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ABSTRACT

An experimental facility for investigations of
turbulent flame propagation velocities in piston
engines is described. Two-component laser Doopler
velocimetry is used to measure the expansion veloc-
ity and turbulence intensities in the preflame gas.
A laser-schlieren flame-position detector simultan-
eously records the flame location on a cycle-
resolved basis. Conditional sampling procedures
are used to reduce bias errors introduced by cyclic
variations in the combustion rate.

At the time of ignition the engine head and
piston form an idealized combustion chamber
designed to reduce cyclic variations in the fluid
motion, while at the same time providing a high
turbulence level characteristic of production
engines. Combustion rates and velocity measure-
ments are used to compare this chamber with an ovpen
disc chamber and with a research configuration
having grid-like turbulence. The combustion rate
in the idealized configuration is shown to be
comparable to the rate in the open disc chamber,
but with greatly reduced cyclic variation.

INTRODUCTION

Combustion in a spark-ignited homogeneous
charge engine is governed by the mechanisms of tur-
bulent flame propagation. Although many research
studies have been reported on this subject, a re-
cent review of theories for turbulent burning vel-
ocities by Abraham et al. (1) demonstrated that
there is considerable uncertainty and controversy
in our current understanding of the relationships
between the flame speed, turbulence intensity, and
turbulence length scales. The review concludes
that while an appreciable number of experimental
measurements are available on turbulent burning
velocities, the data are insufficient to resolve
controversies in the proper formulation of flame
speed models, such that further experimental
studies are urgently needed. The purpose of the
current paper is to describe an experimental
apparatus intended to orovide data of the type
needed. First, however, a brief review of previous
work will be presented.

Non-Engine Flame Speed Studies
Williams (2) describes a variety of experi-
mental configurations that have been used to study
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turbulent premixed flames, including open and
confined steady flames, and spherical and plane
unsteady flames. The advantage of the steady flame
is that the turbulent burning velocity is obtained
directly from the velocity of the combustible gas,
for which the turbulence can also be accurately
known. Disadvantages include variations in scale
and intensity of turbulence with position in the
flame surface, difficulties in obtaining homogen-
eous and isotropic regions of high turbulence
intensity, and the added complications of diver-
gence and strain along the flame surface. The
freely prooagating unsteady flame resolves many of
these problems, but with the added complexity that
the growth of the flame is composed of two effects,
the turbulent burning velocity and the expansion of
the hot combustion products.

Prior to the advent of the laser Doppler ve-
locimeter, it was not possible to directly measure
velocities and turbulence during combustion. This
deficiency led to compromises in the experiments
that could be performed on freely propagating
flames. Andrews and Bradley (3) reviewed a number
of experimental techniques, and concluded that the
method of double flame kernels in a closed vessel
offers a simple yet accurate method for determina-
tion of burning velocities. The technique relies
on the visualization of combustion created by
simultaneous ignition at two widely separated
locations. As the two flame surfaces approach each
other, the expansion velocity ahead of the flames
is cancelled, permitting the direct measurement of
the flame velocity from high speed movies.

Subsequent applications of the technique by
Andrews and Bradley (4) and Abdel-Gayed et al. (5),
however, show an appreciable spread in the measure-
ments of turbulent burning velocity, which appear
to be characteristic of the related phenomenon of
cyclic variation that is prevalent in spark igni-
tion engines. The turbulence field in the vessel
was created by four opposed fans, which resulted in
a measured integral length scale on the order of 40
mm. This large length scale suggests a complex
three-dimensional flowfield when compared to the
characteristic scale of the flame thickness, which
Smith (6) has found experimentally to be less than
a millimeter. It is also not clear how truly
simple the opposed-flame experiment is. By the
very nature of a turbulent flow, the approach of
the two flame surfaces is very chaotic, such that
the measurement of the flame speed is not well
defined.



The problem of large and uncontrolled length
scales inherent in a fan-stirred vessel is correct-
ed, at least in principle, by the grid-stirred
technique of Hamamoto et al. (7), in which a screen
or grid is rapidly pulled across the combustion
chamber. The length scale of turbulence is
controlled by the grid spacing, but it is not
evident whether the method can produce the high
levels of turbulence characteristic of an engine.

Engine Flame Speed Studies

Since complex fluid motion is an inherent
characteristic of reciprocating engines, the ques-
tion is often raised as to whether an engine is
a suitable environment for investigating turbulent
flame propagation mechanisms. Admittedly, it is a
difficult experimental environment, but an engine
does produce conditions that cannot all be simul-
ated by steady flames or constant volume bombs:

1) elevated pre-ignition gas temperatures and
pressures; 2) confined volume, such that the pre-
flame gas is further compressed during combustion;
3) high turbulence intensity levels that can be
varied by changing the engine speed; and 4) high
repetition rates, which are beneficial for statis-
tical measurements.

