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ABSTRACT

The development and application of optically accessible
engines to further our understanding of in-cylinder combustion
processes is reviewed, spanning early efforts in simplified
engines to the more recent development of high-pressure, high-
speed engines that retain the geometric complexities of modern
production engines. Limitations of these engines with respect to
the reproduction of realistic metal test engine characteristics
and performance are identified, as well as methods that have
been used to overcome these limitations. Lastly, the role of the
work performed in these engines on clarifying the fundamental
physical processes governing the combustion process and on
laying the foundation for predictive engine simulation is
summarized.

INTRODUCTION

From the very beginning of the development of the internal
combustion engine, visualization of the in-cylinder mixing
process and the ensuing combustion process has been essential
for furthering our understanding of the operation of these
devices and for obtaining insight into how their efficiency and
emissions can be improved. Visualization studies today still
serve this purpose — after over a century of application, studies
in optically accessible engines continue to provide new, and
sometimes startling, information. Many times what is obvious
once it has been observed had not yet even been imagined to
take place. Moreover, even for phenomena that may have been
guessed at, or even stated, we should bear in mind the words of
W.T. Lyn: "One should not under-estimate the value of
confirmation, even of an accepted idea."

With the advent of computer simulation as an engine
design and optimization tool, optical studies have taken on an
additional role: provision of quantitative data regarding the
flow and scalar (temperature, composition, etc.) fields in
engines over as wide a spatial extent and over as broad a crank-

angle range as possible. These quantitative studies serve two
inter-related purposes: first, to provide the data necessary to
devise computationally tractable models of the in-cylinder
processes governing combustion and emissions; and second, to
validate and develop confidence in the accuracy of these tools.
In this review of the history of optically accessible engines,
the focus is primarily on the unique characteristics of the
engines themselves, and how these characteristics evolved to
enable measurements of the desired quantities. In the process, it
will be impossible to ignore concurrent advances in the optical
measurement techniques applied to these engines, though a
description of these techniques is not a main objective. Optical
studies in related devices, particularly rapid compression
machines and constant-volume combustion chambers ('"bombs')
have also been invaluable in advancing our understanding and
in providing quantitative data for model development and
validation. However, due to space constraints, we restrict our
attention here to engines that are capable of continuous
operation, whether fired or motored. Likewise, there is no
intent to diminish the important contributions that have come
out of engines instrumented (sometimes extensively!) with fiber
optics or with the minimal modifications need to employ
visualization through an endoscope. Such engines have been
particularly invaluable for understanding the behavior and
diagnosing problems with serial production engines; however,
they are outside the scope of this history. Engines equipped
with spark plugs or glow plugs modified to permit temperature,
velocity, and/or fuel-air ratio measurements also fall into the
category of important devices that cannot be covered here.
Lastly, it would be negligent not to mention the role played
by other non-optical measurement techniques including ion
probes, thermocouples, hot-wires, fast-acting sampling valves,
exhaust gas analyzers, and the ubiquitous cylinder pressure
transducer. Careful analysis of the data provided from these
devices often relegates optical measurements to playing the



aforementioned role of confirmation. A highly recommended,
broader review of reciprocating engine diagnostics has been
provided by Amman [1], to which the reader is enthusiastically
referred.

EARLY PRE-WW2 WORK

Spark ignition (SI) engines

Perhaps the earliest example of the use of an optical engine to
better understand the flow and mixing phenomena in
reciprocating engines was provided by Nicolaus Otto himself in
1872. Figure 1 shows his hand-cranked model engine
employing a glass cylinder. Hand-rolled cigarettes to provide
smoke for visualization studies are clearly visible affixed to the
engine head on the left-hand side of the photo. Despite his
efforts, Otto was said to be so convinced that his engine
operated with a stratified charge that it cost him his patent
protection in several countries [1]. The existence of a vigorous
in-cylinder mixing process, likely to destroy any mixture
stratification, was expressed in 1885 by Clerk [2]. Clerk
described his prior work using glass models of the Otto engine
as demonstrating that "the mixture becomes practically
homogeneous even before compression commences."
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Figure 1. Nicolaus Otto's original "smoke machine". Photo courtesy of
Bengt Johansson and Mattias Richter, Lund University.

During the early days of SI engine development,
developing an understanding of the laws governing the progress
of combustion and subsequent development of the cylinder
pressure was a major objective of engine research. A second
major objective was development of an understanding of
engine knock, which was (and remains) the single most
formidable obstacle to the development of high compression
ratio engines. Later, having gained significant insight into the
processes governing the progress of combustion, and having
recognized the importance of the flow field — and turbulence in
particular — on the rate of heat release, engine researchers
moved their focus to obtaining a better understanding of engine
flows.

Late in the 1920's, Sir Harry Ricardo and co-workers [3, 4]
reported on the use of an optically accessible side-valve engine
to measure the speed of flame travel within the combustion
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Figure 2. Ricardo's optically accessible head equipped with a rotating
disk 'stroboscope', and an example of flame arrival data obtained with
three different heads. Figure adapted from Refs [3,4]

chamber. In this engine (Figure 2) a removable head was fitted
with a row of 6 windows placed at equal intervals from the
spark plug. The windows were sequentially masked by a large
rotating 'stroboscopic' disk driven by the camshaft, and by
varying the phasing of the disk the crank angle at which the
flame arrived beneath each window could be observed visually.
Cylinder pressure was also measured, providing a simultaneous
record of the movement of the flame and the corresponding
pressure rise. One of the significant findings from this work
was the observation that even 'heavy' knock generally occurs
after the flame has traveled most of the way across the cylinder.
Ricardo further concluded that the shape of the combustion
chamber and a central spark location were critical factors
impacting the maximum usable compression ratio.

