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Abstract
This article is devoted to the development of a fuel injection 
system for internal combustion engines (ICEs or engines) with 
positive ignition, which operates on superheated fuels. Such 
systems allow engines securely starting and working on abso-
lute (96%) alcohol, even in low temperature environments. 
This article describes the operation principle of a multi-point 
superheated fuels injection system; and the comparison analy-
sis of thermal efficiency and heat balances of both the baseline 
gasoline engine and the engine with a developed superheated 
alcohol-based fuel injection system is provided. In experimen-
tal studies, the contents of CO, CH, and CO2 in the combustion 
products of alcohols were determined. Based on the obtained 
results we can conclude that the application of the proposed 
multi-point injection system operating on superheated alcohol 
fuels reduces both greenhouse gas emissions and harmful sub-
stances in exhaust gas emissions.

Keywords
alcohol engine, ICE, pure alcohol engine, engine ecological 
improvement

1 Introduction
The current conception of the automotive industry develop-

ment involves gradual replacement of fossil fuels by alterna-
tive ones, particularly alcohol-based fuels, which are renew-
able and more environmentally friendly. This can be achieved 
by improving the efficiency of mixture formation processes in 
internal combustion engines with positive ignition, which is a 
foreground task in the engine-building development worldwide.

Under promising technique to improve the quality of the 
external mixture formation can be subsumed the development 
of a system of superheated fuel injection. That system can be 
designed on the basis of either multi-point, central or direct fuel 
injections in ICEs with spark ignition. Nowadays multi-point 
fuel injection systems are by far dominant. The share of gaso-
line engines with it is today more than 80% [1]. Such systems 
with minor structural modifications can operate with both fossil 
and alternative fuels if appropriate fuel feed correction algo-
rithms, which depend on the type of fuel, in electronic control 
units to apply.

It is currently known the internal combustion engines, which 
require gasoline of at least 15% in biofuel mixture for secure 
cold start [2-9]. The direct use of alcohol in fuel systems faces 
some technical problems especially at low temperature. For 
this purpose, gasoline is used to provide enough starting power 
for cars in cold weather.

The purpose of this work is to develop a system for multi-
point injection of superheated alcohol fuels, which solves the 
problem of adapting the engine to run on absolute alternative 
fuels derived from renewable energy sources, with a minimum 
re-designing of fuel systems of existing internal combustion 
engines running on light fuels. It is assumed that the devel-
oped fuel injection system allows the engine to start and work 
securely on absolute (96%) alcohol even in low temperature 
environments.
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2 Materials and Method
2.1 Basic Principle Underlying the Proposed 
Injection System

A distinctive feature of superheated fuel injection systems is 
explained with Fig. 1 and Fig. 2.

Fig. 1 A diagram of the ideal process of fuel parameters changes in the stand-
ard fuel injection system: 2-1 is the process of increasing the fuel pressure 

with a pump, 1-2 is the process of dropping the fuel pressure when spraying 
through the injector, 2-3 is the process of heat supply from the inlet valve cap 

of a running engine to fuel, K is the critical point

Fig. 2 A diagram of the ideal process of fuel parameters changes in the multi-
point superheated fuel injection system: 1-2 is the process of increasing the 
fuel pressure with a pump, 2-3 is the process of heat supply to fuel in the 

system of the superheated fuel injection, 3-4 is the process of dropping the 
fuel pressure when spraying with the system of superheated fuel injection, K 

is the critical point.

Let us assume that there is homogeneous fuel, for example, 
one of the lightest fractions of gasoline, pentane [10], and there 
is its diagram of interphase transition. As can be seen in Fig. 1, 
a standard multipoint injection system feeds fuel to the inlet 
valve cap in the liquid phase, while a superheated fuel injection 
system (Fig. 2) starts an injection in the liquid phase, and then 
the injector lets off the wet vapor. In the outlet of the injec-
tor fuel almost immediately begins to boil under the action of 
heat contained therein, and in the intake manifold wet vapor 
is formed, which then flows into the cylinders. Thereby by the 
end of the mixture formation process, ceteris paribus the intake 
manifold has more fuel in the vapor phase, which ultimately 
leads to better quality of both the mixture formation and the 

combustion processes in the engine cylinder, and an increase of 
heat utilization. So we can see that a superheated fuel injection 
system has a number of advantages in comparison to a conven-
tional fuel injection system.