Whereas many studies have been made on turbu-
lent flame propagation in engines, only a few have
included a direct measure of the turbulence. Lan-
caster (8) used a hot-wire anemometer to measure
the turbulence intensity and length scales, and
then correlated the results with combustion rate
measurements and analysis {9). A similar and more
comprehensive study was made by Groff and Matekunas
(10), in which the flame frontal area was also
determined from high speed movies of the combustion
event. Although these two studies have contributed
greatly to our understanding of engine combustion,
they are limited by the uncertainties associated
with the use of a hot wire probe in a flow of
varying temperature and direction and high relative
turbulence intensity (large fluctuations relative
to the mean velocity). In addition, the relation-
ship between motored turbulence measurements and
the actual conditions in the preflame gases during
combustion has not been established.

In an earlier study (11), we used a laser
Doppler velocimeter (LDV) to make motored turbu-
lence measurements that were correlated with
combustion results. We have also reported LDV
measurements obtained during combustion (12,13)
which demonstrate that the expansion velocity ahead
of a propagating flame can be accurately measured
by the LDV technique. This result is important,
because it suggests that if the flame position can
be measured with good temporal resolution, then the
actual flame propagation speed of a single freely
propagating flame can be determined directly from
measurements, without relying on thermodynamic
analysis.

Simulated Engine Environments

The fluid motion developed during induction
plays a major role in generating the turbulence
needed for fast combustion. However, it is
unlikely that the turbulence produced during intake
is of significance, because the turbulence dissipa-
tion rates are fast when compared to the cycle time
of an engine. What appears to be important are the
large scale flow patterns established within the
engine cylinder during induction, since these
structures store the kinetic energy of intake until
it can be transformed to small scale turbulence
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late in the compression stroke, near TDC. It is by
the interactions of such structures with each other
and with the walls during compression that high
levels of turbulence are found at the time of
ignition. The important motions can be in the form
of swirl, tumbling {or roll), ring vortices, and
other smaller separated-flow regions.

However, while these large structures are
advantageous for storing fluid energy, they are
also the source of fluid-mechanic-related cyclic
variations in combustion. By their very nature
they are not exactly repeatable from cycle to
cycle, nor are they totally random, particularly
when viewed on the time scales of the combustion
process. The situation thus exists where the
conditions needed for rapid combustion are also a
direct cause of cyclic variations. This obviously
creates problems for the engine designer, but the
engine researcher may be even more troubled, since
the proper treatment of cyclic variations in engine
velocity and turbulence measurements remains an
unresolved issue.

Unlike the engine designer, the researcher
often has the 1iberty to work around a difficult
problem, rather than solve it directly. This has
been our approach to experimental studies of engine
fluid mechanics, through the use of idealized engint
simulators. The simulators are designed to have
extensive optical access and simple geometries,
permitting easy apolication of various laser diag-
nostic techniques.

OQur first LDV engine study during combustion
(12) was made at a very low engine speed (300
rev/min) in a simple "disc" chamber (right circular
cylinder). The low engine speed provided the time
needed for the turbulence to relax to a state of
near jsotropy and homogeneity at the time of
combustion. The flow was still influenced by
cyclic variations, but was well-enough behaved to
allow jdentification of the sources and effects of
the cyclic variations.

In a follow-on study (14) made in the same
combustion chamber, the engine speed was increased
to 1200 rev/min in an attempt to obtain turbulence
and burn rate data at more representative engine
conditions. LDV measurements revealed that the
precombustion base flow was so strong that it
dominated the expansion velocity, resulting in a
net gas velocity directed toward the flame. Not
only do complex motions of this type make it diffi-
cult to isolate the true flame speed, but they also
contain low frequency variations that introduce
bias errors into turbulence measurements.

The disc-shaped chamber used for these studies
permits flow structures as large as the cylinder
diameter to exist. In an attempt to limit the
scales of turbulence present at the time of combus-
tion, a study (13) was made using a perforated
plate grid placed across the entire engine cylinder,
one millimeter above the piston surface when at
top-dead-center (TDC). The intent was to generate
uniform, small-scale turbulence just prior to
combustion. The result was that too much energy
was removed from the flow, resulting in a very low
turbulence level. In retrospect, it is now real-
ized that when the piston surface is close enough
to the grid to produce turbulence, it is moving too
slowly to have an appreciable affect.

The experiences described have led us to
conclude that the production of small-scale high-
intensity turbulence cannot be achieved by perturb-
ing the flow during intake, but rather must be done
by restricting the length scales that can exist at



the time of combustion. OQur design for achieving
this goal is an engine combustion chamber that is
essentially a long channel of square cross section,
such that the width of the channel determines the
largest length scale that can be accomodated. In
essence, the design is similar to the combustion
chamber used by Quader (15) to study flame propaga-
tion under lean operating conditions.

EXPERIMENTAL APPARATUS AND PROCEDURES

Single-Cylinder Research Engine

The Sandia research engine has a modified air-
cooled single-cylinder L-head block. The modifica-
tions include a second flywheel for steadier
operation, a water jacket around the cylinder for
improved temperature control, and grease fittings
for the connecting rod bearings, to allow for
cleaner oil-less operation. The engine bore
diameter is 76 mm, the stroke is 83 mm, and the
connecting rod length is 203 mm.

