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Abstract Turbulence produced by the piston motion in spark-ignition engines is
studied by 2D axisymmetric numerical simulations in the cylindrical geometry as in
the theoretical and experimental work by Breuer et al. (Flow Turbul Combust 74:145,
2005). The simulations are based on the Navier–Stokes gas-dynamic equations
including viscosity, thermal conduction and non-slip at the walls. Piston motion
is taken into account as a boundary condition. The turbulent flow is investigated
for a wide range of the engine speed, 1,000–4,000 rpm, assuming both zero and
non-zero initial turbulence. The turbulent rms-velocity and the integral length scale
are investigated in axial and radial directions. The rms-turbulent velocity is typically
an order-of-magnitude smaller than the piston speed. In the case of zero initial
turbulence, the flow at the top-dead-center may be described as a combination
of two large-scale vortex rings of a size determined by the engine geometry. When
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initial turbulence is strong, then the integral turbulent length demonstrates self-
similar properties in a large range of crank angles. The results obtained agree
with the experimental observations of Breuer et al. (Flow Turbul Combust 74:145,
2005).

Keywords Spark-ignition (SI) engine · Piston motion ·
Direct numerical simulations

1 Introduction

It is well-known that the burning rate of premixed turbulent flames depends strongly
on the parameters of a turbulent flow [2–4]; combustion in spark-ignition (SI) engines
is one of the most important examples. When turbulence is sufficiently strong,
then the burning rate is controlled mainly by the turbulence parameters, rather
than by thermo-chemical velocity of a planar laminar flame front. In that case, the
most important parameter is the turbulent intensity measured by the root-mean-
square (rms) flow velocity in one direction, Urms. A number of recent papers [5–16]
demonstrated that the turbulent flame speed depends also on the integral turbulent
length scale, on the turbulent spectrum and other particular features of the flow.
For example, numerical simulations [8–10] suggested that the turbulent flame speed
increases with the size of turbulent vortices � as �2/3. Thus, one has to know quite
well the parameters of the turbulent flow, which makes an inevitable and important
step in the turbulent combustion research.

Concerning turbulence in SI-engines, an interesting recent paper [1] studied
the integral turbulent length scale of the flow. Breuer et al. [1] pointed out that
turbulence in an engine is essentially non-isotropic, which requires introducing at
least two different integral length scales: one in the radial direction, �r, and the
other one along the axis of piston motion, �z. The study in [1] was both theoretical
and experimental. The theory was constructed under the assumption of axisymmetric
turbulence and developed previous ideas and methods of [17, 18]. The measurements
of [1] used technique similar to [19, 20]. Obviously, the theoretical approach of
[1] is possible only for engine turbulence with negligible role of swirl and tumble
(the basic concepts of a turbulent flow in an engine may be found, for example, in
[21–23]).

Still, much has to be investigated about turbulence in engines even for an
axisymmetric flow. Many questions remain open concerning not only the integral
turbulent length scale, but even turbulent intensity, which is the basic flow parameter.
For example, earlier k − ε models of turbulence in engines suggested the rms-
velocity comparable to the piston velocity (about 4–8 m/s for engine speed 2,000–
3,000 rpm) [21]. However, these results are not consistent either with the general
belief about turbulent flows [24] or with later studies of turbulence in engines [20].
For comparison, it is well-known that the rms-velocity of a statistically stationary
turbulent flow in a cylindrical tube is an order of magnitude smaller than the average
flow velocity, the factor is about 0.1–0.2, see [24] and references therein. One should
expect a similar relation between the piston velocity and the rms-turbulent velocity
in an engine with an ideally cylindrical combustion chamber as in [1], and with
zero initial turbulence. Both in an engine and a tube, turbulence is produced in the
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boundary layer because of the non-slip conditions at the walls. Taking the piston
speed about 4–6 m/s, one evaluates the turbulent rms-velocity as 40 cm/s–1 m/s, which
is comparable to the laminar normal speed of hydrocarbon flames. One finds similar
experimental and numerical results for the rms-velocity in engines in [20]. According
to [20], the turbulent intensity was rather high after the intake, up to (3–4) m/s, but
it went noticeably down, to about (30–50) cm/s, as the piston approached the top-
dead-centre (TDC). Turbulent intensity close to the TDC is of primary interest,
since combustion happens mainly at that stage. The situation may be different for
a more complicated engine geometry involving cavities in the combustion chamber
and/or a complicated piston surface [23]. Still, in the present paper we considered
the case of an ideally cylindrical chamber similar to the previous work [1]. To be
rigorous, one has to investigate two intensities and two integral length scales for
the axisymmetric flow: in the axial direction of compression, Urms,z, �z, and in the
perpendicular radial direction, Urms,r, �r. We studied turbulence produced by the
piston motion; turbulence at the intake is of minor interest for the present studies,
but we have also taken it into account as initial conditions for the piston-produced
flow.

