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Some results of mathematical modeling of the process of hydrogen flame propagation in the gap
between the piston and the cylinder of a hydrogen engine are presented. A mathematical model of
intra-cylinder turbulent processes based on fundamental Navier-Stokes type equations is presented,
which are solved using the numerical control volume method. As a result, the phenomenon of
increased heat loss in hydrogen engines is explained, which was previously observed in experimental
studies by a number of authors who did not provide a theoretical analysis of this phenomenon. It is
shown that one of the main reasons for the increase in heat losses is the propagation of a hydrogen
flame in a narrow annular gap between the piston and the cylinder located above the compression
ring of the piston. The heat exchange process in the gap is modeled and thermal boundary conditions
(coefficients of unsteady heat transfer) on the surfaces of the piston and cylinder are determined.
Temperature and velocity fields, as well as hydrogen concentrations, characterizing the dynamics of
flame development are obtained. It has been found that in cases of penetration and extinguishing
of a hydrogen flame, the heat losses in the combustion chamber and the thermal loads on the main
parts, primarily on the piston and cylinder liner, differ significantly from each other. The possibility
of controlling the process of flame propagation into the gap and reducing heat losses by regulating
the size of the gap and the composition of the hydrogen-air mixture is indicated. This should
be taken into account in practice, especially when converting serial engines running on traditional
hydrocarbon fuels to hydrogen.
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1 Introduction. The state of the problem

The conversion of modern piston engines, the main consumers of hydrocarbon fuels, to hydrogen
contributes to solving such global problems of modern civilization as energy, environmental and
climate problems. High values of the heat of hydrogen combustion, flame propagation and heat
release rates, as well as wide ignition concentration limits of the hydrogen-air mixture can lead
to thermo-physical phenomena not typical for traditional engines running on hydrocarbon fuels
(natural gas, gasoline, diesel fuel).

One of the features of the intra-cylinder processes of a hydrogen engine is associated with
the processes of unsteady heat exchange in the combustion chamber. Experimental studies by
T. Scudo [1, 2] and J. Demuynck et al. [3] have shown that the combustion of hydrogen leads
to a more intensive transfer of heat to the walls of the combustion chamber, i.e. to higher heat
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losses compared with the combustion of hydrocarbon fuels. At the same time, the value of the
heat transfer coefficient during stoichiometric combustion of hydrogen is 4 times higher than
during the combustion of gasoline, and 2 times higher than during the combustion of natural
gas (CH4). In this regard, in formulas known from the theory of reciprocating engines for
calculating the heat transfer coefficient, for example, in the G. Woschni formula, appropriate
correction coefficients are introduced [1].

The main reason for the phenomenon of increased heat losses in the combustion chamber
of a hydrogen engine, these authors consider, first of all, the high rate of hydrogen combustion.
Without denying the role of the hydrogen combustion rate in increasing the intensity of heat
transfer to the walls of the combustion chamber, we note that it is necessary to establish the
cause of this phenomenon and its clearer theoretical interpretation, supported by quantitative
data. This article develops the hypothesis proposed by the author in [4], according to which
the main reason for this phenomenon is the ability of a hydrogen flame to penetrate into micro
gaps of this size, at the entrance of which the flame of a hydrocarbon fuel goes out.

The effect of the critical size `cr of hydrogen flame quenching on the process of heat exchange
with the walls of the combustion chamber is investigated on the basis of classical results obtained
by Ya. B. Zeldovich [5]. Note that `cr is a characteristic parameter of the combustible mixture
at certain values of pressure and temperature [6]. When a flame spreads in a pipe (in a gap,
in an annular channel, etc.), `cr is equal to the minimum inner diameter of the pipe (the size
of the gap, the distance between the walls of the annular channel, etc.) at which the flame
of a gaseous combustible mixture can still mix in the pipe without obstruction (in the gap, in
the annular channel, etc.). Its values are: for a gasoline-air mixture, `crH2 > 0, 25mm; for a
hydrogen-air mixture, `cr = 0, 06mm, i.e. the penetration capacity of a hydrogen flame into the
pipe is approximately 4,2 times greater than that of a gasoline flame [7, 8, 9].