The original L-head design has been replaced
with a specially-designed water-cooled head that
has the valves located in the side wall of the
combustion chamber. The radial motion of the
valves is provided through a mechanical linkage
driven by the pushrods of the standard valve mech-
anism. The purpose for placing the valves in the
side wall is to create a disc-shaped combustion
chamber with total optical access from above the
piston.

The engine is driven by an electric motor,
which also acts as a brake when the engine is
fired. The intake air flows through a copper ball
heat exchanger to bring it to the 809C control
temperature used for all tests. Gaseous propane
fuel is injected into the intake manifold by a
solenoid valve. The fuel and air are then mixed by
a series of reverse direction swirl vanes and
baffles located in the intake line, which is heated
with electrical heat tape. To ensure a well-mixed
mixture free of unscavenged combustion products,
the engine is fired only every fifth cycle.

Combustion chamber design. The goal of our
chamber design is to reduce the length scales of
motion without significantly reducing the turbulent
kinetic energy. The design modifies the induction/
compression flow only during the late part of the
cycle, near TDC. Interlaced flanges located on the
piston and head partition the flow into three
distinct zones, as illustrated in Fig. 1. The
volume between the inner flanges is square in
cross-section with 19.6 mm sides. For the bore
diameter of 76 mm, the aspect ratio (length/width)
of the channel is 3.9. The volumetric compression
ratio of the combustion chamber is 7.6:1.

During intake and much of the compression
stroke, the flow created by the side-wall located
valve is largely uninhibited by the flanges.
However, as the flanges begin to interlace the
length scales of fluid motion become limited to the
clearance height in the channel, since the maximum
size of a vortex structure is controlled by the
smallest dimension in the plane normal to the
vortex axis. The configuration does produce a
squish motion just prior to TDC. This design
decision was based on a desire for maximum turbu-
lence intensity during combustion, but admittedly
at the risk of a potentially more complex flow-
field. If the squish motion is ultimately found to
be a problem, it can be greatly reduced by reducing
the thickness of the inner pair of flanges.
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1 Diagram of the one-dimensional combustion

chamber formed when the piston is near TDC

Fig.

An initial goal of the design was to contain
the gases in the channel during combustion; that
is, minimize the flow of gases from the channel
into the two segments of the clearance volume
outside the channel itself. This was done by
specifying a close fit between the cylinder wall
and the ends of the flanges in the head, and a very
close tolerance (0.5 mm) between the pairs of
interlaced flanges. The planned approach was to
independently measure the pressure in the channel
and one of the segments, and use delayed ignition
in the segments to obtain the simultaneous occur-
rence of maximum pressure in all three chambers.
However, we have never detected a pressure differ-
ential between the chambers, leading us to suspect
that gases are escaping from the channel through
the piston-cylinder clearance gap above the top
piston ring. In retrospect, this appears to be a
favorable condition, since the simultaneous
ignition of the gases in the channel and segments
at one side of the combustion chamber should lead
to similar burn durations for all chambers.

There are two ignition options for the channel.
In the first option, a spark plug can be positioned
at the end of the channel, at its center. This
results in an initially spherical burn that is
analogous to the side-wall ignition of the disc
chamber studied previously. The other option is
the six-point ignition system illustrated in Fig.
1. The two spark plugs shown in the channel each
produce three ignition sites, in the manner
described by Dyer (16). The purpose of this design
is two-fold: first, the flame development time is
greatly reduced, and a nearly one-dimensional flame
surface is quickly established; second, the two
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Fig. 2 Schematic diagram of the engine control and instrumentation system

electrodes used to generate the six sparks have
been positioned to allow access to 9 mm diameter
windows located at each end of the channel, permit-
ting study of the turbulent flame structure by the
microschlieren technique developed by Smith (17).

Figure 1 also shows the positicn of the fused
silica window in the head, which gives optical
access to the fully developed portion of the burn.
There is a mirror in the bottom on the channel, on
the piston, for flame visualization using a double-
passed laser schlieren system.

Engine control and instrumentation. Figure 2
presents a schematic diagram of the entire engine
control, instrumentation, and data acquisition
system. A PDP-11/34 computer serves as the heart
of the laboratory, having ultimate control of all
aspects of the experiment.

The heating/cooling water, intake fuel-air
mixture, and the engine head and cylinder walls are
all instrumented with thermocouples to monitor the
temperature. Water-cooled piezoelectric pressure
transducers are located in both the channel and one
of the segments to measure the chamber pressures.
The CO content of the exhaust gases is measured to
determine the stoichiometric operating conditions.
Electronic flow meters are located in the fuel and
air lines prior to the heating and mixing sections
to monitor the repeatability of the experiment from
day to day. They are not used to measure the
fuel/air mixture because of the skip-firing mode of
operation used.

