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ABSTRACT

The turbulence quantities in the cylinder of an automotive
engine with one tangential intake port were investigated, under
motored conditions at 167.6 rad/s (1600 rpm), using the
Cyc)e-by-cycle nonstationary time-averaging procedure pf data
analysis previously developed by the authors. Correlamonh arfd
spectral analysis of the engine turbulence was performed w1t¥1m
specific time intervals during the induction and the compression
strokes. Velocity data close to the cylinder wall were also
analyzed in order to examine the effect of the wall on the
engine turbulence in the presence of swirl.

A strong turbulence anisotropy and nonhomogeneity was
observed during the induction stroke while a tendency towards
isotropy and homogeneity was evident in the engine turbulence
on the main part of the compression stroke.

The distributions of the micro time scale of turbulence,
fluctuating about a constant value (0.2 ms) for all the measure-
ment points, showed that the structure of the engine turbulence
was virtually the same on the induction and compression

strokes.
INTRODUCTION

As well known (for example [1], [2], [3], [4], [5], [6])*,
the in-cylinder turbulent flow plays a major role in reciprocat-
ing engine combustion and consequently in the engine perform-
ance and exhaust emissions. In particular, it directly influences
the fuel-air mixing, the engine convective heat losses and the
flame propagation process. Some experimental results on the
turbulent combustion of a gaseous homogeneous mixture inside
a closed vessel ([7]) indicate that the burning zone thickness
and the burning velocity increase almost linearly with an
increase of turbulence intensity, depending on the equivalence
ratio.

Although several studies of turbulence quantities in
motored engines and, more recently, in firing engines have been
reported (for example (8], [9], [10], [11], [12], [13], [14],
(15]), the definition of in-cylinder turbulence properties still
needs further attention because of unsteadiness and cyclic
fluctuation of the “mean” flow, while still more experimental
data on engine turbulence is required to better understand its
structure, the exact nature of its role and its correlation to the
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engine geometric features. An improved understanding of
engine turbulence is also important for the numerical modeling
of combustion processes.

The main objective of this study was to analyze the
turbulence quantities in an automotive engine using the cycle-
-by-cycle nonstationary time-averaging procedure previously
developed by the authors ([16]). The procedure allows to
extract mean velocity and turbulence from the same data
without including in the turbulence intensity either the cyclic
fluctuation or the time varying component of the mean flow. It
differs from other cycle-by-cycle data reduction methods ([8],
[17], [18]), as specified in [16]. The proposed method is
straightforward and of general application, including, as par-
ticular cases, the pure ensemble-averaging procedure and the
conventional time-averaging data reduction method ordinarily
used for the analysis of steady state turbulent flows. It can be
applied to HWA? as well as to LDA® measurements if a data
rate high enough to give a virtually continuous trace in every
cycle is provided. The method was shown to be suitable for
correlation and spectral analysis of engine turbulence, giving
consistent and physically reasonable results when compared
with a pure ensemble-averaging reduction of the same data
([19], [20]). In fact the turbulent fluctuation about the mean
velocity according to the proposed definition can be treated as a
stationary random function for specific time intervals within
the engine cycle,

The analysis of HWA data acquired throughout the induc-
tion and the compression strokes along a radial direction in the
cylinder of the engine was performed under motored conditions
at 167.6 rad/s (1600 rpm). An induction system configuration
with one tangential duct was considered. Measurements at
locations very close to the cylinder wall were also performed in
order to investigate the effect of the wall on turbulence in the
swirling flow during the compression stroke,

Ensemble-averaged turbulence quantities were obtained
from the cycle-by-cycle time-averaged values as parameters
characterizing the internal gas-dynamics of the engine.

TURBULENT FLOW PARAMETER DEFINITION

The instantaneous velocity is split into a mean part and a
turbulent fluctuation about this, so that, with reference to the
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engine cycle i:

Ui(e) = Ts() + u;¢) ¥
where E;(t) is the mean velocity at time ¢ (corresponding to
the crankangle 6) and %;(t) is the velocity fluctuation about
the mean.