2.2 A Multi-Point Superheated Fuel Injection System
From technical, technological and economic points of view 

it is more rational to develop a superheated fuel injection sys-
tem on the basis of the existing fuel systems. As an example, let 
us consider a diagram of a multipoint injection system operat-
ing on superheated alcohol fuels for a single-cylinder internal 
combustion engine (Fig. 3).

Fig. 3 A diagram of a superheated alcohol fuel injection system: 1 is a fuel 
tank; 2 is a fuel suction pipe; 3 is a fuel filter; 4 is a fuel pump; 5 is a fuel 

feed pipe of high pressure; 6 is a common rail; 7 is a superheating pipe; 8 is 
an injector; 9 is an electric heater; 10 is a gas heater; 11 is a controlled gas 
heater valve; 12 is a high pressure return piping; 13 is a controlled return 

valve; 14 is a low pressure return piping; 15 is an automatic return valve; 16 
is a temperature sensor; 17 is a pressure sensor; 18 is an electronic control 
unit (ISPM is an input signal processing module; OSPM is an output signal 

processing module); 19 is a controlled thyristor; 20 is a diode rectifier bridge; 
21 is an ignition key; 22 is an inverter; 23 is a battery; 24 is a piston-cylinder-

unit; 25 is an exhaust manifold; 26 is an intake manifold
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A regular electronic control system of internal combustion 
engines controls the engine running, the fuel injection time and 
the ignition point. To increase the amount of fuel injected, a 
program code of a regular system is changed.

The system works in the following way. After the ignition 
key is turned, the electric fuel pump 4 starts pumping the fuel 
into the fuel feed pipe of high pressure 5. If the pressure in the 
system reaches 4 atm., the automatic return valve 15 is actu-
ated. Further, fuel goes to the common rail 6 equipped with a 
pressure sensor 17. From the common rail fuel enters the super-
heating pipe 7 where it is heated to a temperature close to the 
boiling point at the excess pressure by supplying heat from the 
electric heater 9 and/or from the gas heater 10. The temperature 
is controlled by the sensor 16.

The electric heater heats the superheating pipe at the engine 
cold start. The heater is powered by 220 V obtained by converting 
DC voltage of the battery into AC voltage in the inverter output.

The gas heater 10 is a tube having an input and an output in 
the intake manifold 25 and a surface for heat exchange with the 
superheating pipe 7. 

The heaters 9 and 10 are controlled with the electronic con-
trol unit 18 by controlling the thyristor 19 and the valve 11.

A fuel temperature at the outlet of the superheating pipe 7 is 
maintained at such level that fuel is on the boundary of inter-
phase transition (point 3 in Fig. 2 should be located as close as 
possible to the boundary curve).

The need for the high-pressure return piping 12 and the indi-
vidual channel for control the fuel pump energizing after the 
ignition turning off is dictated by the necessity of removing the 
superheated fuel from the superheating pipe 7. After stopping 
the engine, the electronic control unit outputs a control signal to 
the fuel pump 4 and the control valve 13, and overheated fuel 
passing through the high pressure return pipe 12, which has a 
developed outer surface, cools down; and then it is expelled into 
the tank through the valve 13, where it mixes with colder fuel.

The described system for injection of superheated fuel pro-
vides the ability of internal combustion engines to start and 
work on pure alcohols.

2.3 Method and Instruments Used
In order to estimate the effective parameters of an ICE with 

a system for multi-point injection of superheated alcohol fuel 
(ethanol), its thermal design according to [3, 11] was made. As 
a baseline an 8-valve gasoline engine VAZ-2112 was selected, 
and its thermal design according to [11] was made as well. The 
calculations were made on the assumption that an air is sup-
plied to the intake manifold of an engine under normal atmos-
pheric conditions.