A custom-built engine controller is used to
regulate ignition timing and fueling of the engine.
Switches select the following timing functions:

1) crank-angle position to begin fuel injection;

2) crank-angle duration of fuel injection; 3) crank-
angle positions to fire the two independent igni-
tion systems; 4) crank-angle position of synchron-
ous strobing of the laser beam for schiieren flow
visualization. Timing information for the
controller is provided by a pulse-train type shaft
encoder geared down 2:1 to give a resolution of one
crank-angle-degree (CAD) for the full four-stroke
cycle, defined to consist of 720 CAD, with TDC of
the compression-expansion stroke at 360 CAD.

Both the ignition and fueling functions are
activated by the laboratory computer through enable
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commands, giving the computer priority control of
engine operation on an individual-cycle basis. In
the standard mode of operation, the engine is first
brought up to the desired speed by motoring with
the electric motor. The engine speed is determined
by the computer by timing a number of rotations of
the shaft encoder. A test is begun with the com-
puter enabling the engine controller for a number
of warm-up cycles, during which the engine is
fueled every cycle, but fired only on the fifth
cycle. Following the warm-up perjod, data acquisi-
tion commences for a specified number of either
engine cycles or LDV measurements. Upon completion
of the test, the computer disables ignition and
fueling.

Data Acquisition System

Two computers are used to acquire the data.
The host computer stores the LDV measurements in a
direct-memory-access (DMA) mode, while the slave
computer records the cylinder pressure and flame
position at one CAD intervals. This procedure is
used because the pressure and flame position are
smoothly varying quantities that need not be meas-
ured at the high data rates and random intervals of
the LDV signals.

The host computer is synchronized with the
engine by an absolute-position digital shaft
encoder geared down 2:1, with 0.2 CAD resolution.
This encoder is interfaced to the computer through
a specialized input board that issues an interrupt
command whenever a prespecified crank angle is
encountered. Used in conjunction with a digital
output board, the encoder interface is programmed
to issue discrete commands that serve the following
functions: 1) grounding of the pressure transducer
charge amplifier prior to each cycle of pressure
recording, to ensure a constant baseline condition;
2) ignition and fuel enable signals to the engine
controller; 3) definition of the window in the
engine cycle for which LDV measurements are to be
taken; the signal inhibits the LDV signal processor
when the window is not open; 4) actuation of the
camera shutter for still schlieren photography.
Each command issued by the encoder interface is
also used to illuminate a diode in an event display,
for visual monitoring of the control system
sequencing.




The LDV data obtained by the two signal pro-
cessors are transferred to the computer in DMA mode
by a multichannel interface. The interface has the
capability to transfer the time duration of the
Doppler measurement, the number of cycles used in
the measurement, and the time between consecutive
bursts (for time-correlation measurements),
together with the crank-angle position of the
measurements. A second absolute position digital
encoder is used for the latter. This encoder is
coupled directly to the engine crank shaft, giving
a resolution of 0.1 CAD.

Because the LDV data are normally obtained in
the fixed-cycle mode, where a prespecified fixed
number of cycles are timed for each LDV measurement,
it is not efficient to record this quantity with
each measurement. The interface can be set to
jgnore the cycle count (as well as the time between
bursts) during the DMA transfer, but because this
selection must be made with the hardware, rather
than in software, the cycle count is completely
lost. To recover this information, we have chosen
to use the digital output buffer register of the
timer module of the counters. Since the cycle
count is only the lower byte of the output word,
the cycle count for each channel of LDV can be
combined to form one word of digital input to the
computer. When the DMA transfer of a test is
completed, the computer stores this one word to
obtain the cycle count settings of each counter.

A fourth, optional channel is available in the
DMA interface, if it is desired to record the
instantaneous flame position at the moment of each
LDV measurement. This would be desirable, for
example, if high resolution conditional sampling on
flame position is to be performed. Because the
flame position technique uses a conventional LDV
burst processor to process the signal, the measure-
ment is readily compatible with the multichannel
interface. More will be said about this later.

As previously mentioned, the slave computer is
used to make pressure and flame position measure-
ments at a uniform data rate, in parallel with the
LDV measurements. At the beginning of each data
cycle the host computer enables the slave to accept
data in an external interrupt command mode. The
one CAD interval pulses from the pulse-train
encoder are used as the interrupt signal. At each
interrupt, an analog-to-digital (A/D) conversion is
made of the pressure signal, and a digital transfer
is made from the output buffer of the flame-
position-measurement timer module.

Optical Diagnostics

The optical arrangement diagrammed in Fig. 3
permits the simultaneous use of LDV and schlieren
techniques, where the latter is used to provide the
measurement of flame position. A single, 15 watt
argon-ion laser is used to obtain the three optical
measurements. The two components of velocity are
measured using the 488 and 514.5 nm lines of the
laser, and the flame position is obtained with the
476.5 nm line.