Marvin and Best [5] later extended Ricardo's 1927 work,
outfitting a similar side-valve engine with 31 windows and
employing a rotating disk set-up much like Ricardo's to allow
the flame arrival at each window to be determined. Sodium
bicarbonate was added to the charge to increase flame
luminosity, in an early example of the development and
enhancement of an optical diagnostic technique. Like Ricardo,
Marvin and Best investigated various spark locations, but also
examined the impact of variables such as fuel-air ratio, spark
timing, engine speed, fuel type, and compression pressure on
the observed 'inflammation' times. They identified the slower
combustion of rich and lean mixtures, the near independence of
flame speeds on cylinder pressure, and the impact of residual
gases on slowing flame speeds. Although Clerk was clearly
aware in 1885 that flame speeds increased 'automatically' with
engine speed, Marvin and Best provided a direct measurement
of this phenomenon. They further noted a direct proportionality
of flame speed to engine speed and a 10-fold increase over
flame speeds measured in a geometrically similar quiescent
chamber. With remarkable prescience, they hypothesized that
"increasing the engine speed greatly increases the raggedness of



Invar window retainer

Figure 3. Withrow & Boyd’s [6] rectangular window (groove C)
spanning the combustion chamber and the Invar® window retainer

the flame front, and consequently its effective area, which
permits it to ignite a given volume of charge in a much shorter
time." This principle forms the basis of many models of
turbulent combustion in use today.

During the same time period, researchers at General
Motors Research Laboratories [6] outfitted an engine with a
rectangular quartz window that traversed the length of their
combustion chamber (Figure 3). To minimize stresses on the
window caused by differential thermal expansion, the window
was mounted in a special Invar® retainer. This engine was used
with a specially developed camera that allowed the propagation
of the flame to be captured as a function of time. For normal
combustion, the flame kernel was observed to initially grow
slowly before the flame reached a roughly steady propagation
velocity; under incipient knocking conditions, auto-ignition was
observed in the end-gas after the flame had traversed
approximately 80% of the combustion chamber. For conditions
of heavy-knock the location of auto-ignition was not readily
resolved, but it was observed that the remaining volume of
unburned charge burst nearly simultaneously into a highly
luminous flame. Several possible modes of inflammation of the
end gas was thought to be consistent with their results: single
or multiple ignition points within the end gas, near
simultaneous ignition of the entire volume, or a rapid increase
in the propagation speed of the normal combustion zone to near
infinity.

To shed light on the chemistry of engine knock, this engine
was also fitted with a stroboscopic disk similar to that used by
Ricardo, and employed with a spectrograph to examine how the
spectral characteristics of the flame emissions varied when
knocking combustion occurred and how fuel composition and
anti-knock additives affected these emissions [7]. The
observation of natural chemiluminescent emissions, visible
through windows in the head, was soon supplemented by
absorption measurements performed in either the end-gas
region or in normal combustion regions closer to the flame [8,
9]. These measurements required a further innovation in
optically accessible engines — the incorporation of opposed,
rectangular windows in the block (Figure 4a). Measurements
obtained in this engine linked the appearance of formaldehyde
in the end-gas to knock, and demonstrated that knock
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a) Rassweiler & Withrow's rectangular windows in the cylinder walls

b) Cylinder walls fitted with cylindrical windows by Watts and Lloyd Evans

Figure 4. Early examples of placing optical windows in the cylinder
walls

suppression by tetraethyl lead appeared to rely on a different
mechanism than did knock suppression through the addition of
aniline.

Optical access through the rectangular windows in the
block was also used to obtain temperature measurements via
the sodium line reversal technique, and showed that at the end
of combustion there was a significant temperature gradient in
the cylinder, wherein the gases closest to the spark plug were
over 300°C higher than the last charge to burn. This has a
significant impact on NOy formation, and while the existence of
such temperature inhomogeneities had long been suspected
(see, for example, Clerk [2]), this was its first measurement in
an operating reciprocating engine. Similar measurements, in an
engine with more limited optical access through the block, were
also reported by Watts and Lloyd-Evans in 1934 [10] and by
Hershey and Paton [11]. Notice that the engine used by Watts
and Lloyd-Evans, shown in Figure 4b, recessed the windows
into the cylinder wall, an early example of potentially
compromising the engine geometry to enable optical access.
The Hershey and Paton design, in contrast, had its windows
mounted flush with the cylinder walls, but the need to use an
aviation gasoline to prevent carbon deposits from forming on
the windows was reported.



Figure 5. Schematic of Rassweiler and Withrow's engine with full
access to the combustion chamber, and the optical arrangement for
obtaining high-speed motion pictures

In 1936 Rassweiler and Withrow significantly improved
the optical access into the combustion chamber of the General
Motors Research Laboratories engine through use of a quartz
plate that allowed a complete view of the combustion chamber
[12]. As will be discussed below, similar optically-accessible
side-valve engines continued to be used by engine researchers
for the next 40+ years. Like the earlier rectangular window, the
quartz plate was cemented into an Invar® frame. To take
advantage of this increased optical access, Rassweiler and
Withrow also developed a custom-made drum camera allowing
a sequence of photographs to be obtained every 2.4°CA,
corresponding to 5000 frames per second at an engine speed of
2000 rpm (Figure 5). Perhaps the most notable outcome of the
work performed on this engine was the establishment that the
mass of charge burned, as indicated by the combustion images,
could be deduced from the measured cylinder pressure and
volume histories [13]. This seminal work laid the foundations
for the quantitative analysis of the combustion process from
measurement of the cylinder pressure.

The inevitable extension from a limited number of
windows in the block to the incorporation of a fully transparent
cylinder shortly followed the pioneering work of Withrow and
Rassweiler [8, 9], Watts and Lloyd-Evans [10], and Hershey
and Paton [11]. Motivated by the desire to better understand
how air motion assisted the fuel-air mixing process in direct-
injection engines, researchers with the National Advisory
Committee for Aeronautics (NACA) reported on a study of
airflow in a motored engine equipped with a 12.7 mm thick
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Figure 6. NACA's 1939 optically-accessible engine equipped with a
full quartz liner [14]

glass liner supported by a steel casting , shown in Figure 6 [14].
The combustion chamber geometry was remarkably close to
that of a modern, pent-roof SI engine equipped with four-
valves. Notice the hollow piston extension that was required in
order to accommodate the glass liner, which was placed
between the engine block and the head. The piston extension
did not incorporate sealing rings, but rather kept a sidewall
clearance of just 0.4 mm. Nevertheless, the effective 'ring-land
crevice' was very large, a problem that still plagues optical
engines.