For experimental comparison of the effective parameters of a 
baseline ICE and a ICE with a superheated alcohol fuel injection 
system, eddy-current chassis dynamometer VT2/B1 (power meas-
urement accuracy is 1 %, maximum power is 300 kW) was used.

In order to evaluate toxicity of alcohol-based fuels combus-
tion products in comparison with that of gasoline when using 
the developed multi-point superheated fuel injection system, in 
accordance with the diagram mentioned above (Fig. 3) a multi-
point fuel injection system of the gasoline engine VAZ-2112 
was modified.

Experiments were carried out using a certified calibrated 
gas analyzer INFAKAR-1000 and with the engine operating 
according to algorithms of “firmware” J5V05J16.

3 Results and Discussion
3.1 Thermal Efficiency and Heat Balance of Internal 
Combustion Engines

Table 1 provides the calculated parameters of the baseline 
ICE (base) and the ICE with a superheated alcohol fuel injec-
tion system (project).

As seen in Table 1, the ICE working on superheated alcohol 
has the power reduced by approximately 20% compared with 
the baseline engine, and the specific fuel consumption increased 
more than twice. Based on the results in Table 1, the heat balance 
was made, and the obtained results are presented in Table 2.

According to figures presented in Table 2 the ICE working 
on superheated alcohol fuels has the efficiency of 19% less than 
that of the ICE working on gasoline due to lower temperature 
of alcohol combustion.

Table 1 Effective parameters of the engine VAZ-2112

Type Parameter
n, rev/min

600 1,200 1,800 2,400 3,000 3,600 4,200 4,800 5,400 6,000

Project Ne , kW 6.3 12.9 19.4 25.7 31.4 36.5 40.6 42.2 44.9 45.6

Base Ne , kW 7.7 15.7 23.6 31.2 38.3 44.6 50 52.2 56.7 57.6

Project Me , N*m 100.7 102 103 102 100 97 92 89 79 71

Base Me , N*m 123 124 125 124 122 118 114 111 100 92

Project Gf , kg/h 2.9 5.9 8.9 11.9 14.8 17.8 20.7 22.2 25.8 28.4

Base Gf , kg/h 1.7 3.3 5.1 7.0 9.1 13 15.6 16.9 20.9 23.7

Project gf , g/kW*h 462 457 458 463 473 488 509 522 575 623

Base gf , g/kW*h 221 210 216 224 238 291 312 324 369 411

Where, Ne is the effective power; Me is the effective torque; Gf is the hourly fuel consumption; gf is the specific fuel consumption.
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A portion of heat taken away with exhaust gases can be used 
for the fuel heating with the gas heater 10 (Fig. 3).

Let us determine its amount. Knowing the maximum pres-
sure of 4.4 atm., which is created in a conventional fuel injec-
tion system, we can determine a limiting temperature of the 
ethyl alcohol heating in the system, which is 120 °C.

Assuming that fuel is stored in the fuel tank at temperature 
of 0 °C, we determine the power consumed by the heater in 
various speed ranges (see Table 3).

In steady-state thermal regime of the ICE working on super-
heated alcohol fuels, part of qrest will be used for the fuel heat-
ing, which leads to a reduction of both greenhouse gas emis-
sions and environmental pollution associated with harmful 
substances in exhaust gases. The latter is achieved by reduc-
ing the amount of fuel consumed by the electricity generator 
to recharge the battery, energy of which is consumed for the 
alcohol superheating.

3.2 Experimental Study
3.2.1 Measurements of the Effective Parameters of 
an ICE with a Superheated Alcohol Fuel Injection 
System

For experimental evaluation of the effective parameters, eddy-
current chassis dynamometer VT2 / B1 was used to determine 
the torque and the power of the baseline ICE and the ICE with a 
superheated alcohol fuel injection system. 