The mean velocity curve for the cycle { is evaluated as
follows. The average of the instantaneous velocity with respect
to time is determined for specific time intervals within the
engine cycle, and the average velocity values in the middle of
the intervals are interpolated®. The resulting mean velocity
curve is then adjusted so that the time-average value obtained
therefrom in each interval is equal to the value previously
determined from the instantaneous velocity in the same inter-
val. Therefore, using the symbol (f) to represent the average
of any variable f(t) (or f(#)) in the time interval T (or in the
crankangle interval @):
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we have’:
(U =<T;) 3)
and so, from (1):
(u;) =0 4)

that is the time-average of the turbulent velocity fluctuation is
zero in the interval T, as it should be in agreement with the
conventional definition of turbulence for a steady flow. The
average turbulence intensity in T is then given by:

(uly = /{(U; = Up)*)

The ensemble-averaged mean velocity (U) in the interval
T is defined, for an ensemble of N records (or cycles), as:

(5)
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and so the ensemble-averaged turbulence intensity in T is given

by:
: -VlN =
(u'y = ~ ,El((U; U;)

An evaluation of the cyclic fluctuations in the mean
motion can be obtained from the root-mean-square (RMS)
fluctuation of the in-cycle mean velocity about the ensemble-
-averaged mean velocity, that is (with reference to the time-
-averaged valuesin T):

(7

1 N
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‘A cubic-spline was used for the interpolation, however a linear inter-
polation could be used as well, without any significant difference.

s U;(¢) is considered to be a continuous function of time.

¢ A similar expression, in which U; is replaced by #; and U by u/,
can be used for the RMS fluctuation of the turbulence intensity (up,;q?
in the interval T.

The Eulerian time autocorrelation coefficient in the period
T, starting at time ¢, (corresponding to the crankangle 8,), is
defined, in its ensemble-average form, as:
1 1 NT 1 / T
z [ T—-1
0

wi(t)u;(t+1) dt] (9)7
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where (u') is the ensemble-averaged turbulence intensity in T;
the time ¢ is intended as relative to ¢, and the time variable
7 in T rangesfrom 0 to Tma, = T/2.

The normalized energy spectral density function in T is
expressed, in terms of autocorrelation coefficient, as:

Tmax
E(f)=4j R(m)w(r) cos 2mfr)dr (10)
0

where w(r) is a window function of rectangular or Hamming
type ([21]). This expression of the energy density spectrum
requires that u;(t) be a stationary random function in T,
which in fact it is within an approximation adequate for the
purposes of the proposed method ([19]).

The micro (or dissipative) time scale of turbulence is then

given by:
fmax
A =1/ 27:2/ FRE(df
0

where fra.c is the maximum frequency for which E(f) is still
finite and significant.

Because length scales of the structures characteristic of
the in-cylinder turbulent flow are also of interest, it is useful to
provide at least an approximate assessment of them. As for the
micro length scale of turbulence in the interval T, the best that
can be done at present is to evaluate it from the expression:

(11)

Ae =CUI A, (12)
What can be said in support of this expression is that it is
justifiable if the well known Taylor’s hypotheses are satisfied,
whereas even if not, it can still be considered as a more or less
rough estimate of the micro length scale of turbulence in the
presence of a mean flow.

Other turbulence quantities will be considered in the pre-
sentation of the experimental results, together with some com-
ments about their definition.

HWA MEASUREMENTS

Experimental equipment and procedure

The data was taken in the single cylinder direct-injection
Diesel engine reported previously ([22]), for the induction
system configuration with only one of the two tangential intake
ports operating (Figs. 1 and 2). Velocity measurements were
performed (with a minimum modification of the engine design
to introduce the probe) at five different sensor locations along
a radial direction, 6 mm, 18 mm, 28 mm, 33 mm, 37 mm from
the cylinder axis respectively, the latter being very close to the

7 The expression of the autocorrelation coefficient R;(7) for the cycle
i is simply derived from (9) by omitting the ensemble-averaging sum-
mation and substituting (') with (u})?,



cylinder wall since the bore radius was 37.75 mm. The probe
axis (Fig.2a) was at a level of = 3.5 mm underneath the
cylinder head. Measurements at different levels were not per-
formed due to the geometrical constraints which would have
required flow disrupting modifications in the engine design to
accomodate the probe. Nevertheless the probe was roughly in
the middle of the relatively wide and flat combustion bowl at
TDC?, so that it was reached by the whole cylinder charge at
TDC of compression. Therefore the velocity measured in the
combustion bowl at the end of the compression stroke could
be considered as representative of the flow of the whole charge
at that stage.
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Fig. 2 — Schematic of the engine with probe setup and measurement
locations.