By either shrouding the valves or modifying the port
geometry with modeling clay, various degrees of flow swirl
could be induced in the cylinder. Air flow studies and flow-
spray interaction studies were conducted using chopped goose
down as flow tracer particles at speeds up to 1000 rpm. (Speed
was limited by blurring of the motion pictures obtained, not the
engine). The displacement of individual feathers in a direction
perpendicular to the camera axis was also measured to provide
a quantitative measure of gas velocity, and the scatter in the gas
velocity measurements at a fixed crank angle was taken to be a
measure of flow turbulence. Without valve shrouds, the air
motion in the cylinder was predominantly chaotic, although
some organized tumble motion was detected. In general,
however, shroud orientations that produced the greatest amount
of flow swirl were observed to produce the least 'turbulence’
(the most reproducible flow), and the amount of flow swirl
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Figure 7. An early example of removing the exhaust valves to enable
optical access in an overhead valve engine (Rothrock and Spencer

[15])

produced with a fixed shroud orientation was found to be
approximately proportional to engine speed.

Concurrently, the NACA group also investigated the
impact of air flow on the combustion process [15]. For this
work, the pent-roof engine geometry shown in Figure 6 was
modified by removing both exhaust valves and replacing them
with a large glass window (Figure 7). The engine was operated
with only a single fuel injection event, and the two intake
valves were used for both the intake and exhaust processes.
Additionally, a mirror was placed atop the piston to enable
Schlieren imaging of the combustion process through the head
window. Both the images obtained and the in-cylinder pressure
records showed that the highly reproducible swirling flows also
resulted in the most reproducible combustion performance,
clearly demonstrating the link between flow motion and cyclic
variability in the combustion process. Work in the same engine,
published shortly after the end of the war, captured images at
200,000 fps in order to examine the onset of engine knock [16].
Although this work was based on only a single-image
sequence, it indicated that knock originated in partially-burned
or auto-igniting gases and propagated as a wave at supersonic
speeds. Still higher-speed imaging, at 500,000 fps, was
performed at NACA in a two-stroke engine with a full-view
glass window at the top of the combustion chamber [17].
Specific details regarding the engine were not made available;
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Figure 8. NACA's early optical diesel engine had a disk-shaped
combustion chamber with glass side windows

however, this work suggested the knock phenomenon was a
multi-step process that started with auto-ignition in the end
gases and was shortly followed by explosive, detonation-like
waves that may originate at multiple sources.

Compression ignition (diesel) engines

Although the discussion so far has focused primarily on spark
ignition engines, work was also proceeding towards obtaining a
better understanding of diesel combustion through the use of
optical engines. Due to the higher compression temperatures
and pressures achieved in diesel engines, early optically
accessible engines were highly modified. Rothrock and co-
workers [18, 19] report measurements obtained in the early
1930's in the optical engine shown in Figure 8. In this engine,
the combustion chamber was a vertical disk with transparent
sidewalls, which allowed the fuel injection, vaporization, and
combustion processes to be examined using a high-speed
camera capable of up to 4000 images at rates up to 2000 fps.
With a compression ratio of ~15:1 and peak (motored) cylinder
pressures exceeding 30 bar, failure of the windows proved to be
problematic and limited the amount of data that could be
acquired, though steps were taken to minimize the thermal and
pressure loading of the windows. This work showed that
significant vaporization of the fuel could occur even during a
short ignition delay period, and that excessive ignition delay led
to combustion starting nearly simultaneously throughout the
combustion chamber resulting in a violent combustion 'shock'.
Combustion, as indicated by natural flame luminosity, was
observed to begin around the periphery of the fuel jet before
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Figure 9. Schematic diagram of Bowditch's slotted, extended piston
design from [20], and a 3-d rendition from [21].

spreading around the chamber. Optical diesel engines of similar
design continued to be used for the next 67 decades.

POST-WAR DEVELOPMENTS

Spark ignition engines

With the exception of the two NACA papers published shortly
after the end of the war [16, 17], optical reciprocating engine
research apparently ceased during the 1940's and early 1950's.

Camina LNy

Figure 10. Bowditch's quartz piston top was designed to accommodate
mechanical and thermal design requirements, as well as to maximize
optical access

In 1958, however, F.W. Bowditch of the General Motors
Corporation applied for a patent on the unique, optically
accessible piston assembly shown in Figure 9 [20]. In many
ways the design resembles the hollow extended piston
assembly used by NACA in the 1930's [14]. However,
Bowditch's essential innovation involved slotting the piston
extension to allow the combustion chamber to be viewed from
below via a 45° mirror and a quartz piston top. In this way, a
large degree of optical access could be obtained in overhead-
valve engine designs without significant modifications to the
valve train or to the combustion chamber geometry. Bowditch
[21] reports successfully operating this engine at compression
ratios of up to 10.7:1 at engine speeds of 1200 rpm.

In developing his engine, Bowditch addressed many of the
design challenges that optical engine designers still struggle
with today. The shape and size of the quartz piston top, shown
in Figure 10, was selected considering mechanical, thermal, and
optical access requirements. A tapered quartz section was
selected to maximize the viewing area. Accommodating this
taper required the load-bearing shoulder to be placed lower than
was required by mechanical strength considerations. The rings
were also required to be low on the piston (see the illustration
in the lower portion of Figure 9) where enough material was
available to accommodate the ring groove, leading to a large
top ring-land crevice — though not as severe as in the earlier
NACA design. The quartz piston was bonded to the lower,
metallic piston component using a high-temperature epoxy.
Surprisingly, Bowditch makes no mention of efforts to select
the lower piston material to minimize differential thermal
expansion, which can add considerable stress to the bonding
agent. Likewise, there is no report of difficulties in balancing
the additional reciprocating mass. Provision was also made to
admit light into the combustion chamber through a Pyrex® disk
sandwiched between the liner and the head. However, breakage
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Figure 11. Laminated disk assembly developed to allow illumination
of the combustion chamber through quartz windows in the upper
cylinder walls

problems required replacement of the disk with a cooled,
laminated assembly with discrete quartz windows (Figure 11).