As test engines we selected a baseline 8-valve gasoline engine 
VAZ-2112 and an 8-valve engine VAZ-2112, injection system of 
which had been modified according to the scheme of Fig. 3. 

The obtained results are presented in Table 4. When meas-
uring the effective parameters, 10 measurements were carried 
out, blunders were eliminated, the average values were found, 
and random errors were determined. 

As shown in Table 4, experimental results do not contradict 
theoretical ones, and the internal combustion engine operat-
ing on superheated alcohol has the power reduced by approxi-
mately 20% compared with the baseline engine, and the spe-
cific fuel consumption increased more than 1.5 times.

3.2.2 Evaluation of Toxicity of Combustion Products 
of ICE Operating on Superheated Alcohol

The results of measurements of the level of combustion 
products toxicity of gasoline are shown in Fig. 4.

Measurements were made at various values of the air ratio in 
the range from 0.8 to 1.5.

The results of measurements of the level of combustion 
products toxicity of  96% hydrous ethanol solution are shown 
in Fig. 5. Measurements were made at various values of the air 
ratio in the range from 0.8 to 1.5.

It should be noted an inverse dependence of content of CH 
in the combustion products and a complex dependence of con-
tent of CO2. From the standpoint of achieving the minimum 

Table 2 Results of the engine VAZ-2112 heat balance

Type Parameter
n, rev/min

600 1,200 1,800 2,400 3,000 3,600 4,200 4,800 5,400 6,000

Project q0, % 100 100 100 100 100 100 100 100 100 100

Base q0, % 100 100 100 100 100 100 100 100 100 100

Project qe, % 28 29 29 28 28 27 26 25 23 21

Base qe, % 34 35 34 34 33 32 31 30 28 26

Project qex,% 22 23 25 25 26 27 27 27 28 28

Base qex, % 25 26 27 28 29 29 30 30 30 30

Project qcm, % 43 36 31 27 24 22 27 26 23 22

Base qcm, % 38 36 35 33 31 29 27 26 23 22

Project qrest, % 7 12 12 20 22 24 20 22 26 29

Base qrest, % 3 3 4 5 7 10 12 14 19 22

Where, q0 is the percentage of the thermal power, which can be released in case of complete combustion of fuel injected into an engine (equals to 100%); 
qe is the percentage of the thermal power equivalent to the effective work; qex is the percentage of the thermal power lost with exhaust gases; qcm is the 
percentage of the thermal power imparted to the medium; qrest is the percentage of unaccounted losses of the thermal power.

Table 3 The power consumed by the heater

n, rev/min 600 1,200 1,800 2,400 3,000 3,600 4,200 4,800 5,400 6,000

Gf, kg/h 2.9 5.9 8.9 11.9 14.8 17.8 20.7 22.2 25.8 28.4

Nh, kW 0.235 0.478 0.720 0.963 1.198 1.441 1.675 1.797 2.088 2.300

Where, Nh is the power consumed by the gas heater 10 for heating the alcohol up to 120 °C.
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Table 4 Experimental evaluation of the effective parameters of a baseline ICE and an ICE with a modified injection system

Type n, rev/min 600 1,200 1,800 2,400 3,000 3,600 4,200 4,800 5,400 6,000

Modified Ne, kW 6.2 12.6 19.2 24.9 30.5 36.2 39.6 43.2 42.4 43.3

Baseline Ne, kW 7.5 15.2 23.0 30.1 37.1 43.3 48.8 54.3 56.5 55.9

Modified Me, N*m 99 100 102 99 97 96 90 86 75 69

Baseline Me, N*m 119 121 122 120 118 115 111 108 100 89

Modified Gf, kg/h 2.5 5.4 8.8 11.2 14.5 17.2 20.2 21.5 24.7 27.9

Baseline Gf, kg/h 1.8 3.2 5.0 7.2 9.5 12.9 15.7 16.9 21.2 24.1

Modified gf, g/kW*h 402.1 429.9 457.9 450.4 476.1 475.5 497.6 510.6 582.7 643.9

Baseline gf, g/kW*h 240.9 210.6 217.5 238.9 256.4 297.7 311.5 321.8 375.1 431.2

Where, Ne is the effective power; Me is the effective torque; Gf is the hourly fuel consumption; gf is the specific fuel consumption.