It was found in [4] that in the conditions of the combustion chamber of reciprocating en-
gines, the critical size of the hydrogen flame quenching is `crH2 ≈ 0.125mm, and the flame
of hydrocarbon fuels is `crCH ≈ 0.5mm. This article examines the annular gap between the
piston and the cylinder, located above the compression ring and adjacent to the total volume
of the combustion chamber. The gap has the following dimensions: width ` = 0.2mm, and
height h = 5mm (Fig. 1). These dimensions were established by measuring on a hot experi-
mental serial gasoline engine of Chinese production CA20, converted to hydrogen. Note that
the experimental hydrogen engine has the following parameters: number of cylinders 4, cylinder
diameter/piston stroke D/S = 86/86mm/mm, compression ratio ε = 10, power Ne = 60kW
(at rotation speed n = 5500min−1), torque Mmax = 111Nm(at n = 4000min−1). Thus, the
size of the annular gap ` in the combustion chamber in the hot state of the hydrogen engine
under study satisfies the condition

`crCH > ` > `crH2. (1)

Condition (1) means that on a real engine, the hydrogen flame penetrates and spreads into
the gap, and the flame of hydrocarbon fuel (CH4, gasoline, diesel fuel, etc.) cannot penetrate
into the gap and goes out. In order to prove this statement, some results of mathematical
modeling of the propagation of a hydrogen flame in the gap are given below and the conditions
for its extinguishing are indicated. It should also be noted that direct measurements of such
characteristic flame parameters as the front velocity and temperature, as well as visual obser-
vation of the processes of its propagation/extinguishing in a narrow annular gap in the cylinder
of a running engine, is a difficult, as yet unfulfilled task.
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2 A brief description of the mathematical model

Fig. 1 shows the axial cross-section of a three-dimensional cylinder design of a reciprocating
engine. Let’s introduce some definitions: The total firing surface of the piston is the area where
heat transfer from the burning gas (from the flame) FTFP occurs. This area is equal to the
sum of the upper firing surface of the piston FUFP and the lateral firing surface of the piston,
i.e. the surface of the piston firing belt FSFP , with FTFP = FUFP + FSFP . The total internal
firing surface of the annular gap FTFG consists of the surfaces of the firing belt of the piston
FSFP , the firing belt of the cylinder liner FSFZ and the upper surface of the piston ring FOFR,
i.e. FTFG = FSFP + FSFZ + FOFR.

Note that for the specific case under consideration (l = 0.2mm,h = 5m), the area of the
total inner firing surface of the FTFG annular gap is 32% of the area of the total firing surface
of the piston. Since the flame of hydrocarbon fuels will not be able to penetrate into a gap with
a size of ` = 0.2mm, the inner surface of the gap with an area of FTFG cannot be called a firing
and, of course, it is not a surface of intensive heat exchange. Obviously, the presence or absence
of intense heat exchange in the area FTFG has a significant effect on heat losses, as well as on
the thermal condition of the piston.

Figure 1: The combustion chamber and the annular gap between the piston and the cylinder
above the upper piston ring (axial section). FSFZ-The surface of the cylinder in the gap, FSFP -
The surface of the piston in the gap, FOFR- surface of the piston ring in the gap, VG-Gap volume
between the piston and cylinder.

The thermal-physical processes (movement of the working fluid, ignition and combustion of
the mixture, as well as heat generation, formation of nitrogen oxides and heat transfer with
the walls) occurring in the combustion chamber and the adjacent gap are investigated using
a three-dimensional mathematical model. The model is based on the fundamental equations
of momentum (Navier-Stokes equations), energy (Fourier-Kirchhoff equation), diffusion (Fick
equation) and continuity equation (see Table 1). In these equations, the current time τ is related
to the angle ϕ of rotation of the engine crankshaft by the expression ϕ = ωτ , where ω = πn/30
is the angular velocity and n is the rotational speed of the crankshaft. Since for an arbitrary
high-speed mode of operation, ω = const, the parameters ϕ and τ uniquely determine the angle
of rotation of the crankshaft and the corresponding torque, i.e. in this sense, these terms are
identical.