The operational difficulties that Bowditch encountered
with this engine are likewise familiar to modern researchers.
Excessive oil leakage past the valve guides was found to
eventually foul the mirror, a problem that was resolved with
special valve stem seals. Likewise, oil coming up from the
crankcase was problematic, and required a special ring-pack to
resolve. Despite these difficulties, Bowditch was able to
identify interesting behavior in this engine, including a slowing
of combustion with decreased manifold pressure and more
rapid combustion with increased compression ratio.

Post-war work in SI engines also continued in the side-
valve engine configuration, which did not require the use of a
Bowditch-style piston to achieve extensive optical access. An
engine design incorporating a large quartz head-window,
similar to that used by Rassweiler and Withrow [12], was
employed by Nakanishi, et al. [22]. In contrast to earlier
designs, however, this engine incorporated a spark electrode
that passed through a hole drilled in the quartz window,
providing a more central spark location — as shown in Figure
12. This engine was capable of fired operation for a sufficient
period of time to enable the examination of the impact of EGR
on the combustion process. Incorporating EGR into the intake
charge of engines with a high degree of optical access remains
a challenge even for modern optical engines.

Using methodology similar to that pioneered by Rassweiler
and Withrow, Nakanishi et al. used both flame photographs and
pressure analysis to investigate the impact of EGR, turbulence,
and air-fuel ratio on flame propagation. Like Marvin and Best
[5], they noted that EGR slowed combustion rates, but they also
noted that EGR increased cyclic dispersion. High turbulence
combustion chamber designs and richer fuel-air mixtures were
found to promote early flame kernel propagation, increase the
flame speed, and improve the cyclic dispersion.
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Figure 12. Nakanishi et al. incorporated a spark electrode into the
optical window to allow for a more realistic spark location [22]

Compression ignition (diesel) engines

At about the same time Bowditch published his work, optically
accessible engines were also being employed in renewed efforts
to understand diesel combustion. In 1962, Lyn and Valdmanis,
using an engine modified to have a disk-shaped combustion
chamber much like the NACA engine shown in Figure 8§,
obtained high-quality Schlieren images of a single fuel jet [23].
Lyn and Valdmanis found that, in general, evaporation of the
fuel was far from complete at the time of ignition. They went
on to argue that because the temperature and pressure at the end
of compression are above the critical point values for many
hydrocarbons, much of the fuel may be already in gas phase but
with a density very close to that of liquid fuel. The lack of a
distinct liquid-gas interface under diesel combustion conditions
remains a very active area of research (e.g. [24]).

The first significant post-war advances in optically
accessible diesel engines were reported by Ricardo & Co.
Engineers (e.g. [25]). Their ported two-stroke engine allowed
the installation of various pistons and heads, permitting optical
investigations of both direct-injection (DI) and pre-chamber
diesel designs (Figure 13) using a high-speed (up to 16000 fps)
color camera. Either quartz or Perspex® (poly-methyl
methacrylate, also known as Plexiglass®) windows were used.
The Perspex® windows were found to withstand 10-20 engine
firings before the surface was damaged, and soot deposited on
the windows was easily cleaned between tests. In an early
example of adopting special operating procedures to
compensate for differences in combustion characteristics that
may occur in optical engines, the engine was preheated by
scavenging with air at 300°C. The scavenging air pressure was
set to achieve near-TDC densities typical of naturally aspirated
4-stroke diesels.

Although few details of the optical engine hardware are
provided, important insights into diesel combustion were
obtained in this engine, including findings of DI spray
impingement on combustion chamber surfaces, spray tip
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Figure 13. Ricardo's optically accessible diesel engine allowed
investigation of both DI and pre-chamber concepts [25]

deflection by swirl, and significant soot formation with
subsequent burn-out — leading to the observation that engine-
out soot emissions may not be dominated by soot formation,
but rather by the rate at which the soot formed mixes with
additional air and oxidizes. With low cetane fuel (CN ~ 30) and
low loads very little soot formation was observed, but as load
increased soot luminosity increased and loud knock resulted.
These latter observations are likely familiar to current-day
diesel HCCI researchers.

Imaging of the cold-start ignition process also helped
clarify the mechanism of glow-plug assisted ignition; ignition
was observed in the fuel spray on the leeward side of the plug.
Lastly, considerable effort was spent in trying to understand
both the in-cylinder flows and the nature of combustion through
development of various flow-indicating diagnostics and
through doping the fuel with copper and halogens in order to
roughly deduce flame temperatures from the color of the flame.

In a later publication [26] Ricardo engineers reported on
measurements in an optically accessible engine designed to
mimic a direct-injection, open chamber geometry more typical
of large-bore engines. To accomplish this, they considered just
a single spray penetrating into a combustion chamber shaped
like a segment of a typical large-bore engine — see Figure 14. In
order to achieve the required compression ratio using a smaller
displacement base engine, they could not match the typical
fuel-air ratio of the large bore engine, and the measurements
were obtained under more fuel-rich conditions than was typical
of a serial production engine. A major conclusion of this work,
which in retrospect seems prophetic, was that the advancement
of fuel injection capabilities to promote fuel-air mixing
processes would be essential for the further refinement of near-
quiescent, large-bore diesel engines.

Figure 14. Ricardo's simulation of a sector of a large bore engine [25]

THE ONSET OF LASER-BASED DIAGNOSTICS

Spark ignition engines

With the commercial availability of lasers in the 1970's optical
engine studies increased significantly. Initially, laser-based
diagnostics were focused largely on obtaining more quantitative
velocity data than could be obtained using hot-wire
anemometry or flow visualization techniques, and early work
was performed in side-valve engines such as those employed by
Ricardo [3] or Rassweiler and Withrow [12]. One example [27]
used a single large quartz head window, through which laser
Doppler velocimetry (LDV) measurements were performed in a
backscatter configuration. The window was reported to require
cleaning after approximately 5 minutes of run time.