The goal of the present paper is to investigate parameters of a turbulent flow in an
SI-engine in the same cylindrical geometry as in [1]. For that purpose we performed
2D axisymmetric numerical simulations of the flow produced by the piston motion for
the Navier–Stokes equations including viscosity, diffusion, thermal conduction and
non-slip at the walls. Piston motion is taken into account as a boundary condition.
Other physical parameters of the working gas correspond to the stoichiometric
ethanol–air mixture, which is of great interest for the automotive industry [25]. We
investigated the turbulent flow for a wide range of the engine speed, (1,000–4,000)
rpm, which corresponds to the average piston velocities (2.66–10.66) m/s. In all cases
we have obtained the turbulent rms-velocity an order of magnitude smaller than
the piston speed. Besides, the rms-velocity in the direction of the piston motion is
noticeably larger than in the radial direction. We also studied the integral turbulent
length scales. In the case of zero initial turbulence, the flow at the TDC may be
described as a combination of two large-scale non-symmetrical vortices: one close
to the cylinder axis; the other one close to the walls. The characteristic size of the
vortices is comparable to the chamber parameters. When initial turbulence is strong,
the integral turbulent length demonstrates self-similar properties in a large range of
crank angles. The simulations show that �r varies a little during the piston motion;
while �z increases noticeably. The results obtained agree with the experimental
observations of [1]. We should stress that some information remains beyond the
2D axisymmetric simulations, e.g. azimuthal fluctuations and stress component,
as well as the tangential vortex stretching. As a result, the present studies may
underestimate turbulence generated by the piston motion, which makes comparison
to 3D experiments rather qualitative than quantitative. Meanwhile, the present 2D
simulations give the basic qualitative idea about a piston-generated flow in an SI-
engine. The role of azimuthal fluctuations and stress component, and tangential
vortex stretching will be considered elsewhere.

The present paper is organized as follows: in Section 2 we describe the basic
equations used in direct numerical simulations and present main parameters of the
problem; in Section 3 the simulation results are discussed; we conclude the paper
with a brief summary.
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2 Basic Equations and the Numerical Method

A 2D axisymmetric flow in an engine is described by the following set of equations
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where ui are the velocity components, ε = CV T is the internal energy, h = ε + P
/
ρ

is the enthalpy, CV is the heat capacity per unit mass at constant volume, which was
calculated as
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Here Yi is the mass fraction of a substance i in the gas mixture, Mi and CVi are
the respective molecular mass and heat capacity at constant volume. Basically, the
present problem may be studied even for a homogeneous perfect gas. We used a
stoichiometric ethanol–air mixture as a working gas because of increased interest
to ethanol burning in automotive industry [25]. Total pressure is determined by the
perfect gas law
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)

Rgρ T, (5)

where Rg ≈ 8.31 J
/
(mol · K) is the perfect gas constant. The stress tensor γ i, j is given

by
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and the energy diffusion vector qi is

qi = −μ
CP

Pr

∂T
∂xi

. (7)

Here μ is the dynamic viscosity, CP = CV + Rg is the total heat capacity per unit
mass at constant pressure, and Pr is the Prandtl number. Similar to [26], we chose
Pr = 0.7 and calculated the dynamic viscosity as

μ =
∑

i

αiμi
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α j	i, j

)−1
, (8)
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where αi and μi are the molar fraction and viscosity of substance i; the factor 	i, j is
calculated as

	i, j = 1

2
√
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[
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)1/4
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The viscosity coefficients for different substances are tabulated in [26–28].
In the simulations we used the numerical method of “large particles”

