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Abstract Hydrogen is a potential replacement for fossil fuels in the transportation sector because it is clean,
renewable and has the possibility to reduce emission of criteria pollutants (NOx) and the effect on global warming
via carbon dioxide which is negligible. The present research study is devoted to analyze the process of combustion
of hydrogen in the four-cycle one-cylinder spark ignited engine and to concern with developing a numerical model
that consider the features of process of combustion, to estimate the influence of the constructive and the control
parameters of the engine on process of combustion. It is found that the curve of speed of combustion at hydrogen
blending is close to the triangular form. It was found that varying the compression ratio and, to a lesser extent, the
ignition timing influences the duration and the dynamics of the combustion process, more than at varying the air–
fuel ratio.
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1. Introduction
Hydrogen is considered as a fuel perspective view,
including for internal combustion engines. First, at its
burning practically there are no emissions of CO, СН and
solid particles. Their some presence in the exhaust gases
speaks burning out of lubricant oil. Secondly, hydrogen
wide flammability limits allow organising qualitative
regulation of capacity on operational modes, and, as
consequence, to increase engine efficiency on part loads.
Thirdly, at burning of poor hydrogen/air mixtures, it is
possible to lower considerably NO emissions essential
material resources. To hydrogen lacks carry the high cost
price of its production, difficulty of storage of hydrogen
onboard a vehicle, absence of an infrastructure, etc.
Advantages of hydrogen cause development of the
works connected with use of given fuel in internal
combustion engines [1-7].
It is known that one of the most effective tools of
research of processes in internal combustion engine and
optimisation of its design is mathematical modelling. By
working out of mathematical models there is some
question, not shined widely enough in the technical
literature.
It concerns dynamics of a thermal emission in the
hydrogen engine and the influence on working process of
constructive and adjusting parameters of the engine.

2. Experimental Setup
Results of the experiments performed on one-cylinder
four-cycle CFR engine by the Belgian scientists [2] are
put in a work basis. Relevant engine characteristics are
shown in Table 1, the schematic view of the test
equipments is shown in Figure 1.
Table 1. Relevant engine characteristics
Bore, mm
82.55
Stroke, mm

114.2

Connection rod length, mm

254

Compression ratio

7-9.5

Swept volume, cm3

612.5

Crankshaft Angular Velocity, min-1

600

CFR engine intended originally for definition of
combustible octane number has been converted for
hydrogen use. On the engine have established a hydrogen
injection system in the inlet manifold. The quantity of
submitted fuel changed regulation of duration of the valve
lift upon the injector nozzle.
In a cylinder head the piezoelectric sensor cooled by
water for pressure measurement has been established.
Also loads, frequency of rotation of a cranked shaft, TDC
position, mass consumption of air and hydrogen, mixture
pressure in front of valves and exhaust gases pressure
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were measured. In the exhaust gases the concentration of
oxygen О2, hydrogen Н2, nitrogen oxides NO, nitrogen
dioxide NO2, carbon monoxide CO, carbon dioxide СО2
and unburned hydrocarbons СН was defined. The
frequency of rotation in all tests was supported by a
constant n = 600 min-1 and the compression ratio changed
in a range from 7 to 9.5.

types of engines. The field of application of the given
models – detailed theoretical study of combustion.
In the present work for research and modelling of
process of combustion of hydrogen the thermodynamic
model used is Wiebe based. This single-zone semiempirical model calculates the rate of mass that is burned
and the speed of combustion are put:

x = 1 − exp(Cϕ

m +1

)

m +1
dx
m +1 m
= −C
ϕ exp(Cϕ ),
dϕ
ϕz

where ϕ = ϕ

Figure 1. Schematic view of the test equipments

The experimental data received on CFR engine, have
allowed to specify model of combustion of hydrogen in
the four-cycle engine with spark ignition.

(1)
(2)

ϕ z , φ, φz - accordingly relative time of

combustion, current time from the beginning of
combustion and burn duration presented in angles of
rotation of a crankshaft; C – a constant (for example, the
constant C = ln (1-0.999) = -6.908 corresponds to a
combustion efficiency of 99.9 %); m - Wiebe exponent or
indicator of character of combustion – a constant defining
dynamics of process of combustion. Constants φz and m in
the given model are selected by an empirical method from
a condition of providing the similarity between calculated
and measured pressure-crank angle diagrams (the
combustion law). As a rule, researchers define dependences φz
and m from constructive and regime parameters of
working process, and then use the given dependences in
optimisation and in other works. In this work, we have to
define the influence of constructive and regime parameters
of working process on the law of combustion and,
accordingly, parameters φz and m Wiebe's models.
On Figure 2, the influence of burn duration φz and the
Wiebe exponent m on the form of the pressure-crank angle
diagram, are shown.

