak condition. For instance 
the fuel in the float bowl reaches 60°C under soak 
after running at 40°C under full load. 

These figures are quite common for small engine utility 
applications when running in ambient temperatures 
around 20-25°C. 

Figure 10 shows a PCI injector in a hot fuel test rig 
running at 40°C fuel temperature. The fuel being used 
is 100RVP winter fuel. As is quite clear the fuel is 
under continuous boil conditions, streams of vapour 
are coming off the injector itself which is still spraying 
fuel. The test chamber was held at atmospheric 
pressure. 

 
Fig 10: Hot fuel rig with transparent fuel chamber 
showing active boiling of fuel under hot conditions. 

The injector type seen being tested in Fig 10 was then 
fitted to an engine for hot fuel testing. 

The graph in Fig 11 shows the injectors performance 
on an engine running at 3000rpm with a dynamometer 
load of 4kW over a fuel temperature range of 20°C up 
to 50°C. The fuel used was fresh 100RVP winter fuel. 
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Fig11: Effect of temperature on fuel delivery 

The AFR was maintained at 0.85λ (to match the 
original carburettor settings) by adjusting the number 
of pulse delivered per engine cycle. Initially 100 pulses 
are required, after 10mins this has reduced to 95. This 
is due to the enrichment required to run the engine 
from cold start.  

The pulse count remained quite stable until a fuel 
temperature of 40°C was reached. At this point the 
pulse count had to be increased to maintain the AFR 
of 0.85λ. This phenomena has been attributed to a 
particular organic compounds, seen in Band 1 of the 
GC-MS data, boiling inside the injector housing and 
reducing the amount of fuel entering the injector 
pumping chamber. 

Once this critical point had been reached the pulse 
counts stabilised and the AFR was maintained. The 
test carried on until 50°C fuel temperature had been 
reached.  

Further experimentation is being undertaken to 
optimise the behaviour of the PCI injector and its 
control system, allowing the number of pulse counts of 
fuel to be adjusted quickly when a fuel vapour 
phenomena is present. 



 

CONCLUSION 

• Simple miniaturization of automotive style 
injection systems still results in complex, 
costly and power consumption prohibitive fuel 
injection systems. 

• New innovative low cost injection systems are 
appearing on the market and in development 
specifically designed for low cost small 
engines. 

• Gasoline is an unstable multi-molecular fuel 
and as such low cost and low pressure 
injection systems requires different strategies 
to manage it in order to maintain consistent 
AFR. 

• Many different types and qualities of fuel are 
commonly found in the small engine market, 
which future fuel systems must be able to 
cope with. 

• Giving full consideration to the possible 
integration of components, it is possible to 
design an electronic fuel injection system with 
almost complete integration of electronic and 
fluidic systems into a compact throttle body. 

• With careful and thorough understanding of 
the nature of gasoline’s characteristics it is 
possible to develop low pressure fuel injection 
systems that are able to cope with the fuel 
vapour generated at high fuel temperatures 
and still deliver controlled stable engine 
operation. 

• With the use of detailed electromagnetic 
simulations and optimised solenoid design it is 
possible to reduce total power consumption of 
a low cost fuel injection system to less than 
4W. 
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