(Belotserkovsky method), see [29, 30] for details. The main idea of the method is
to separate the Lagrangian and Eulerian terms in the hydrodynamic equations. As a
result, the mixture is replaced by a set of “large particles”, which coincide with the
Eulerian grid cells at any time instant. Every time step is divided into tree different
sub-steps. At the first (Eulerian) sub-step, the “large particles” are assumed to be
fixed in space; thus we calculate the change in hydrodynamic parameters on the fixed
Eulerian space-grid neglecting mass, momentum and energy transfer. An explicit
scheme is used for that purpose. At the second (Lagrangian) sub-step, the obtained
hydrodynamic values are used to find transfer through the cell boundaries. Finally,
at the third sub-step, we recalculate all hydrodynamic parameters for every cell and
for the whole flow. Diffusion and thermal conduction are calculated at the last stage,
while energy transfer is calculated partially at the first sub-step, and partially at the
third one. The described procedure leads to high stability of the method, which allows
solving various hydrodynamic problems. A detailed description of the method is
available in [30]; basic elements of the method were presented in [31]. Since that
time, the method was used in investigations of turbulent wakes, the Rayleigh–Taylor
instability, Taylor–Couette turbulence, astrophysical turbulence in accretion disks
and Supernovae, and other phenomena [30]. In combustion science this method (and
this particular code) was used successfully in predicting knock in SI-engines [32].

Geometry of a combustion chamber was taken similar to [1]. We considered a
cylindrical chamber with the radius (half-bore) R = 40 mm and stroke L = 80 mm.
The height of the chamber at maximal compression (clearance) is H = 10.6 mm, the
compression ratio is rc = 1 + L

/
H ≈ 8.5, and the crank shaft ratio is a = 0.29. Then

the instantaneous piston position is given by [26]

h (θ) = H + L
2

(
1 + cos θ + 1

a

[√
1 − a2 sin2 θ − 1

])
, (10)

and the piston velocity is

U p = U p 0
π

2

(

1 + a cos θ
√

1 − a2 sin2 θ

)

sin θ, (11)

where θ is the crank angle. The average piston velocity is related to the frequency as
U p 0 = Lω

/
π (or U p 0 = 2L N

/
60, if the engine speed N is measured in rpm). We

used the engine speed 1,000, 2,000, 4,000 (rpm) in the present simulations. Figure 1
shows the scaled piston position h/hBDC (the solid line) and the scaled velocity
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Fig. 1 The scaled piston position h/hBDC (solid) and the scaled velocity U p/U p,max(dashed) versus
the crank angle θ . The dotted line shows uz/uz,max, where uz,max is calculated for a fixed position z

U p/U p,max (the dashed line) versus the crank angle. Zero angle θ = 0◦ corresponds
to minimal gas compression at the bottom-dead-centre (BDC) at maximal hBDC =
H + L. Maximal compression is achieved at the TDC with hTDC = H, θ = 180◦. The
piston velocity reaches the maximal value U p,max

/
U p0 ≈ 1.64 at θ ≈ 75◦. The dotted

plot of Fig. 1 will be discussed later.
To reduce the computational time, we considered an axisymmetric flow in a

cylindrical chamber. We stress that the 2D axisymmetric flow is not quite the same
as the flow studied in [1], which possessed a 3D instantaneous velocity field with
axisymmetric statistical properties. In the 2D simulations, we miss, for example, az-
imuthal velocity fluctuations and stress component, and tangential vortex stretching.
Still, as we demonstrate below, the simplified 2D axisymmetric geometry reproduces
the main results of [1] quite well. Azimuthal fluctuations and stress will be studied in
a separate 3D numerical work. We used adiabatic and non-slip boundary conditions
at the walls

u = 0, (12)

n̂ · ∇T = 0, (13)

where n̂ is a normal vector at the wall. Initially, at θ = 0◦, we had pressure P0 =
105 Pa and temperature T0 = 300 K. We studied the cases of both zero and non-
zero initial turbulence. Simulations were performed only for the compression stage
of piston motion (0◦ < θ < 180◦). We used a uniform square grid with the grid walls
parallel to the coordinate axes, and with the grid size  ≈ 0.18 mm in both directions,
which corresponds to 220 cells in the radial direction and 498 cells in the z-direction
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at the BDC instant. Total number of the grid cells was about 1.1 × 105 at the BDC
instant; the grid size remained the same during the simulation runs. The important
question is if the length scale of energy dissipations �ν may be resolved with such a
grid. In the present work we considered 2D axisymmetric turbulence, which cannot
be described by the Kolmogorov spectrum. Still, as an order-of-magnitude estima-
tion, we can take the length scale �ν , which is related to the integral length scale �

as �ν ∝ Re−3/4
turb �. The characteristic value of the Reynolds number Re based on the

cylinder radius and the average piston velocity is about 104. However, the definition
for Returb employs Urms and � as the scales of velocity and length [33], which leads to
noticeably smaller values of Re. For example, in the case of zero initial turbulence,
Urms is an order of magnitude smaller than the average piston velocity, while the
vortex size is determined by the clearance. Then Returb ≈ 103, and the length scale
of dissipations is about �ν ∝ �

/
180, which is comparable to the cell size in the

present simulations. Besides, recent studies of turbulence in different configurations
demonstrated that practically the whole turbulent energy is stored in large scale
vortices [29, 30]. As a result, performing the simulations, one has to take care mainly
of the large-scale vortices as the main energy carriers. There is also another important
reason, why one may be satisfied with resolution of the present paper. The present
study has been performed keeping in mind turbulent combustion in an engine.
Recent numerical and experimental works on turbulent burning demonstrated that
only large-scale vortices are important for flame propagation [13, 15, 16, 34]. It was
obtained experimentally and demonstrated theoretically that the inner cut-off of
turbulent flame wrinkles is well-correlated with the cut-off of the Darrieus–Landau
instability, �c. The latter is typically 1–2 orders of magnitude larger than the formal
mathematical definition for the flame thickness L f ≡ ν

/
Pr U f . This result should not

be interpreted as a dominant influence of the instability in turbulent combustion. In
a certain sense, the Darrieus–Landau cut-off works as an effective flame thickness.
The cut-off indicates when a hydrodynamic flow (turbulent or laminar) becomes
influenced strongly by thermal conduction. The Darrieus–Landau cut-off for typical
hydrocarbon flames is about �c = (0.2 − 0.6) cm [13]. These values are much larger
than the cell size in the present simulations. For this reason, present simulations
resolve quite well all turbulent length scales important for burning.

It was pointed out in [1] that turbulence in an engine is strongly anisotropic, and
there is no single integral turbulent length in the flow. Even assuming axial symmetry,
one needs two length scales and two turbulent rms-velocities to describe the flow. The
instantaneous rms-velocities are given by

U2
rms,i (θ) = 〈

ũ2
i (r, z, θ)

〉
, (14)

where

ũi(θ) = ui (r, z, θ) − 〈ui (r, z, θ)〉 (15)

is the velocity deviation from the instantaneous average value (index i denotes r or
z). Similar to [1], we calculated the integral length scales in r and z directions as

�i (θ) = 3

4

1

U2
rms

∫

V
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Ri (r, z, θ)

r dr dz
r2 + z2

, (16)
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where

Ri (r, z, θ) = 〈
ũi (r1, z1, θ) ũi (r1 + r, z1 + z, θ)

〉
r1,z1

(17)

is the velocity correlation between the points (r, z) and (r1 + r2, z1 + z2), see [1] for
details. In the limit of zero separation (r = z = 0), the correlation function (17) is
reduced to the square of the rms-velocity in i- direction, (14).

3 Results and Discussion

We investigated dynamics of a gas compressed by the piston motion in a cylindrical
SI-engine. First, we considered the case of no initial turbulence, when the gas was
initially at rest. In that case the flow is generated by the piston motion only. Assuming
ideally slip walls, one can obtain an analytical 1D compression flow in that case

ρ(t) = ρ0
h0

h(t)
, uz = −U p(t)

h(t)
z, (18)

where the piston velocity is determined by (10), and time is related to the crank angle
as θ = ωt (or θ = π N t

/
30 with N in rpm). Figure 2 compares the 1D flow given by

(18) (the solid line) to the z-velocity component averaged over radial coordinate
at different time instants (the dotted line). To be particular, for comparison we
have chosen the distance z = H from the cylinder bottom, which coincides with the
clearance and with the border of the observation window in the experiments [1]. The

Fig. 2 The velocity of a 1D compression flow, (18), (solid) and the averaged z-velocity in the
numerical simulations (dotted) for z = H versus the crank angle θ
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Fig. 3 The z-velocity versus the z-coordinate for the different crank angles θ = 75◦; 130◦; 175◦: the
1D analytical solution, (18), (solid) and the averaged numerical results (dotted)