The measuring technique and the method used for com-
puting gas velocity from the instantaneous anemometer output

8 Top Dead Center

voltage are those reported in [23].

A number of from thirty to fifty cycles of data® was
recorded on analog tape for each measurement set (i.c. for each
sensing wire orientation, as will be specified). A 50 kHz low-
-pass filter was used in recording the analog data. The analog
records of pressure and temperature data were also taken, in
addition to the analog records of velocity. The data was then
digitized and stored in a computer file. The computation of
gas velocity at each digitized point and also the analysis of the
computed velocities (so as to obtain the cycle-resolved and the
ensemble-averaged turbulent flow parameters) were then per-
formed by means of an interactive computer code developed for
an HP-1000, RTF-VI unit. A modified version of the algorithm
developed in [24] and [25] was used for the spectrum function
estimation.

At each sensor location three data sets were taken for the
three different orientations of the sensing wire corresponding
to the following values of the angle a between the wire axis
and the cylinder axis: «=0, a=n/4, a=n/2. The squared
turbulence intensity values determined for each measurement
set were correlated to the squared values of the turbulence
intensity components along the tangential (s), radial (r) and
axial (z) directions, by means of the correlations deduced in
[16]*°, so as to obtain information about the directional de-
pendence of turbulence.

Experimental uncertainties

As stated in previous papers (for example [16] and [22])
the method used for computing gas velocity from the experi-
mental data was calibrated and tested in nonstationary as well
as stationary conditions, at different gas pressures and tem-
peratures. The tests showed a standard deviation less than * 5%.
The main sources of uncertainties in the engine measurements
have been examined in references [23] and [28]. Many of them
were reduced as far as possible (for example: the fouling effect
was lowered by using a new wire for each set of measurements;
the geometric features of the wire and weldings at prong tips
were examined under microscope, so that those probes with
imperfections could be removed, etc.). Based on the previous
findings and on the average deviations of repeated measurement
sets, a maximum uncertainty of * 10% could be ascribed to
the computed velocities. The overall experimental uncertainty,
however, does not influence in any way the implications of the
results and the related conclusions.

EXPERIMENTAL RESULTS

Figure 3 reports, as examples, the instantaneous velocity
U; and the corresponding mean velocity U; for a typical
cycle, together with the ensemble-averaged mean velocity U
(as obtained within the proposed method)!! during the in-

® No significant advantage in taking analog records over more than
thirty cycles was found.

10 A procedure like that applied in [26] and [27] to determine the three
velocity components (along the radial, the tangential and the axial direc-
tions) from the cooling velocities U(@) sensed by the wire for each value
of a, was extended to the turbulence intensity components in [16].

' By simply omitting the time-average brackets { } we will represent
the mean velocity, or any other variable, obtained by interpolating the
ensemble-averaged values (made up of in-cycle time-averaged values) in
the whole crankangle interval considered.



duction and compression strokes'?. Fig. 4 shows the velocity
fluctuation w; about the mean velocity and the turbulence
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Fig. 3 — Instantaneous velocity U; and corresponding mean velocity ?}i

for a typical cycle; ensemble-averaged mean velocity U within the
proposed method.
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Fig. 4 — Velocity fluctuation #; about the mean velocity and correspond-
ing turbulence intensity ] for a typical cycle; ensemble-averaged
turbulence intensity «' within the proposed method.

intensity u; for a typical cycle, together with the ensemble-
-averaged turbulence intensity u' (as derived from the cycle-
resolved results). Both figures refer to measurements per-
formed close to the cylinder wall (r=33 mm), with the
sensing wire parallel to the cylinder axis.

The period T = 1.25 ms (corresponding to the crankangle

12 In this and other figures the value of the abscissa 6 = 0° corresponds
to the start of the induction stroke and 8 = 360° corresponds to the end
of the compression stroke.

interval © = 12° at 167.6 rad/s) was used for the in-cycle
time average in equation (2). This was relatively large with
respect to the time scales of turbulence determined.