3. Results and Discussion
3.1. Analysis and Mathematical Modelling of
Process of Hydrogen Combustion
Now are known single, two and multi-zones combustion
models. Laws of mass and energy conservation are put in a
basis single-zone models. Quantity of the burned fuel by
time and speed of the heat release are set by empirical or
semi-empirical dependences (for example, Wiebe's
technique). The co-ordinate of time is introduced.
In multi-zones models of the equation of laws of mass and
energy conservation in the differential form are supplemented
with the equations of Nave-Stocks describing turbulent flow
of gas, and, besides time, spatial co-ordinates are entered.
In two-zone models the spatial co-ordinate is the radius
of front of a flame. Combustion process is modelled on
the basis of the data about speed of propagation of a flame
in laminar and turbulent environments.
The inconvenient of two- and multi-zone models is the
necessity and the complexity of the use of a considerable
quantity of the boundary conditions received as a result of
experimental or theoretical researches. Speed of
propagation of a flame, as a rule, is set by empirical
formulas on the basis of experimental data about speed of
laminar and turbulent burning in bombs [2,4,5,8,9]. The
account of specificity of combustion in internal
combustion engine is made by empirical factors that
reduce accuracy of calculations at researches for other

Figure 2. Selection of Wiebe exponent m (a) and burn duration φz (b) in
formulas (1) and (2) for a regime when n = 600 min-1 and Ne = 1.3 kW.
By points the measured diagram is shown

It is visible that for a regime when n = 600 min-1 and Ne
= 1.3 kW, the best similarity between calculated and
measured diagrams is reached at use of φz= 22° crank
angle and m = 2.75. However and in this case the
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inclination of calculated and measured curves of pressure
does not coincide. It is obvious that combustion occurs
more intensively in an initial phase and less intensively in
a final phase, that is to say the combustion law, is close to
the triangular form (Figure 3). We offer a variable Wiebe
exponent, changing on linear dependence from m1 = 1.5 to
m2 = 4:

m= (m2 − m1 ) ⋅ ϕ + m1
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In this case the speed of combustion is defined under
the formula:
m +1
dx
1 m
=
−C ϕ exp(Cϕ
)⋅
dϕ
ϕz
m
m +1
⋅ ( m + 1) ⋅ ϕ + ϕ
ln(ϕ ) ⋅ ( m2 − m1 ) 



(4)

(3)

Figure 3. Combustion speed (а) and pressure- crank angle diagram (b) with Wiebe exponent m. Burn duration φz = 22°crank angle. By points the CFR
engine experimental diagram is shown. n = 600 min-1, Ne =1.3 kW

This figure shows, that the use of a variable Wiebe
exponent m provide a good similarity between measured

and calculated pressure-crank angle diagrams for the
regime with n = 600 min-1 and Ne = 1.3 kW.

Figure 4. Influence of a spark advance θоп (a), compression ratio ε (b) and air–fuel excess ratio α (c, d) on measured and calculated pressure-crank
angle diagrams. By points experimental diagrams are shown
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Figure 4 shows the influence of the spark advance θоп,
the compression ratio ε and the air–fuel excess ratio α on
measured and calculated pressure-crank angle diagrams.
At the time of the modelling of Wiebe exponent, we put
linear dependence (3), where coefficients m1 and m2 don’t
change and we take the combustion duration φz as a
constant equal to 22° crank angle (Figure 4. а-c).
We observe that the variation of the spark advance and
the compression ratio of the engine, don’t have any
influence on the dynamics and on the hydrogen burn
duration. In the same time, the influence of the air–fuel
excess ratio on the burn duration is considerable (Figure 4.
c). This fact confirms measurements.
We found an empirical relation between φz and α: for
the regime with n = 600 min-1 and Ne = 1.3 kW:

=
ϕz

(12.652 ⋅α

2

)

− 14.273 ⋅ α + 9.1265 ψ

exponent), changing on the linear law that allows to
describe dynamics of combustion of hydrogen more
precisely.
It is shown that varying the compression ratio and, to a
lesser extent, the ignition timing influences the duration
and the dynamics of the combustion process, more than at
varying the air–fuel ratio. To consider this influence use of
approximating dependence of duration of combustion
allows ϕz from air–fuel excess ratio α.
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