analytical formula agrees quite well with the numerical simulations. Figure 3 presents
the dependence of the averaged z-velocity versus the z-coordinate for different crank
angles θ = 75◦; 130◦; 175◦. Similar to Fig. 2, the solid lines in Fig. 3 present the
analytical solution (18), while the averaged numerical results are shown by the dotted
lines. Again, one can see good agreement between the dotted and the solid plots. Still,
the realistic non-slip boundary conditions make the flow (18) non-uniform, induce
r-velocity component, and generate vorticity and turbulence. Figure 4 demonstrates
the turbulent rms-velocity in different directions Urms,z (Fig. 4a) and Urms,r (Fig. 4b)
versus the crank angle for N = 1, 000; 2,000; 3,000 rpm. The solid lines show the
rms-velocities averaged over the whole gas volume, which is the most natural way of
averaging. However, the experimental installation in [1] allowed measuring turbulent
parameters only in space corresponding to the clearance. For this reason, Fig. 4
presents also rms-velocities averaged over the clearance only. These dotted plots
underestimate noticeably all rms-velocities at the beginning of the piston motion,
which indicates that the turbulence distribution in space is not uniform. Close to the
TDC, both solid and dotted curves come together, since both regions of averaging
coincide in that case. According to Fig. 4a, the turbulence intensity changes with
the crank angle in a similar way for different engine speeds. At the beginning, the
turbulent intensity increases to a maximum achieved at θ ≈ 90◦–110◦; then it goes
down to a much smaller value at the TDC. The curves in Fig. 4 resemble qualitatively
the plot for the piston velocity in Fig. 1, but the maximum of the rms-velocity is
delayed in time in comparison with the maximal piston velocity achieved at θ ≈ 75◦.
In order to understand this delay, we considered the analytical formula for uz,
Eq. (18), in the case of slip walls. Choosing any fixed position z, we calculated the
maximal uz designated by uz,max. This value corresponds, obviously, to the maximum
of U p(t)/h(t), which is achieved at θ ≈ 130◦ and which is delayed with respect to
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a

b

Fig. 4 The turbulent rms-velocity in different directions, Urms,z (a) and Urms,r (b), versus the crank
angle θ for different engine speeds: N = 1, 000, 2,000, 4,000 rpm. Averaging was performed over the
whole flow (solid) and over the clearance only (dotted)

the maximum of the piston velocity. The dotted line in Fig. 1 presents uz/uz,max ac-
cording to Eq. (18). The delay in the maximal turbulent intensity in comparison with
the maximal piston velocity is correlated with the delay of uz,max. Another important
point is that the rms-turbulent velocity is an order of magnitude smaller than the
average piston speed. The average piston speed equals 2.6 m/s, 5.3 m/s, 10.6 m/s
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for 1,000, 2,000, 4,000 rpm, while the respective rms-velocity in z-direction is about
0.25 m/s, 0.58 m/s, 0.85 m/s. Thus in the case of moderate engine speed, 1,000–
2,000 rpm, the rms-velocity becomes comparable to the planar flame speed, U f ,
which is an important conclusion for turbulent combustion research. Besides, Urms,z

is noticeably larger than Urms,r. For example, in the case of 2,000 rpm, their maximal
values are Urms,z ≈ 58 cm/s and Urms,r ≈ 18 cm/s. Thus the “axial” turbulence
dominates over the “radial” one. Figure 5 shows the integral turbulent length scales
�z (solid) and �r (dotted) versus the crank angle θ for N = 2, 000 rpm. These
parameters were calculated using (16, 17). Time dependence of �z exhibits strong
irregular pulsations between 2 cm and 4 cm, with slightly higher maxima close to the
beginning (around θ = 20◦ − 40◦) and the end (at θ ≈ 170◦). Finally, at the TDC, at
θ ≈ 180◦, the value of �z goes down to 1.17 cm, which is obviously determined by
clearance. On the contrary, �r experiences weak pulsations during the piston motion,
since radius of the cylinder does not change. Most of the time, �r is about 0.8–0.9 cm,
but it goes up to 1.87 cm at the TDC, which is roughly 1/2 of the cylinder radius.

In order to understand spatial distribution of turbulence in an engine, Fig. 6
shows the vorticity distribution at the different crank angles θ = 60◦; 120◦; 170◦;
180◦ (Fig. 6a–d, respectively). Black solid lines present streamlines of the flow. The
“half-dark” corresponds to clockwise rotation (negative), while counterclockwise
rotation (positive) is shown by dark; vorticity is almost zero in the light regions.
There is almost no turbulence in Fig. 6a at θ = 60◦ and the streamlines are plane-
parallel except for the very bottom of the cylinder, where the analytical compression
velocity of (18) goes to zero. Turbulence becomes better pronounced in Fig. 6b at
θ = 120◦. In that case, one can see a well-determined dark region of counterclockwise
vorticity along the wall. The region is non-symmetric; it is strongly shifted to the
piston, where plane-parallel velocity is higher. The vorticity distribution indicates a