Flame position measurement. The position of
the flame is measured using a high speed schlieren
imaging technique (18). A mirror on the piston
surface reflects the incident schlieren light field
back from the engine and onto a linear photodiode
array, which is aligned to image the diameter of
flame propagation in the 1ine of sight of the
photodetectors. Prior to combustion, all of the
photodiodes aligned with the engine cylinder will
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Fig. 3 Optical arrangement for the simultaneous
application of LDV and laser schlieren
visualization

be uniformly illuminated. As combustion takes
place, the photodiodes corresponding to the flame
surface will detect reduced illumination because of
refraction, such that the location of the flame
surface is simply proportional to the number of
fully-illuminated photodiodes before the flame.

The source laser beam for the schlieren image
is passed through a Bragg cell used to solve a
problem introduced by using a mirror on the piston
to return the schlieren light to the photodiode
array. During each engine cycle the piston is
subject to a rocking motion about the wrist pin.
The effect of this motion is a nonstationary image
at the schlieren aperture location. Fortunately,
the rocking motion is reasonably in-phase with the
engine cycle, such that synchronous strobing of the
laser beam freezes the focal point well enough for
the schlieren stop to be positioned. The Bragg
cell is aligned such that one of the first-order
refracted beams creates the schlieren 1ight field.
A command from either the host computer or the
engine controller is then used to energize the
Bragg cell -for a short period, synchronously with
the engine cycle. This procedure can also be used
to take fast still photographs of the combustion
event using a conventional camera (19), whereby
exposure times as short as one microsecond can be
achieved.

The electronic circuitry for the photodiode
array reads the charge on each element continuously
at a fixed clock rate, such that the analog output
signal is analogous to a Doppler signal of known
and constant frequency. If the signal is processed
by a standard LDV burst counter operating in the
total burst mode, the number of cycles measured in
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the first "bufgt“ encountered in each scan of the
array is a direct measure of the flame position.
For the uniform-data-rate record of flame position
made by the slave computer, this signal can be
obtained directly from the output buffer of the
timer module. If the measurement is to be made
simultaneously with each LDV measurement, then it
is necessary to record the time duration of the
"burst", since the multichannel interface has been
set for this quantity for the two channels of LDV.
However, because the frequency of the photodiode
array signal is known, the time duration measure-
ment is proportional to the number of illuminated
photodiodes ahead of the flame.

Velocity and turbulence measurements. The LDV
optical arrangement shown in Fig. 3 is nearly
conventional. Dual Bragg cells are used to resolve
directional ambiguity. We have found the dual cell
arrangement to be far superior to using a single
cell with electronic down-mixing. The Bragg cells
require greater driving power than those commonly
used, which allows the transmission of a larger
diameter beam with less loss and distortion than is
typically encountered.

The LDV signal is collected at right angles to
the incident beam axis, to alleviate the problems
of background flare of the laser beams from the
window and piston surfaces. The signal-to-noise
ratio with this configuration is far superior to
direct backscatter. Because of the mirror on the
piston, there is a problem with the velocity com-
ponent in the viewing direction, since the incident
beams reflect off the mirror and pass through the
line of sight of the photodetectors, creating a
noise problem. This is alleviated by tilting the
incident optical axis for this component relative
to the cylinder axis, so that the reflected inci-
dent beams pass to the side of the probe volume.

The LDV signal is created by scattering from a
powder introduced continuously into the intake
manifold. To obtain a steady flux of particles of
constant size, the powder is suspended in water
continuously agitated by a magnetic stirrer. A
blast atomizer creates a fog of water droplets
containing the powder, which is dried by a dessi-
cant prior to being introduced to the engine.

Two different powder materials are used,
depending on whether the engine is being motored or
fired. For motoring tests, we have found titanium
dioxide (Ti0,) to be very satisfactory. The
fundamental size of these particles is 0.2 microns,
and we estimate that we are detecting either indi-
vidual particles or agglomerates that are less than
0.5 microns in effective size. With combustion,
however, we have found that at engine temperatures
the Doppler signal from titanium dioxide is greatly
reduced, often to an undetectable level. Measure-
ments appear to be possible for lean operating
conditions, but with a stoichiometric mixture there
is no detectable scattered 1ight. We do not know
the cause of the signal loss, but because we are
convinced that it is not related to deagglomeration
of particles, we suspect that the particles are
melting, and that inherent with the phase change is
a sizeable reduction in the scattering cross
section.

For LDV with combustion, in the past we have
had some success using aluminum oxide (A1,03), but
have found it to be far too abrasive for regular
use. Recently, we have begun using zirconium
fluoride (ZrF,) with good success. We do not know
the size or hardness of this powder, but find that

it yields high data rates from the postflame gases,
and does not appear to be detrimental to the engine
bore. We also do not know why this material scat-
ters light so efficiently with combustion, since it
is supposed to sublime at 600°C. Zirconium fluor-
ide is slightly soluble in water, but we are using
a suspension that we estimate produces particles
between 0.1 and 0.5 microns. The suspension has a
tendency to form agglomerates as large as a miili-
meter, so it is necessary to remove large particles
from the aerosol. When compared to titanium
dioxide, the signal intensity and data rates
obtained with zirconium fluoride are not as good,
but it tends to foul surfaces far less than
titanium dioxide.