The following designations are used in the equations from Table 1: p - is pressure, N/m2;Gi-
the projection of the vector of the density of volumetric forces on the Oxi axis of the rectangular
Cartesian coordinate system, N/m3;

−→
W is the vector of gas velocity, m/s; ρ is the density of gas,
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kg/m3;C is the concentration, kg/m3;H- specific energy, J/kg;Vµ = 1/3µ · grad(div
−→
W ) is

volumetric coefficient of deformation; µ - dynamic viscosity, kg/(m · s); cp- the heat capacity at
constant pressure, J/(kgK), wr is the rate of chemical reaction per unit volume, kg/(m3/s), Qr

is the amount of heat generated per unit mass, J/kg, qv = wr ·Qr is the internal heat generation
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as a result of the chemical reaction, W/m3; qR is the radiative heat flux from the radiation
source, W/m2 (during the combustion of hydrogen, qR = 0, since, unlike carbon fuels, no soot
is released, which is the main radiation generator); λ is the thermal conductivity, W/(mK); δij

is the Kronecker delta; Dc is the diffusion coefficient, m2/s; ṁ-is the power of the mass source
(the rate of change in the mass of the chemical component per unit volume, kg/(m3s)).

These equations, after averaging by the Favre method, take the Reynolds form (see Table
1) and form an open system to which the models are added for closure: turbulence (k − ζ − f
- Hanjalic̆ model), combustion (CFM - coherent flame model), nitrogen oxides NOx formation
(Zeldovich widened thermal mechanism) and the model of heat transfer in the boundary layer
(Spalding-Patankar wall functions). The extended system of equations is solved using the
numerical control volume method (CV M) [10, 11, 12].

The calculation grid was formed in accordance with the recommendations of [10]. The types
of grids for combustion chamber volumes and clearance are given and analyzed in [9]. Here
we only note that the optimal (in terms of modeling accuracy and calculation time) number
of calculated control volumes for the gap width, for example, at ` = 0.2mm, is 5-6, while
their total number reaches 18 million [9]. Using a 3D workflow model implemented in AVL-
FIRE 3D CRFD codes [10], thermal boundary conditions for modeling the thermal state of
a piston are determined: coefficients of local heat transfer on its heat-absorbing surface and
local temperatures of the working fluid at the boundary of the thermal boundary layer. After
that, the 3-dimensional problem of determining the thermal state of a hydrogen engine piston
is solved using the ANSYS software package. The latter is compatible with the AVL-FIRE
program and requires less resolution when creating a grid and setting boundary conditions.
Modeling of the thermal state of internal combustion engine parts using the ANSYS program is
based on the Fourier differential equations (in the case of unsteady thermal conductivity) and
Laplace (in the case of stationary thermal conductivity).

3 Flame propagation through the volume of the combustion chamber

Forced ignition by means of an electric spark at the moment ϕ = −12◦ leads to a noticeable
increase in the value of the instantaneous maximum pressure of the pz cycle, regardless of the
excess air coefficient α. Obviously, with depletion of the hydrogen-air mixture, pz decreases
(Fig. 2). Numerical experiments on modeling pressure changes in the combustion chamber
were carried out at different values of the gap. They showed that the maximum pressure of the
working cycle, having at ` = 0.2 mm, in the case of a gap of ` = 0.35 mm, while observing the
identity of the comparison conditions (n = 3000min−1, α = 1), decreases from pz = 6.23 MPa
to pz=6.16 MPa, i.e. by only 1 − 2%. Obviously, other indicators of the working cycle of a
hydrogen engine, such as the amount of heat released during the working cycle, the rate of heat
release and the maximum value of the average cylinder volume temperature of the working fluid
Tz also change slightly. With increased values of the excess air coefficient (α > 1), the effect
of the gap on the characteristic parameters of the working fluid in the combustion chamber
becomes even less noticeable.

The change in the excess air coefficient significantly affects the temperature field of the
working fluid in the volume of the combustion chamber. Table 2 shows the instantaneous
temperature fields for different time points: at the moment of ignition of the hydrogen-air
mixture (ϕ = −10◦) and at the moment when the piston is at the upper dead center (ϕ = 0◦).
The maximum values of local instantaneous temperatures corresponding to these moments are
also indicated there. Based on the changes in temperature fields at these points in time, as well
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Figure 2: Cylinder pressure at ` = 0, 2 mm, mode: n = 3000min−1, α = var.ϕ = 0◦ corresponds
to the upper dead center (UDC)

as taking into account the fact that the hydrogen-air mixture is homogeneous in the studied
hydrogen engine with external mixing, it can be argued that:

1. The rate of flame propagation through the volume of the combustion chamber, and as a
result, the rate of heat release, during the combustion of a stoichiometric mixture (α = 1.0) is
significantly higher than in the case of the combustion of a depleted mixture (α = 1.64). In this
regard, in the case of α = 1.0, the unsteady pressure in the cylinder p(ϕ) reaches its maximum
p = pz at ϕ = 7◦, and in the case of α = 1.64 − at ϕ = 15◦ (see Fig. 2). The proximity of
the moment of maximum pressure relative to the upper dead center indicates high efficiency of
the operating cycle of the engine with a stoichiometric mixture compared with the case of a
depleted mixture;

2. During the combustion of hydrogen, as well as during the combustion of traditional
hydrocarbon fuels, various NOx nitrogen oxides are formed, among which NO dominates, the
proportion of which is approximately 90−95% of all NOx nitrogen oxides. According to the so-
called widened thermal mechanism of Ya. B. Zeldovich, NO formation occurs at temperatures
T > 1800K, while the amount of NO is exponentially dependent on T . Then the nature of
the change in maximum temperatures depending on the coefficient of excess air a from Table
2 allows us to assert that the high efficiency of the hydrogen working cycle (i.e., high cycle
efficiency) with a stoichiometric mixture is simultaneously accompanied by low environmental
friendliness, i.e., high emissions of harmful gases (nitrogen oxides NOx). In this case, which is
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called a “conflict of goals” in the theory of reciprocating engines, the use of special methods is
required [13].

The instantaneous velocity fields shown in Table 3 correspond to the instantaneous temper-
ature fields from Table 2 at the time when the piston is at top dead center, i.e. at ϕ = 0◦.

The maximum values of local instantaneous velocities are also indicated there, depending
on the excess air coefficient α. As can be seen, the vector fields of the working body movement
in the combustion chamber are similar for stoichiometric (α = 1, 0) and depleted (α = 1, 64)
mixtures (they have similar velocity vector arrangements), which is due to the invariance of
the geometric shape of the combustion chamber and the location of the ignition source (electric
spark plug). As for the magnitude of the local velocities, it can be seen that they are noticeably
higher with a stoichiometric mixture (Table 3). Consequently, the velocity and pressure in the
inlet section of the gap located between the piston and the sleeve will be greater when a flame
enters it with a stoichiometric mixture.

4 Flame propagation over the volume of the annular gap

The effect of flame propagation in the annular gap between the piston and the cylinder can be
observed from the instantaneous temperature fields obtained for different time points ϕ (see
Table 4). Note that at a high concentration of hydrogen (α = 1), the flame spreads throughout
the entire volume of the gap (Table 4), while the temperature drop is clearly visible in the wall
layers, which is explained by the cooling effect of the gap walls. A lower temperature in the wall
layers for all time points ϕ is observed near the surface of the cylinder liner, which is subjected
to more intense liquid cooling than the surface of the piston.

It should be noted that with a depleted mixture, when α = 1.64, only a very small amount
of hydrogen burns in the inlet part of the gap, which is noticeable until time ϕ = 10◦. After
this moment, despite the fact that combustion continues in the chamber volume, combustion
stops at the entrance to the gap and the flame does not penetrate into the gap. With an even
greater depletion of the mixture, when α = 2, the hydrogen in the gap does not burn at all.

The combustion of hydrogen in the gap at α = 1 is confirmed by a change in the mass
fraction of hydrogen: during the rotation of the crankshaft from ϕ = 8◦ to ϕ = 30◦, almost 2/3
of the mass of hydrogen trapped in the gap burns out (see Table 5). By the time corresponding
to the angle of rotation of the crankshaft ϕ = 50◦ with a stoichiometric mixture (α = 1), there
is practically no hydrogen left in the gap. This indicates that the flame has passed through
the entire volume of the gap. With depleted mixtures (α = 1, 64 and α = 2), as can be seen
from Table 5, the flame does not penetrate into the gap and the gap volume is filled with an
unburned hydrogen-air mixture with the maximum fraction of hydrogen for a given excess air
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coefficient α.

The intensity of heat transfer between the working fluid and the gap walls, depending on
the conditions of flame propagation/extinguishing into the gap, was estimated using the values
of the non-stationary heat transfer coefficient αw(ϕ) obtained for different values of the excess
air coefficient a. Fig. 3 and 4 show the values of αw(ϕ) at a = var for the inner surfaces of the
annular gap, which are the surfaces of the piston (Fig. 3) and the cylinder (fig. 4), shown in
Fig.1.