Fig. 5 The integral turbulent length scales, �z (solid) and �r (dotted), versus the crank angle θ for
the engine speed N = 2, 000 rpm
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Fig. 6 The snapshots of vorticity in the case of zero initial turbulence at different crank angles
θ = 60◦; 120◦; 170◦; 180◦ (a–d). The “half-dark” corresponds to clockwise rotation (negative), while
counterclockwise rotation (positive) is shown by dark; vorticity is almost zero in the light regions.
Black solid lines present streamlines of the flow

boundary layer along the wall, which works as the main source of turbulence. At
the same time, the “half-dark” region of vorticity of the opposite direction is formed
at the cylinder axis close to the bottom. Streamlines in Fig. 6b are still mostly plane-
parallel, which indicates that quasi plane-parallel compression, (18), dominates in the
flow. Figures 6c, d present vorticity close to the piston stop at the TDC. In those cases,
regions of noticeable vorticity fill practically the whole cylinder volume. Vorticity
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is strongly correlated into two regions of clockwise and counterclockwise rotation.
These regions become pronounced in the streamlines in Fig. 6d at the TDC: we
can see two well-correlated vortices in the figure. Keeping in mind the axisymmetric
structure, these two vortices correspond to a couple of vortex rings dominating in
the flow. The vortex size in Fig. 6d obviously correlates with the integral length
scales presented above, �r = 1.87 cm, �z = 1.17 cm. Thus, in the case of zero initial
turbulence, the piston motion leads to well-correlated vortices with sizes determined
by the engine geometry. The turbulent intensity is approximately proportional to
the average piston speed. At the same time, it is an order of magnitude smaller
than the piston velocity, which makes it comparable to the laminar speed of planar
hydrocarbon flames.

It is also interesting to compare the present simulations to the results of [1].
Compression in [1] started with quite strong initial turbulence. In scope of the
theoretical model [1], initial turbulence was assumed to be uniform U2

rms,z = U2
rms,r =

13.3 m2
/

s2 and isotropic, with the integral length scales �r,0 = �z,0 = 0.3 mm.
The experiments [1] demonstrated larger initial integral length scales, about �r,0 ≈
(0.5–0.7) mm, �z,0 ≈ (0.7–1) mm, though they were comparable by an order of
magnitude to the theoretical assumptions. Unfortunately, we cannot resolve such
small-scale turbulence in the present simulations, since the numerical cell size would
be about the integral length scales in that case. Besides, such small vortices play a
minor role for flame propagation. Flame wrinkles of this size are strongly smoothed
by thermal conduction because of a rather large effective finite flame thickness
discussed above, see also [13, 15]. For this reason, we used initial turbulence as
strong as in [1], but with larger initial integral length scale �z,0 = �r,0 = 1 cm,
see Fig. 7a. Similar to [1], the calculations were performed for the engine speed
N = 2, 000 rpm. The vorticity distribution in that case is presented in Fig. 7 for
the crank angles 0; 60; 75; 132; 180 (Fig. 7a–e, respectively). Similar to Fig. 6, the
“half-dark” corresponds to clockwise rotation (negative), while counterclockwise
rotation (positive) is shown by dark; vorticity is almost zero in the light regions. Black
solid lines present streamlines of the flow. Figure 7a shows the initial distribution
of vorticity. Figure 7b demonstrates more or less the same pattern of vortices
at θ = 60◦ of sizes close to the initial ones, but the pattern is less regular and
the streamlines are obviously dominated by the quasi-1D compression motion. At
θ = 75◦, 132◦ (Fig. 7c, d), vortices become irregular; they are noticeably larger in
size than the original ones of Fig. 7a. Finally, as shown in Fig. 7e, the distribution
of vorticity at the TDC has many common features with Fig. 6d: we observe an
organized vortex ring at the cylinder wall shifted to the piston, and a half-dark region
of clockwise vorticity close to the axis. However, this time the clockwise vortex is
less pronounced. Figures 8, 9 present the quantitative characteristics of the flow. The
solid lines represent averaging over the whole chamber, while the dotted/dashed lines
are related to averaging only over the volume observed experimentally in Ref. [1].
According to Fig. 8, the rms-velocity goes down fast in comparison with the large
initial values; it reaches a local minimum in z-direction close to θ = 50◦ and a local
minimum in r-direction close to θ = 70◦ (though the minima are quite shallow). As
for the values averaged over the volume observed experimentally in Ref. [1], it is
interesting that a minimum for Urms,z is hardly seen, and there is no any minimum
at all for Urms,r. It means that minima cannot be observed experimentally through
a window of the setup [1]. Then rms-velocities start increasing again, and attain a