Data Reduction Procedures

The existence of cyclic variations in the
fluid motion in engines raises a fundamental
question about how to properly describe the veloc-
ity field. Are these variations compatible with a
statistical definition of turbulence, for which the
mean velocity and turbulence intensity are calcu-
Jated from the phase average {or ensemble average)
of many engine cycles? Or, if such averages are
made, will the results be biased because the
average is being made from an ensemble of different
events, and not from a flow having a repeatable
mean velocity for each cycle, with superposed
random fluctuations occurring within each cycle?

One proposed solution to this uncertaintly is
to filter the LDV signal on an individual cycle
(real-time) basis. This has been done by Rask (20)
using curve-fitting techniques, and by Liou and
Santavicca (21) using Fourier analysis. In essence,
both techniques remove the low frequency fluctua-
tions attributed to cyclic variations in the mean
flow, such that only the high frequency fluctua-
tions are included in the calculation of the turbu-
lence. A major shortcoming of these procedures is
the arbitrariness of the selection of the cutoff
frequency, since it has yet to be shown that a
definitive characteristic frequency exists. A
second problem that arises is the gquestion of the
relation of such measurements to analytical models,
since it is not obvious that the low frequency
fluid motion can be neglected in the analysis. For
these reasons, we have chosen a different approach
in which all frequencies of fluid motion are
retained, but with the individual engine cycles
subdivided into subsets of similar events that are
averaged as discrete groups. We refer to this
procedure as conditional sampling.

Conditional sampling. In its application,
conditional sampling involves the selection of one
or more combustion parameters to identify individ-
ual engine cycles that are similar in nature,
thereby permitting statistical averages to be
computed for a group of physical processes that are
described as possessing only stochastic differences.
When used to resolve cyclic variations from turbu-
lence, the method inherently assumes that there is
a direct cause-and-effect relationship between the
fluid motion and the combustion process. The
effectiveness of the procedure is therefore depen-
dent on the selection of the correct deterministic
condition parameters, which often involves some
degree of subjectiveness.

A conditional sampling study by Cole and
Swords (22) successfully demonstrated a correlation
between fluid motion in the spark gap at the time
of ignition with the overall combustion duration,




and the existence of cyclic variations in the bulk
turbulence intensity has been shown to correlate
with cyclic variations in the burn rate (12).

A somewhat less successful study made using three
simultaneous but independent conditions for selec-
tive sampling found that the combustion process can
be too complex for analysis by conditional sampling
even when multiple parameters are considered (14).

The experimental setup described in this paper
has been designed to provide the information needed
to allow single point velocity and turbulence meas-
urements to be processed and analyzed. The key to
the experiment is the achievement of a nearly
planar flame surface, since the linear photodiode
array detects the flame location based on a line-
of-sight measurement along a single diameter of the
combustion chamber. If the flame surface is sig-
nificantly distorted on a scale large compared
to the flame thickness, then the flame location
measurement will not have a unique relation to the
volume fraction burned.

Two levels of conditional sampling on flame
location have been incorporated in the experiment.
The lower-order procedure is to use the uniformly-
spaced flame position obtained by the slave
computer to jdentify similar combustion cycles by
matching the flame position history for the
complete combustion period, in the manner demon-
strated previously using the pressure history (14).
Differentiation of the flame position curve gives
the local flame propagation speed, which together
with the expansion velocity and turbulence inten-
sity ahead of the flame yields the necessary
information to correlate the turbulent flame speed
with the turbulence intensity. Although a direct
measurement of the turbulent length scales is not
currently planned, it has been shown (11) that the
measured decay rate of turbulence prior to combus-
tion can give a consistent indication of the
dissipation length scale.

The second, higher-resolution level of
conditional sampling designed in the experiment
uses the instantaneous flame position relative to
each individual velocity measurement. Because the
flame surface is characterized by a nearly discon-
tinuous velocity jump associated with the expansion
of the gases, velocity measurements made near the
flame are heavily influenced by both the position
and orientation of the flame surface relative to
the probe volume. In particular, flame speed vari-
ations and wrinkles in the flame surface increase
the measured turbulence intensities and bias the
Reynolds stress. Thus, as the flame surface
approaches the LDV probe volume there is a transi-
tion from a conventional freefield turbulent flow
to one dominated by the large velocity gradient
normal to the highly wrinkled and possibly multiply
connected flame surface. Very near the front of
the flame surface it will not be possible to
accurately measure the position of the flame
relative to the probe volume, because of the
line-of-sight nature of the schlieren measurement,
but it is expected that some insight into the flame
structure will be obtained from conditioned turbu-
lence intensity and Reynolds stress measurements
made within the transition region.