Fig. 3 and 4 show that when the flame penetrates the gap (α = 1), the inner surface of
the annular gap is a firing surface and the values of the heat transfer coefficient αw(ϕ) on this
surface are high. Consequently, the heat losses to the wall at a = 1 are high compared to the
case of a depleted mixture. At α = 1, 64 and α = 2, as can be seen from Table 5, the flame does
not penetrate into the gap and the intensity of heat transfer to the inner walls of the annular gap
decreases significantly, which is confirmed by the values of the heat transfer coefficient αw(ϕ)
in Fig. 3 and 4.

It can be argued that the results of the study of the processes of unsteady heat transfer in
the gap, shown in Fig. 3 and 4, fully explain the phenomenon of increased heat loss in hydrogen
engines observed in the experiments of Professor T. Shudo, which is especially noticeable when
the engine is running on a stoichiometric mixture [1, 2]. A comparison of the coefficients of
unsteady heat transfer αw(ϕ) shown in Fig. 3 and 4 shows that the values of αw(ϕ) for the
lateral firing surface of the piston FLFK , which performs reciprocating motion, are in any case
greater than for the surface of the firing belt of the cylinder liner FSFZ (Fig.1).

Numerical experiments carried out for the ring gap with the increased size of ` = 0, 35 mm
and ` = 0, 2 mm that satisfy the condition (`crH2 ≈ 0, 125 mm) < (` = 0, 35 mm) < (`crCH ≈
0, 5 mm), showed that the values of heat transfer coefficient in comparison with the case
of ` = 0, 2 mm (Fig. 3 and 4) are reduced: on the surface of the piston to the absorp-
tion αw max = 4354W/(m2K) at ϕ = 15, 5◦ and on the cylinder surface to the absorption
α[w max = 4368W/(m2K) at ϕ = 4.5◦ respectively. This result is consistent with the theory of
Ya. B. Zeldovich, according to which, with an increase in the size of `, heat transfer can be
made arbitrarily small [5].
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Figure 3: Heat transfer coefficient on the surface of the piston in the gap at ` = 0.2 mm, mode:
n = 3000min−1 and α = var (αw max = 6125W/(m2K) at ϕ = 24◦).

Figure 4: Heat transfer coefficient of the sleeve surface at ` = 0.2 mm, mode: n = 3000 min−1

and α = var (αw max = 5546W/(m2K) at ϕ = 5, 5◦).
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5 Conclusion

The study of the problem of flame propagation/extinguishing in a narrow annular gap located
above the compression ring and adjacent to the volume of the combustion chamber is relevant
for determining the heat-stressed state of the piston and cylinder liner, as well as for assessing
heat losses in reciprocating engines. Its solution is especially important for hydrogen engines
currently being implemented at a high rate, due to the ability of the hydrogen flame to spread
in narrow gaps in which the flame of the hydrocarbon fuel goes out.

Direct measurement of such characteristic flame parameters as pressure, temperature and
velocity of the flame front, as well as visual observation of the process of its propagation in a
narrow gap in the combustion chamber of a running engine, is a difficult, as yet unsolved task.
In this paper, a solution to this problem is proposed by the method of mathematical modeling.
A brief description of the 3D mathematical model used is given, based on the fundamental
conservation equations of the Navier-Stokes type and previously tested on various problems of
thermal power engineering, in particular the theory of heat engines.

The results obtained have both scientific and theoretical and practical significance, since
they:

1. Explain the phenomenon of increased heat loss in hydrogen engines, previously observed
in experimental studies by a number of authors, but who did not provide a complete theoretical
explanation for this phenomenon;

2. Contain quantitative data confirming that the thermal boundary conditions on the inner
surfaces of the gap for cases of penetration and extinguishing of a hydrogen flame in it differ
significantly from each other. Obviously, the heat losses in the combustion chamber and the
thermal loads on the main parts, primarily on the piston and cylinder liner, will also vary sig-
nificantly. This should be taken into account in practice, especially when converting production
engines running on traditional hydrocarbon fuels to hydrogen;

3. Indicate the possibility of controlling the processes of hydrogen flame propagation into
the gap between the piston and the cylinder, reducing thermal loads on the main engine parts
(piston, cylinder liner) and heat losses in the engine operating cycle by regulating the size of
the gap and the composition of the hydrogen-air mixture.
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