330 Flow Turbulence Combust (2009) 82:317–337

Fig. 7 The snapshots of vorticity in the case of non-zero initial turbulence at different crank angles
θ = 0◦; 60◦; 78◦; 132◦; 180◦ (a–e). The “half-dark” corresponds to clockwise rotation (negative), while
counterclockwise rotation (positive) is shown by dark; vorticity is almost zero in the light regions.
Black solid lines present streamlines of the flow
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Fig. 8 The turbulent rms-velocities in different directions, Urms,z and Urms,r , versus the crank
angle θ for the engine speed N = 2, 000 rpm and non-zero initial turbulence. The averaging was
performed over the whole flow and over the clearance only. The model result of Ref. [1] calculated
from Reynolds stress is also shown in the plot

local maximum somewhere between θ = 90◦ and θ = 130◦. The maximum is rather
flat and it correlates well with the maxima of the piston velocity and the 1D z-
velocity (see Fig. 1). The turbulent intensity goes down again as the piston stops
at the TDC. The dashed-dotted lines of Fig. 8 show the results of the model of
Ref. [1] calculated from Reynolds stress. We can see qualitative agreement of the
present simulations with the model, though the results differ quantitatively. It is
possible that such a quantitative difference happens because of the limitations of the
present 2D axisymmetric modeling (in particular, due to missing of the tangential
vortex stretching, etc). Unfortunately, Ref. [1] did not report experimental data
for the Reynolds stress. The simulation results agree also qualitatively with the
experimental measurements of the rms-velocity of Ref. [20] in spite of different
geometrical parameters of the engine cylinder. For turbulent combustion studies, the
most interesting values of rms-velocity are those at θ > 130◦. The characteristic rms-
velocities of Fig. 8 at these angles are close to the respective values of Fig. 4 obtained
for zero initial turbulence; namely, Urms,z ≈ 50 cm/s, Urms,r ≈ 38 cm/s. These values
are comparable to the planar flame velocity.

Figure 9a shows the integral turbulent length scales in z- and r-directions (solid
and dotted lines, respectively. The value �r varies a little during gas compression,
and remains close to 1 cm all the time. In contrast, �z decreases at the beginning
of compression, reaches minimum of about 0.5 cm close to θ = 50◦, then increases
again up to 2–2.5 cm close to θ = 120◦ − 150◦, and goes abruptly down to 1 cm at
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�Fig. 9 The integral turbulent length scale in different directions, �z (solid) and �r (dotted), versus
the crank angle θ for the engine speed N = 2, 000 rpm and non-zero initial turbulence (plot a). Plots
(b) and (c) compare present results (rescaled by initial values) to the experimental data and the dole
of Ref. [1]

the TDC. First, we point out that the maxima and minima of �z correlate well with
the maxima and minima of Urms,z. Second, they correlate well with the experiments
of Ref. [1], though this correlation is concealed by different initial values. As we