Editing and averaging. Due to memory
limitations in the computer, it is necessary to
execute each test case in stages, periodically
halting data acquisition to transfer data to a
storage device. We typically record five blocks of
data, where each block contains 1500 sets of veloc-
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ities, crank angle, and flame position. Because a
test is interrupted to store each block, we occa-
sionally use this opportunity to readjust signal
levels.

Upon the completion of a test, the first step
in data processing is to display each block of
velocity data as a scatter-plot; that is, the
measurements for each component are displayed in
the order of acquisition. The purpose for this is
to look for patterns in the data that correlate
with the period of the test, such as a drift or
broadening of the velocity range. If a pattern is
observed, the test is discarded. Typically, a
drift in velocity corresponds to changes in the
engine operating conditions, and broadening occurs
as the windows become fouled.

Because the conditional sampling is applied on
an individual cycle basis, it is necessary to keep
all the raw data in this form. When the condition
parameters have been selected, the corresponding
cycles of data are then retrieved and phase aver-
aged. Because of the random arrival time of LDV
measurements it is necessary to perform the phase
average over a finite crank-angle window. Selec-
tion of the window size depends on the crank-angle
transients in the velocity. Typically, for motored
measurements 5-10 CAD resolution is sufficient,
whereas with combustion 1-2 CAD windows are
required.

An inherent characteristic of the LDV tech-
nique is the unavoidable occurrence of occasional
“bad" data points. Under conditions of good
signal-to-noise ratio, bad measurements can usually
be avoided. However, with less favorable condi-
tions, such as encountered in a combusting environ-
ment accessed through windows, bad measurements
have to be expected, and therefore procedures have
to be developed to discriminate and remove them.
This is particularly important when calculating the
standard deviation and other higher moments, since
even one statistical outlyer among thousands of
measurements used in the average can result in an
appreciable computed error.

The easiest editing procedure to implement is
to simply discard all data that 1ie outside a
range specified as a multiple of the standard
deviation (i.e., discard all data outside four
standard deviations). However, such a procedure
can be very risky, particularly for data obtained
during combustion, since both skewed and broadened
distributions can occur locally in both space and
time. For this reason we have found it to be
necessary to edit LDV data in an interactive mode.
The procedure is to simultaneously display the data
for each crank-angle window in two forms. One
display is a histogram of the data, while the other
is a scatter-plot displayed in the order of acqui-
sition. The purpose is to again look for patterns
in the scatter-plot, particularly with regard to
correlations with outlyers displayed in the histo-
gram. If editing is required, after removal of the
bad data these two displays are again generated.
Occasionally, several iterations are required. As
a general rule, unless there is an obvious block or
region of bad data, we reject the entire test if as
much as one percent of the data is bad. For
example, the highest rejection rate for the data
presented in this paper was 0.3 percent.

RESULTS

Preliminary evaluation of the channel design
was performed with focus on the burning rate and
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cyclic variation. Of primary interest was whether
the channel would achieve a combustion rate compar-
able to an disc chamber, while reducing cyclic
variations to the same order as was achieved with
the perforated plate. Results will be presented
comparing these three configurations, along with a
comparison between one point and six point ignition
in the channel. Initial LDV results will then be
presented to illustrate the general nature of the
channel flowfield, again as compared to an open

disc chamber and the perforated plate configuration.

The results presented will emphasize the 1200
rev/min test condition, since it was at this speed
that the disc and perforated plate configurations
were previously found to be unsuitable for research
purposes.

A1l tests were run on a stoichiometric mixture
of propane and air, with the engine fired every
fifth cycle. Ignition timing was set to give
maximum pressure at 17 CAD after TDC, except for
the case of the channel with six ignition points.
In this instance the burn rate was extremely fast,
such that the ignition time was selected so that
ignition and maximum pressure occurred the same
number of CAD before and after TDC.

The pressure results were obtained from an
ensemble of 50 engine cycles, using a resolution of
one CAD. The mean velocity and turbulence calcula-
tions were made using a minimum of 300 measurements
in each averaging window. Ten CAD windows were
used to process the motored velocity results.

Pressure Measurements

The combustion performance results are summar-
ized in Fig. 4. The burn duration has been defined
simply at the time between ignition and maximum

pressure, and the variation in burn duration is
used as a measure of cyclic variation.

The burn duration results show that the
channel with one spark burns slightly faster than
the open disc chamber, indicating that the flanges
did not have the detrimental effect observed for
the perforated plate. It should be noted that the
compression ratio for the open disc and perforated
plate configurations was 4.5:1, as compared to
7.6:1 for the channel chamber, so that the laminar
flame speed is higher for the channel. At TDC, we
estimate the laminar flame speed for the higher
compression ratio to be 1.2 times that of the lower
compression cases. Figure 4a also shows that the
effect of using six ignition sites is to reduce the
burn duration by more than forty percent.

The standard deviations in burn duration
given in Fig. 4b indicate the absolute degree of
cyclic variation in combustion. However, because
the level of cyclic variation does in general de-
crease with faster combustion, it is also necessary
to Took at the relative cyclic variation, which is
shown in Fig. 4c. This figure shows that it is the
very long combustion duration with the perforated
plate that led to the large cyclic variation indi-
cated in Fig. 4b.