A second example [28] used opposed windows in a spacer
plate between the block and the head to enable forward-
scattering LDV measurements. Unlike the earlier examples of
opposed windows within the block (see Figure 4), the use of the
spacer plate resulted in a significant decrease in compression
ratio. A second embodiment, described in the same paper,
allowed the investigation of 'torch' or pre-chamber ignition
flows intended to facilitate lean operation. In this case, sapphire
windows were installed in slots machined into the cylinder
head.

Sapphire (Al,05) has very favorable mechanical properties,
with a tensile strength approaching that of cast irons and a Moh
hardness of 9, which provides for excellent abrasion resistance.
It retains its strength at high temperatures, and has a thermal
expansion coefficient that is well-matched to stainless steels,
thereby minimizing stresses caused by differential thermal
expansion between the window and its mounting structure. On
the other hand, as will be seen below, the relatively large
thermal expansion can cause high thermally induced stresses



Figure 15. The side-valve engine introduced by Sandia National
Laboratories in 1979 [29]

when temperature gradients exist within the window. The
optical properties are also generally inferior to that of quartz.
Sapphire has anisotropic optical properties and is birefringent,
making it difficult to use with polarization sensitive diagnostic
techniques. It may also contain chromium impurities which
lead to high absorption in the near-UV and green-yellow
portions of the spectrum, with subsequent emission in the red
(694 nm, the wavelength of a ruby laser). The refractive index
of sapphire is also significantly higher than quartz, leading to a
greater amount of distortion when imaging is performed
through curved window surfaces. Lastly, it has a density that is
roughly twice the density of quartz, which can lead to balancing
difficulties when sapphire is used in piston windows typical of
a Bowditch piston design.

A new, simplified optical engine geometry used in a
number of optical studies performed over approximately two
decades was introduced in 1979 by researchers at Sandia
National Laboratories [29]. This engine was based on a
commercial overhead valve engine that was modified to place
the valves in the cylinder wall, as illustrated in Figure 15. To
prevent the piston rings from running over the valves a
relatively large clearance height was required, and a CR of only
5.7:1 was achieved. Nevertheless, with this valve configuration,
the quartz or sapphire head window provided a clear aperture of
71 mm into a cylinder with a bore of 76 mm. Additional access
ports in the upper liner segment containing the valves provided
additional optical access or could be fitted with a fuel injector
or spark plug. Moreover, by shrouding the intake valve, the in-
cylinder swirl ratio could be varied over a range from 0 to over
8. The engine could run motored for long periods of time and
could be fired continuously at speeds up to 1800 rpm. Although
the intake flows generated by the unusual valve configuration
and the 'pancake' combustion chamber geometry were clearly
atypical of commercial engines, the extensive optical access
and geometric simplicity was anticipated to facilitate both the
experiments and the development of computational models.
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Figure 16. Windows mounted at Brewster's angle can reduce energy
losses due to reflections and allow higher beam fluence due to the
increased beam diameter within the window material. Figure adapted
from [43].

Over the course of several years, a great number of studies
performed in this engine, using a wide variety of laser
diagnostic techniques, shed light on:

1) The typical form of the radial profiles of swirl velocity and
the decay of the swirl velocity (providing information on
the boundary layer structure) [29], as well as direct
measurements of velocity and temperature within the
boundary layer [30, 31]

2) The linear scaling of both mean and turbulent velocities
with engine speed [29]; highly anisotropic turbulence, with
both normal and shear stresses scaling with engine speed
[32]

3) Clear confirmation of swirl center offset and precession of
the swirl axis about the cylinder axis, as well as the ability
of fuel jets to modify the swirl structure [29]

4) A tendency for turbulence to fall off rapidly at larger radii
in swirling flows [33] while still removed from the wall.

5) Slow mixing of gaseous fuel jets, leaving both rich regions
and regions too lean to support ignition even 40° aSOI [29,
34]

6) Flow/ flame interactions leading to anisotropic turbulence
generation [35, 36], preferred swirl ratios for rapid
combustion [33, 37], increasing turbulent flame wrinkling
with increasing engine speed [38], and little turbulence
production in the end-gas region [39]

7) Direct measurement of the turbulent burning velocity [40]

8) Visualization of HC leaving the ring-land crevice [41]

9) The ability of swirl to significantly impede mixing of the
fresh charge with the internal residual gases [42].

In the latter study, the side-wall windows were mounted at
Brewster's angle, an innovation that helps enable optical
diagnostic techniques requiring high laser fluence — such as
Raman scattering or multi-photon laser-induced fluorescence
(LIF) techniques. In addition to minimizing surface reflections
for p-polarized light, by mounting the windows at the Brewster
angle the beam diameter within the window material is
increased by the ratio of the refractive index n,, of the window
material to that of the surrounding fluid n¢ (see Figure 16),
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Figure 17. The ported, two-stroke engine employed by Princeton
researchers for approximately two decades [44]

allowing higher energy laser pulses to be transmitted without

window damage [43].

Concurrent with the introduction of the Sandia side valve
engine, researchers at Princeton University introduced a very
flexible, ported design incorporating a Bowditch-style extended
piston [44] — see Figure 17. This engine allowed optical access
through either a large head window, a piston window, a quartz
spacer ring between the block and the head [45], or side-
windows surrounding a bowl or cup in the head (see, e.g. [46]).
A CR of up to 16:1 and a maximum speed of 4000 rpm were
anticipated by the designers, although in practice the speed
appears to have been limited to 3000 rpm. Interchangeable
inserts in the ports allowed the TDC swirl ratio to be varied
from approximately 0 to 6, depending on the scavenging ratio.
An oil control ring at the lower end of the piston was used to
keep the mirror clean, and three bronze-impregnated Teflon (a
material commonly used in oil-free compressors) compression
rings were used near the piston top.