a

b

Fig. 10 The integral turbulent length scales in z-direction (a) and r-direction (b) calculated for the
initial lengths �0 = 0.25; 0.5; 1 (cm) (dotted, dashed and solid, respectively) versus the crank angle θ
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pointed above, direct numerical simulations do not allow a sufficiently fine mesh
needed to resolve the turbulent length scales as small as created experimentally in
Ref. [1]. Still, qualitative comparison of the present numerical results of Fig. 9a and
respective experimental data demonstrates a well-pronounced dynamical similarity
in the behavior of �z, �r though on different scales. It is interesting to check if
the qualitative similarity means also quantitative (self-similar) correlation. For that
purpose we compared the experimental results and the numerical ones with proper
scaling; comparison is presented in Fig. 9b, c. Since one of the main tasks of the
present work was to compare the roles of initial turbulence and piston-generated
one, we scaled both our simulations results and experimental data of [1] by the
respective initial values. As an alternative, one can take a value averaged over the
circle as a scaling factor. Indeed, in Ref. [1] �z decreases from initial values of
about 0.7–1 mm to 0.4–0.5 mm close to θ = 50◦ − 60◦, and goes up to 2–2.5 mm
at θ = 150◦ (measurements stopped at this point). Scaling our simulation results
and the experimental data of Ref. [1] by the respective initial values, we observe
the same tendency. The last fact suggests self-similar properties of the turbulent
flow, independent of any particular initial value of �. We point out that present
simulations show even somewhat better agreement with experiments than the model
studies of Ref. [1]. The agreement obtained demonstrates that the 2D axisymmetric
flow studied in the present paper describes the main features of the turbulence of
Ref. [1] quite well. In order to verify the self-similar properties of the turbulent flow,
we also performed simulations for other initial turbulent length scales. Figure 10
shows integral turbulent length scales in z-direction, �z, (Fig. 10a) and in r-direction,
�r, (Fig. 10b) versus the crank angle. The values �z, �r were calculated for the
initial lengths �0 = 0.25; 0.5; 1 (cm) (dotted, dashed and solid lines, respectively).
Figure 10a shows three obvious stages in the dynamics of �z. First, we can see
relaxation from the artificially chosen initial conditions in the interval 0◦ < θ < 60◦;
the stage ends up with a local minimum in �z. Then, the turbulent flow develops in a
self-similar way independent of any particular initial value of �z. This stage happens
in the interval of crank angles 60◦ < θ < 150◦; all three plots practically coincide
in that case taking into account stochastic nature of the flow. The final, third stage
develops close to the TDC, when the piston slows down. At that stage the integral
turbulent length scale is determined by the engine geometry, and not by the initial
parameters. In all three cases �z approaches 1 cm determined by clearance (scaled by
�0 = 0.25; 0.5; 1 (cm) it leads, of course, to different values in Fig. 10a). Figure 10b
shows similar tendency for �r for the same �0 = 0.25; 0.5; 1 (cm). In that case, all
three plots practically coincide in the wide range of angles 0◦ < θ < 130◦. Only close
to the TDC, at θ > 130◦, the scaled plots diverge; but the dimensional values for
�r approach 1 cm determined by the engine geometry and independent of initial
turbulent parameters.

4 Summary

We performed numerical simulations of a turbulent flow produced by piston motion
in a SI engine with a cylindrical chamber. The engine geometry was chosen the same
as in the experiments [1]. We considered cases of both zero and non-zero initial
turbulence.
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In the case of zero initial turbulence, the characteristic values of the turbulent
rms-velocity are an order of magnitude smaller than the average piston speed. The
integral turbulent length scale is determined by the engine geometry. At the TDC,
two large vortex rings of opposite direction dominate in the flow. Both the turbulent
intensity and the integral length are larger in the axial direction in comparison with
the radial one.

In the other case, we took into account the possibility of initial homogeneous tur-
bulence of large intensity similar to [1]. Different values of initial integral turbulent
length were considered. In all cases we observed a typical rms-velocity much smaller
than the average piston velocity. It was demonstrated that the turbulent length scale
changes in a self-similar way in the wide range of crank angles. However, close to the
TDC, the turbulent length scale is determined by the engine geometry, independent
of the initial value.

We stress one more time that azimuthal fluctuations and stress component, as well
as the tangential vortex stretching remain beyond 2D simulations. For this reason,
the present studies give rather qualitative than quantitative comparison to realistic
3D experiments. Meanwhile, they provide the basic qualitative idea about a piston-
generated flow in an SI-engine.

Finally, we would like to say few words about possible combustion applications of
the present results. One of the popular models of turbulent burning treats a flame
front as a passively propagating surface, e.g. see [3, 35–39]. Formally, this model
corresponds to “burning” with zero thermal expansion, which does not influence
the turbulent flow. Such a model means that turbulence is determined mainly by
external sources such as the piston motion studied in the present work. However,
evidence is mounting, both experimental and numerical, that flames with realistic
thermal expansion modify the initial turbulent flow strongly [10, 40–44]. Recently, we
have also performed direct numerical simulations of combustion in a closed burning
chamber like a clearance of an SI-engine, see [45]. These simulations demonstrated
quite strong influence of burning on the flow even in the case of initial turbulent
velocity exceeding the planar flame speed by an order of magnitude. This influence
becomes much stronger under confinement than in the opening studied in [8–10].
Current properties of the modified turbulent flow may differ noticeably from the
initial ones. Still, even in that case, the initial turbulent intensity and the length
scales studied in the present paper remain important parameters controlling total
burning time. Basically, there are three factors controlling the flow in SI-engines:
(i) turbulence produced during the intake; (ii) turbulence produced by the piston
motion; and (iii) flame-generated turbulence. In the present work, we considered
and compared first two factors; study of turbulence produced by flame propagation
will be presented elsewhere.
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