The conclusion to be drawn from Fig. 4 is that
the combustion rate in the channel with one igni-
tion site is comparable to that of the open disc
chamber, but with a fifty percent improvement in
the cyclic variation. If six ignition sites are
used, a very fast and repeatable burn is achieved.

In Fig. 5 the burn duration results are
displayed as a function of the piston motion that
takes place during combustion. The convention used
is that TDC is at 360 CAD. The purpose of this
figure is to illustrate that the combustion process
for the channel with six ignition sites can be
approximated as a constant volume burn. This is a
useful feature, since it broadens greatly the scope
of analytical models that can be used to evaluate
data obtained for the channel configuration.
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Fig. 5 The times of ignition and maximum pressure
are plotted on the curve of piston dis-
placement versus crank-angle, showing that
the piston motion is negligible for the
combustion duration of the 6-spark channel
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Fig. 6 Comparison of LDV mean velocity
77 measurements made at x/R=0.66 at
1200 rev/min for the coordinate

system shown in Fig. 1

LDV Measurements

Mean velocity measurements taken at x/R=0.66
(R is the cylinder radius) are compared in Fig. 6.
A very surprising result is the large velocity
along the centerline of the channel. Because LDV
measurements have been made at only a few locations
in the channel, the nature of the base flow in the
channel is not known. We speculate that one effect
of the channels on the piston and head is to stabi-
1ize the orientation of the roll vortex created by
the side-wall location of the intake valve. For
the open disc chamber, the orientation of this
motion can vary considerably, such that on the
average the mean velocity is significantly lower.

The mean velocity measured cross-wise to the
channel axis is also not negligible, as seen in
Fig. 6. However, the question raised earlier
regarding possible undesirable complexities in the
flow resulting from squish areas would appear to be
unimportant, considering the large and seemingly
complex flow patterns in the direction of the
channel axis. The critical feature to be deter-
mined about the flow is whether the flame surface
is reasonably one-dimensional with respect to the
channel, or whether the mean motions indicated in
the figure result in a highly distorted flame
characterized by large cyclic variations in shape
and orientation. This question is expected to be
resolved from flow visualization and conditionally
sampled velocity measurements.

The turbulence intensity, normalized by the
mean piston speed, is shown in Fig. 7 for the three
combustion chamber configurations. These results
indicate how poorly the open disc chamber turbu-
lence intensity scales with engine speed, and how
much larger the measured turbulence is for the
open disc as compared to the channel chamber. We
believe these two observations are related, and are
the result of the open disc chamber flowfield being
dominated by large-scale, low frequency structures.

The channel data shown in Fig. 7 scale only
reasonably well with engine speed. The trends of
the three curves indicate less production of
turbulence during compression for the highest
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Fig. 8 Turbulence intensity results at 1200 rev/min
for the channel chamber, showing the degree

of isotropy and homogeneity present

speed, followed by a slower rate of dissipation.
The rate of decay from the 340 CAD point is quite
uniform for all speeds, indicating a degree of
relaxation. The turbulence levels for the channel
are aporoximately fifty percent higher than for the
perforated plate case, which explains at least a
part of the slow burning rate characteristics of
the latter.

Figure 8 summarizes initial measurements
concerning the homogeneity and isotropy of the
turbulence field in the channel. The flow appears
to be more nonhomogeneous than it is anisotropic,
which is consistent with the earlier observations
of a complex mean flow and a uniform decay rate of
turbulence. The relative variation in turbulence
shown is approximately thirty percent. This is
higher than desired for our research needs, but
hopefully conditional sampling procedures will help
to reduce the variation.



SUMMARY

An experiment has been designed to obtain
measurements pertaining to turbulent flame propa-
gation velocities. The simultaneous and direct
measurement of flame speed, expansion velocity and
turbulence intensity provides the needed informa-
tion, without relying on thermodynamic analysis or
experimental compromises such as flame holders or
opposing flames. Because cyclic variations must be
considered to be an inherent difficulty in such an
experiment, special efforts have been taken to
minimize their impact. Simultaneous cycle-resolved
measurements of pressure and flame position allow
conditional sampling techniques to be applied at
their fullest, and a idealized combustion chamber
has been designed to achieve the high turbulence
intensities found in engines, but with a constraint
on the length scales of turbulence to 1imit the
cyclic variation.

The combustion performance of the channel
configuation has been shown to be very good,
yielding a fast burn rate with greatly reduced
cyclic variation in the burn duration. However,
LDV measurements of the mean velocities in the
channel show the flowfield to be surprisingly
complex, particularly with regard to a large mean
flow in the direction of the axis of the channel.
The turbulence is jsotropic and homogeneous to
within thirty percent, but it is apparent that the
complex mean flowfield has compromised the
idealized turbulence field sought. However, the
fact that the cyclic variation in the combustion
rate has been reduced so significantly provides
encouragement for further investigations with this
engine configuration.
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