The Princeton engine was subsequently used to investigate
a number of in-cylinder phenomena. Examples include:

1) The impact of resonant pressure waves and engine speed
on the port flows [47]

2) How engine speed affects the structure of hollow-cone fuel
sprays and fuel-air mixing in swirling flows [48]

3) Visualization and quantitative measurements of liquid and
vapor fuel distributions using a variety of injectors and
injector configurations, injection pressures, swirl ratios,
engine speeds and diagnostic techniques [45, 46, 49-51]

4) In-cylinder droplet sizing [46]

5) Measurements of turbulent velocity and length scales (both
direct and using Taylor's hypothesis) and the anisotropy of
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Figure 18. Sandia's ported, two-stroke engine [60]

these scales [52-56]. These measurements helped establish
the insensitivity of TDC turbulence levels to the intake
flows, confirmed the scaling of turbulent velocities with
engine speed, demonstrated that turbulence was increased
by flame passage but rapidly decayed, and found that — like
homogeneous charge engines — cyclic variability was
reduced with flow swirl in direct-injection engines, also.

6) Two and three-dimensional visualization of turbulent flame
structure and how it is impacted by mixture stoichiometry
and engine speed was also performed [57, 58]. No discrete
'islands' of unburned mixture were observed, though the
existence of peninsulas that could be misinterpreted as
islands were observed in 2-d images, especially for lean
mixtures and high engine speeds. This work showed that
flame wrinkling increases for lean mixtures and with
increased engine speed, such that flame area (and
combustion rate) scales with piston speed at sufficiently
high speeds.

7) The impact of piston bowl shape and position on turbulent
flow structure [59].

Approximately a decade later, a very similar optically
accessible two-stoke was introduced by researchers from
Sandia National Laboratories [60] that was used to investigate
scavenging processes in two-strokes [61, 62]. In the latter
study, optical access through the piston was not required, and
access through the Bowditch piston was employed to enable the
use of a central spark location (Figure 18). In contrast to the
Princeton engine, this engine employed piston rings made from
a graphite-filled polyimide (Vespel®), which allows higher
temperature operation than Teflon-based rings.

An optically accessible two-stroke engine without an
extended piston assembly, employing a large, flat head window
has also been employed by Daimler-Benz for the study of
knock [63, 64].

10



< "Tk  standard head
. ~TF— assembly
of 2§81l combustion chamber
» o} o
§ ) o] square piston
o L ! +3
° g o) o
Llla ol| |5 9|
ol El P! l Jiol— window
SI| 8| |ei-H e
Q ol P11 g
B % lal s T
o € L
g .. standard piston
5
i standard single
cylinder engine
assembly

Figure 19. MIT's square piston engine introduced in 1980

In a very significant departure from conventional engine
geometries, Namazian and co-workers at the Massachusetts
Institute of Technology (MIT) introduced in 1980 the square
piston engine shown in Figure 19. This engine achieved
extensive optical access through two opposed cylinder walls
made of quartz. 'Rings' were constructed from linear segments,
with overlapping joints at the corners; coil springs behind the
segments helped promote sealing. Several different ring
materials were explored, including several varieties of filled
Teflon®. However, hard graphite ring material proved most
successful for maintaining clean windows. Like the Bowditch-
piston designs discussed above, special measures (a felt seal)
were required to keep oil from the lower crankcase from
contaminating the extended piston/cylinder assembly.

The engine had a CR of 4.8:1, was run at a speed of 1380
rpm, and was fired in short bursts of approximately 16 cycles.
After approximately 3 fired cycles the combustion was
reasonably stable. Similar 'burst' firing strategies to obtain
stable operation or desired surface temperatures in optical
engines have been subsequently employed by others (e.g., [62,
65, 66]).

In addition to numerous observations of the flame initiation
and propagation process, the extensive optical access through
the cylinder walls provided by the square piston engine allowed
observation of several in-cylinder phenomena that had not
previously been observed. During intake, vortices in the
cylinder corners formed by the cylinder walls and the head
were generated by the intake flow. Although these vortices had

Laser sheet

Piston

Location of guillotine device

Intake channel

Figure 20. The square piston engine employed by the Institut de
Mécanique des Fluides to generate a nearly 2-dimensional tumble
vortex [74]

been seen previously in water analog engines [67], here they
were found to persist throughout the compression stroke and
potentially to impact the flame propagation process. This
engine also allowed the direct observation of ring-land crevice
flows during expansion, which can be a significant source of
unburned HC emissions. Lastly, during the exhaust stroke the
piston was found to scrape the HC-rich boundary layer along
the cylinder wall into a vortex in the corner between the piston
top and the wall, a process that had also been previously
visualized in a water analog device [68].

A similar square piston engine was subsequently
introduced by Daimler-Benz in 1990 [69]. In contrast to the
MIT engine, in the Daimler-Benz engine all four cylinder walls
were formed from quartz plates. The engine achieved a CR of
10:1, could be fired in bursts of 250 cycles, and had a rated
speed of 2500 rpm. This engine was fruitfully employed to
examine the statistics of wrinkled engine flames to obtain data
in support of turbulent combustion models [69, 70], fuel-air
mixing studies employing LIF techniques [71], cinematic PIV
studies at flame rates of 200 Hz [72], and in-cylinder imaging
of NO and temperature fields [73].

The Institut de Mécanique des Fluides in Toulouse has also
used a square engine geometry [74, 75] to examine the
breakdown process of a tumble vortex and to study the
interaction of fuel jets on the vortex evolution and breakdown
[76]. In this low CR (4:1), low-speed (206 rpm) device an inlet
channel spanning practically the full 'bore' generated a nearly
ideal, two-dimensional tumble vortex. A guillotine-like device
served as the intake valve (Figure 20). Notable conclusions
from this work include the significant turbulence production
associated with the compression process and the potential for
jet-vortex interactions to significantly decrease turbulence
levels near TDC.

11
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Figure 21. The transparent cylinder engine model engine from
Imperial College. Figure adapted from [77]

Subsequent advances to optical engine technology were
made in the mid-1980's by implementing full cylindrical
transparent liners similar to that used by NACA in 1939 [14]. In
1982 researchers from Imperial College [77, 78] used a single-
cylinder model engine with a compression ratio of 3.5:1,
constructed from a Plexiglass® cylinder (Figure 21). The
engine was designed for motored in-cylinder flow studies, and
featured a single, central valve that was used for both the intake
and the exhaust processes. Removable swirl vanes in the port
allowed both quiescent flows as well as flows with a swirl ratio
of approximately 2.5, typical of production diesel engines, to be
investigated. Although this engine was clearly atypical of
production engines in many respects, and the studies were
conducted at low speed (~200 rpm), work conducted in this
engine and in a similar engine with a stationary valve provided
quantitative data characterizing engine valve flows that is still
used by engine flow modelers for wvalidation of their
simulations.