(a) (b)

(c)

Fig. 4 The contents of (a) CO; (b) CH; and (c) CO2 in the gasoline combustion products.

level of toxic components in combustion products it is advis-
able to keep the engine working at low and medium speeds and 
at lean mixture at the air ratio close to 1.5 as well. A higher 
content level of CH is due to the presence of water in the fuel 
composition and also the worse conditions for ethanol combus-
tion on the periphery of the combustion chamber. In all regimes 
of engine working on hydrous ethanol, total emissions of car-
bon dioxide are less than when using gasoline. Reduction of 
emissions is down to 50%.

Measurements of the toxicity level of the combustion products 
of isopropyl alcohol were carried out at various values of the air 
ratio ranging from 0.83 to 1.46. The results are shown in Fig. 6.

As is the case with ethanol, the lowest level of total emis-
sions of pollutants is observed in the case of lean mixture engine 

operations (α = 1.46). In all regimes of engine working on iso-
propyl alcohol total carbon dioxide emissions almost equal and 
sometimes even exceed that level when working on gasoline.

Measurements of the level of toxicity of the combustion prod-
ucts of n-butyl alcohol were carried out at various values of the air 
ratio in the range from 0.7 to 1.5. The results are shown in Fig. 7.

The minimum level of toxic components of the combustion 
products of n-butanol is observed at the air ratio of 1.18, which 
is not corresponding with the trends for ethanol and isopro-
panol. Furthermore, attention was drawn to the fact that the 
dependence of the contents of unburned hydrocarbons in the 
products of combustion on the air ratio is inverse in comparison 
with that of isopropyl and ethyl alcohols.
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(a) (b)

(c)

Fig. 5 The contents of (a) CO; (b) CH; and (c) CO2 in the ethanol combustion products.

(a) (b)

(c)

Fig. 6 The contents of (a) CO; (b) CH; and (c) CO2 in the isopropanol combustion products.
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4 Conclusions
Based on the obtained results, not taking into account the 

power reduction of an internal combustion engine when using 
superheated alcohol fuels, it can be noted that the use of a 
superheated alcohol fuel injection system allows the following:

1.	 to increase the quality of the mixture formation of a gaso-
line engine by feeding fuel into the intake system in a 
state of wet vapor;

2.	 to solve the advanced task of adapting the engine to 
run on absolute alcohol derived from renewable energy 
sources with slight modifications of traditional internal 
combustion engines running on light fuels;

3.	 to start an engine with positive ignition operating on dehy-
drated and non-dehydrated alcohols in a wide temperature 
range (using a superheated fuel injection system allows the 
cold starting on alcohols at a temperature below 0 °C; the 
use of the starting preheaters of coolant allows sinking a 
temperature of cold start to minus 30 °C);

4.	 to improve the environmental safety of internal combus-
tion engines (portion of exhaust heat is utilized for pre-
heating fuel to desired temperature; from a point of view 
of minimizing emissions of carbon dioxide, it is most 
preferably using 96% hydrous ethanol (reduction of car-
bon dioxide emissions compared with gasoline ones can 
reach 45% at the air ratio close to 1.5, and at the engine 
speed of 1,000 rev/min)).

Our future work will be aimed at improving the efficiency 
of an internal combustion engine with a multi-point superheated 
alcohol fuel injection system, which can be achieved by the fol-
lowing: 1) the increase of the compression ratio (i.e. the reduc-
tion of combustion volume), since alcohol has the heightened 
antiknock value; 2) the use of heat energy of motor oil, coolant 
and combustion products for the fuel superheating; 3) modifying 
the control algorithms of an electric generator operation. 

Also we plan to apply the proposed technique of fuel super-
heating to direct fuel injection systems of internal combustion 
engines with spark ignition.
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