It is worthwhile to recall the following points emerged in
[16]. The ensemble-averaged mean velocity, as well as the
RMS fluctuation in the mean motion, did not vary significantly
when the length of the averaging interval was changed, while
the turbulence intensity was shown to be more sensitive to this
parameter. However very short lengths yielded a rapid decrease
of turbulence and increased the frequency content in the mean
flow. On the other hand excessively long lengths yielded in-
~cycle mean velocity distributions so far from the instantaneous
velocity patterns as to give rise to spurious contributions to the
turbulence intensity. Therefore a range of periods was estimated,
where the averaging interval could reasonably fall, as being
between 0.85 and 2.0 ms.

The results on the mean flow properties within the engine
considered are reported in [22] and [23], while only results on
engine turbulence quantities will be presented here.
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Fig. 5 — Turbulence intensity distributions.

Figures 5 and 6 show the turbulence intensity distributions
vs. crankangle obtained for the wire orientations specified by
the values of the angle « between the wire and cylinder axes,
at the measurement points indicated by the respective values
of the radius 7. Considerable differences among the values of
u', particularly when the wire was parallel to the cylinder axis
(@=0), could be observed during the induction stroke, while
a tendency towards homogeneity in turbulence was evident on
compression. The increase in the values of #’ during the last
part of compression at points close to the wall (r = 33 mm and
r =37 mm) are mainly due to the fact that from 8 = 340° to
6 =360° the sensing wire is accepted into a small groove
machined into the piston crown to avoid interference with the
probe at TDC.

The relative turbulence intensity distributions for «=0
(Fig. 7) showed sensible differences during the main part of the
compression stroke due to the presence of swirl in the mean
flow ([23]), though a small effect of turbulence nonhomogeneity
could be observed at the compression end. The strong increase



of #'/U on the last part of compression at points close to the
wall is due to the above mentioned groove shielding of the wire.
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Fig. 6 — Turbulence intensity distributions.
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Fig. 7 — Relative turbulence intensity distributions.

Figures 8 and 9 report the cyclic fluctuation of the mean
velocity and turbulence intensity respectively, the latter showing
a relatively high repeatability of turbulence intensity values on
compression stroke after the inlet valve closure (6 = 245°),

Assign the simbol #'(&) to the turbulence intensity de-
termined by processing the data for the wire orientation «. The
values of #'(0) (Fig. 5) are related to the turbulence intensity
components v; and v,, along the tangential and radial direc-
tions respectively, by %'(0) = (v* +v/*)¥? ([16]). The values
of u'(-g—) (Fig. 6) can be expressed as u'(lzr-) ~ (v + o)V,
v, being the turbulence intensity along the axial direction.
Based on these relations, a strong turbulence anisotropy during
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the early part of induction and a tendency towards isotropy
on the main part of compression could also be deduced from
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Fig. 8 — Distributions of RMS fluctuation of the mean velocity.
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Fig. 9 — Distributions of RMS fluctuation of the turbulence intensity.

the results of Figs. 5 and 6, for all the measurement points
considered. A considerable anisotropy was still present during
the last part of induction and the early part of compression at
points farther from the cylinder axis (r> 28 mm), where a
prevailing tangential turbulence component was present. The
same conclusions on the directional dependence of turbulence
as derived above are confirmed by the distributions of %, =
=9;* 0> given in Fig. 10, as well as by the distributions of
the ensemble averaged turbulence shear stress (per unit density)
k, =—v,v, (Fig. 11) as obtained from the correlations re-
ported in [16]. It shoud be pointed out that while it was pos-
sible to extract the three components of the mean velocity from



the cooling velocities obtained by processing the HWA data
for the three values of a: 0, % and % ({23)]), it was not pos-

sible to separate the three components of the turbulence in-
tensity completely, owing to the presence of the shear stress.
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Fig. 10 — Distributions of the difference (k;) between the squared turbu-
lence intensity components along the tangential and the axial
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Fig. 11 — Distributions of the ensemble averaged turbulence shear stress &,
(per unit density).

Measurements for the three values of «, but with the probe
axis along the other two directions would have been required
in order to evaluate separately the ensemble-averaged values
of all the turbulence stresses per unit density.