In 1984 Richman and Reynolds described the development
of the transparent cylinder research engine at Stanford
University pictured in Figure 22 [79]. This engine was
specified to have a compression ratio that could be varied from
between 6.25 — 11, and a speed capability up to 3000 rpm. The
innovative features of this engine were the early use of electro-
hydraulic valve actuators and the thin-walled transparent
cylinder fabricated from single-crystal sapphire. Using a simple
heat transfer model, Richman and Reynolds showed that while
the mechanical hoop stresses in the cylinder wall decreased
with increasing cylinder wall thickness, the thermal stresses
increased. Under the assumptions used in their model, the total
stress was minimized with a wall thickness of just 4.45 mm.
Sealing at the upper and lower surfaces of the sapphire cylinder
was accomplished using silver-plated metal o-rings.

In contrast to the earlier, ring-less NACA design, this
engine employed carbon-filled Teflon® rings, which were
reported to leave the cylinder walls free of deposits. The piston
operated with a 0.5 mm clearance between the piston and the
cylinder walls, and was centered in the bore by alignment
bushings (also called 'rider' rings). No special accommodation
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Figure 22. The transparent cylinder engine developed at Stanford
University [79]. Although not readily apparent from the figure, the
lower piston section was slotted to allow viewing using a Bowditch-
like mirror assembly.

appears to have been made for axial thermal expansion of the
sapphire cylinder.

Studies performed in this engine demonstrated significant
interactions between the intake jets and the piston top, the
existence of a strong ring-land crevice jet aligned with the ring
gap, and indications of the roll-up vortex observed in the
square-piston MIT engine.

The Stanford engine was followed closely thereafter by
transparent cylinder engines from Ford [80], the NASA Lewis
Research Center [81], and General Motors [66]. Like the
Stanford engine, the Ford engine featured a Bowditch piston
assembly. Although it was designed to run only at low speed,
dynamic similarity was attained by running the engine with an
operating fluid of compressed Freon. The NASA engine (Figure
23) was likewise a low-speed device (~300 rpm), designed for
motored use only. It had a compression ratio of 3.3:1, featured a
quartz cylinder 6.4 mm thick, and induced axisymmetric flows
through the use of a single valve for both intake and exhaust.
Despite the limitations of this engine, it provided useful
information regarding potential 'flapping' motion of the intake
jets and confirmed the existence of outflows from the ring-land
crevice during expansion.

The offering from General Motors was capable of more
realistic operating conditions. Like the Stanford engine, it used
a sapphire liner with a thickness of 5 mm. However, the engine
could be motored at speeds up to 4000 rpm with the nominal
compression ratio of 9:1. The main innovations incorporated in
this engine were in the design of the liner 'nest', which

12
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Figure 23. NASA Lewis's transparent engine featured a single, central
valve and was used to examine flow structure under motored operation
[81]

thermally isolated the liner from the head, provided for active
piston cooling to reduce heat transfer to the liner, and
pneumatically supported the liner such that the vertical force
was independent of liner temperature and thermal expansion. A
schematic of the liner nest is shown in Figure 24.

Like the square-piston MIT engine, graphite piston
compression rings were used, though additional tension was
supplied by Inconel® backing spring-rings. At the lower end of
the piston, scraper rings and an oil control ring were used to
prevent the escape of oil from the crankcase. Research
conducted in this engine included velocity measurement using a
form of particle tagging velocimetry, low-speed flow
visualization, and flame imaging studies — confirming earlier
observations of intake jet flapping and significant cycle-to-
cycle variability in the combustion development.

Due largely to the expense of full transparent liners, a
number of researchers chose instead to employ a transparent
ring of limited height for the upper portion of the liner (e.g.,
[82]). Retaining a metallic lower portion also has the advantage
of allowing for liner cooling. Because the rings are positioned
so that they do not pass over the transparent ring, harder ring
materials or higher ring tension can also be employed. The
disadvantage to this arrangement is the larger top ring-land
crevice. In addition, due to the limited height of the quartz ring,
it is easier to allow for thermal expansion without incorporating
a pneumatic mest'. Thermally stable Grafoil® flexible-carbon
gasket material has the appropriate release response to
accommodate differential thermal expansion. In the design
shown in Figure 25, a thin (0.25 mm) gasket was used on the
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Figure 24. The liner 'nest' design employed by General Motors [66]
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Figure 25. An example of an optical engine incorporating a short,
quartz ring into the upper liner [82]

lower end of the quartz ring, while a thicker gasket (3 mm) was
used on the upper ring [83].
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A homogeneous charge (port-injected) engine incorp-
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An example of gable windows in a direct-injection
SIengine (Lund University)

Figure 26. Optical windows in the gables of the head enable access to
the upper combustion chamber and the spark gap.

Although this design does not allow extensive optical
access into the swept volume, velocity measurements obtained
in this engine have helped clarify the impact of swirl on the
spatial structure of the in-cylinder turbulence (confirming the
rapid decay of fluctuations at larger radii previously measured
in [33]) and has reinforced earlier observations of the
stabilizing effect of swirl on the in-cylinder flow. The engine
has also been effectively employed to obtain quantitative data
for code validation [84, 85].

A drawback to the transparent liner designs described
above is the lack of optical access into the combustion chamber
of pent-roof designs. This drawback was soon rectified by
placing optical windows into the 'gables' of the engine head. An
early example is the Bowditch-piston optical engine used by the
Institut Frangais du Petrole (IFP), which, in conjunction with
CFD modeling, helped to clarify the tumbling flow structure
formed by four-valve engines with twin intake ports [86]. The
IFP engine did not use a transparent liner. However, several
other groups later implemented both gable windows and
transparent liners — examples are shown in Figure 26.

In 1993 Espey and Dec [87] introduced an optically
accessible diesel engine that facilitated optical engine research

Figure 27. Sunnarborg's drop-down liner concept.

significantly: a quick release, 'drop-down' liner that enabled
rapid access to the combustion chamber for cleaning, without
the need to remove the head and associated plumbing and drive
mechanisms. This engine was quickly adapted for light-duty SI
applications by Sunnarborg [88], who coupled the drop-down
liner concept of Espey and Dec with the liner nest concept of
Bates — as shown in Figure 27.

In the Sunnarborg design, when the liner (C5) is in the
raised position it is supported by a cylindrical cradle with two
ears (S5b), which in turn are engaged by supports (S5a)
attached to a base plate (B5a). The base plate forms the upper
half of a hydraulically operated lift, which upon pressurization
maintains a constant upward force on the liner — functioning
much like the pneumatic loader seen in Figure 24. When the
hydraulic pressure is released, the base descends approximately
1 mm, allowing the cradle to be rotated 90°. In this position the
cradle ears are no longer above the supports, and the liner can
be lowered to provide access to the combustion chamber. The
ability to easily and quickly access the combustion chamber for
cleaning is essential if sufficient optical measurements are to be
made to be of engineering value. A drop-down or quickly
removable liner concept is now an integral part of most modern
optically accessible engines.
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Quartz piston top employed for studies of spray-guided
direct-injection combustion syslems

Distorted view of the eylinder head through the piston

Figure 28. An example of a complex piston shape. Photos courtesy of
Mattias Richter, Lund University.

With excellent optical access to the entire combustion
chamber, and the ability to rapidly clean the optical windows,
the next step toward making the most realistic engine
measurements involved adopting piston shapes matching
prototype or production engines. Complex piston shapes were
first adopted for the diesel engines discussed below, but as
wall-guided, direct-injection gasoline engines began to be
developed these piston shapes were also adopted. Such shapes
can be accurately produced using numerically-controlled
grinding processes. An example can be seen in Figure 28. Note
that these complex piston geometries cause significant image
distortion, which can present considerable challenges when
quantitative measurements are desired.

To close this section, we consider two of the optical
engines developed more recently for SI combustion studies, one
by Lotus Engineering, Ltd. in conjunction with Loughborough
University [89] and the second by Toyota Central R&D Labs
[90]. The contribution from Lotus/Loughborough has features
similar to the Stanford engine shown in Figure 22, though much
more refined. In its latest form (Figure 29), it features the
hydraulically actuated Lotus Active Valve-Train system, such
that there is no obstruction from a timing belt assembly.
Additionally, as shown by the inset in the lower half of the
figure, the transparent liner and head gable windows are
incorporated into a single piece, providing seamless access to
the combustion chamber. Tests conducted with bronze and
molybdenum filled PTFE compounds, PTFE coated metal, and

Figure 29. The high-speed optical engine developed by Lotus
Engineering, Ltd. and Loughborough University [89]

solid PTFE rings demonstrated that these compounds could not
survive at high speeds and ring tensions, and a carbon-matrix
ring material was used.

Design targets for this engine were a maximum cylinder
pressure of 60 bar and a maximum speed of 5000 rpm. To
achieve this speed, the crankcase required both primary and
secondary balancing shafts, in addition to careful attention to
the minimization of the reciprocating mass. To allow for rapid
cleaning, the cover plates in the upper crankcase can be
removed to give access to the piston wrist pin. Pushing the pin
out allows the piston to be pushed down into the crankcase,
enabling the liner to be removed. Disassembly, cleaning and
reassembly can be done within 15 minutes.

To enable still higher speeds, the Toyota design abandoned
the usual balancing approach, and implemented a system based
on twin, vertically-opposed pistons shown in Figure 30. In

15



Combustion

Chamber ~ ;

z

Cylinders

(Over-balance 60%)

Figure 30. The vertically opposed balancing system implemented by
Toyota Central research and Development [90]

addition to balancing the engine, this system allows the
minimization of the bending forces on the crankshaft. Like the
Lotus design, the cylinder was shaped to incorporate the gables
necessary for optical access into the upper combustion
chamber. In addition, the Toyota engineers selected high-
strength, over-sized connecting rod bolts and coated the inside
of the cylinder with an unspecified coating to enable high-
speed, un-lubricated operation. With these measures, high-
quality optical images of the flame development could be
obtained at 5000 rpm.

Space did not permit a complete listing of the many optical
engines that have enabled significant advances in our
knowledge of SI combustion over the last two decades.
However, we encourage the reader to examine the following
additional references for a sampling of the understanding that
has been attained: [91-98]

Optically-accessible production engines

As noted in the introduction, there has been a great deal of
work performed in production engines that have been modified
to provide some degree of optical access. While in general a
description of these modifications is beyond the scope of this
work, we make one exception: the single example of a
modification to a rotary engine to permit optical investigations
shown in Figure 31. In 1988 Dimplefeld & Witze [99] report on
the installation of windows in the trochoid of a production
rotary engine to enable velocity measurements. The results
indicated a very complex flow field, with relative turbulent
intensities of approximately 50%. Over the relatively small
range of engine speeds investigated, flow velocities (both mean
and fluctuating) were observed to scale with engine speed.

SUMMARY
Optically-accessible engines have a rich history of providing
insight into the physics governing the fuel-air mixing,

INTAKE
MANIFOLD
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Figure 31. Modification of a John Deere rotary engine to permit
measurement of gas velocities in the compression zone (window A),
expansion zone (window B), exhaust zone (window C) and intake
zone (windows D and E).

combustion, and emissions formation processes in internal
combustion engines. In the 142 years that passed from Otto's
first, hand-cranked model engine to the latest high-speed, high-
pressure engines, optically accessible engines have provided
new, detailed information that has helped enable the
advancement and design of new, clean and efficient internal
combustion engines. As computational capabilities increase,
simulations are able to provide more and more understanding
into the processes occurring within the cylinder of operating
engines. We may eventually reach a point where these
simulations will allow a full, accurate picture of the in-cylinder
processes and how they can be optimized. However, for the
next several decades, optically accessible engines will remain a
valuable tool supporting engine research and development.
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