Figure 12 shows the autocorrelation coefficient R, asa
function of the crankangle 6 —6,, obtained for 6, = 60°,
using the period T = 3.125 ms (corresponding to the crank-
angle @ = 30°) as the correlation interval in equation (9). The
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patterns of R were typical of wide band random functions.
([29]). Fig. 13 reports the normalized energy spectral density
functions corresponding to the correlation coefficients of
Fig. 12. The highest contribution to the turbulent energy oc-
curred at approximately the same frequency for all the measu-
rement points (as evident in Fig. 13) and also for all the corre-
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Fig. 12 — Autocorrelation coefficient.
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Fig. 13 — Normalized energy spectral density function.

lation intervals on the induction and compression strokes, as
well as for all the wire orientations, as can be deduced from the
distributions of A, vs. crankangle in Figs. 14 and 15. The
micro time scale of turbulence, evaluated either from expres-
sion (11) or from the intersection of the abscissa axis with the
osculating parabola in the vertex of the correlation curve, was
nearly insensitive to the length of the correlation interval
within certain limits ([19] and [20]). A crankangle interval of



30° was chosen for the correlation in Fig. 12 in order to give
better evidence of the patterns of the autocorrelation coeffi-
cient which is in fact represented in only half of that interval.
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Fig. 14 — Distributions of the micro time scale of turbulence,
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Fig. 15 — Distributions of the micro time scale of turbulence.

From the distributions of A, obtained it could be inferred
that the structure of the engine turbulence was virtually uni-
form in the central core of the flow, as well as very close to
the cylinder wall and furthermore was nearly the same during
the induction and compression strokes. The results on the mean
flow ([23]) showed the presence of a secondary jet flow in the
clockwise direction (Fig. 2) at the measurement points on the
induction stroke and the presence of a counterclockwise swirl-
ing flow, that is the main flow, on compression stroke. There-
fore the structure of turbulence in both flows was roughly the
same, the wall effect being very small.
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Evaluation of the micro length scale of turbulence by
means of equation (12) could be justified, as a first order ap-
proximation, at least on the part of the compression stroke
after the inlet valve closure. However even then the hypothesis
of uniform mean velocity in the flow field is not satisfied,
owing to the presence of swirl, and also the relative turbulence
intensity could not be considered as very small with respect to
unity. Nevertheless, based on a mean value of the bulk flow
velocity on the main part of compression ([23]) a rough esti-
mate of the micro length scale of turbulence in the engine
cylinder after the inlet valve closure could be A, = 3.0-4.0 mm.

As for the integral time scale of turbulence, the conven-
tional definition ([30]) could not be used, owing to the pattern
of the autocorrelation coefficient shown in Fig. 12, as also
evident from the values of E(0) in Fig. 13. Therefore the defi-
nition of the integral time scale of turbulence still needs further
attention.

CONCLUDING REMARKS

The cycle-by-cycle nonstationary time-averaging procedure
of data analysis previously developed by the authors was applied
to the investigation of turbulence quantities in the cylinder of
an automotive engine. The procedure allows extraction of the
mean velocity and turbulence intensity from the same dara
without including in the latter either the cyclic fluctuation of
the mean velocity or its time varying component.

Correlation and spectral analysis of the engine turbulence
was performed within specific time intervals during the induc-
tion and compression strokes. In fact the turbulent fluctuation
about the mean velocity, as defined within the proposed meth-
od, could be treated as a stationary random function in each
correlation interval.

Velocity data close to the cylinder wall was also analyzed
in order to examine the effect of the wall on the engine turbu-
lence in the presence of swirl. :

The following main points emerged from the analysis of
HWA data, acquired throughout the induction and compression
strokes along a radial direction in the cylinder of the engine
motored at 167.6 rad/s, for the induction system configuration
with one tangential port.

A strong turbulence anisotropy during the early part of
induction and a tendency towards isotropy on the main part of
compression was found for all the measurement points consid-
ered. The anisotropy observed at points close to the cylinder
wall on the last part of induction and the early part of compres-
sion was due to a prevailing tangential component of turbulence
intensity.

A nonhomogeneity in turbulence existed during the in-
duction stroke while a tendency towards homogeneity was
evident on the compression stroke.

The distributions of the micro time scale of turbulence,
fluctuating about a constant value (0.2 ms) for all the measur-
ement points, showed that the structure of the engine turbu-
lence was virtually the same on both the induction and com-
pression strokes, in the secondary jet flow, as well as in the
main flow, the effect of the wall being very small.

A rough estimate of the micro length scale of turbulence
in the engine cylinder on the main part of compression, could
be considered as 3.0-4.0 mm, based an a mean value of the
bulk flow velocity.
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