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1. INTRODUCTION

Operating an engine without rings would solve the problem of short ring life that occurs
at high engine speeds and lo3ds. Engine life would then be extended to the life of the
next critical engiie component.

This project was designed to examine the ringless piston concept by analytically and
experimentally comparing ringless piston engline performance with ringed piston engine
performance. A computer model was developed to simulate ringless piston engine
operation. The model used a leaking cylinder to simulate blowby past a ringless piston.
Experimental performance data were then collected by operating a small, liquid-cooled,
two-stroke gasoline engine with and without the piston ring on the stock aluminum
piston. A joint objective of this project was to design, build, and test a ringless piston to
improve ringless piston engine performance and to increase the piston's high-temperature
capability. The experimental performance data were then compared with the results of
the computer model.

The results of this project will help to predict ringless piston engine performance as a

function of engine speed, bore, stroke, compression ratio, and piston-to-bore clearance.

A. Background

Engine life is detrimentally affected by high brake mean effective pressure (BMEP) and
high piston speeds. The main source for wear at these operating conditions occurs at the
interface between the piston ring and liner. Wear occurs primarily during reversal of
ring travel direction at top dead center where the oil film between the ring and liner
becomes very thin and metal-to-metal contact occurs.

The U.S. Army Aviation Systems Command (AVSCOM) funded a study to investigate the
possibility of using a compound cycle engine (CCE) for helicopter application. A
schematic of the CCE is shown in Fig. I. The diesel core specifications are given in
TABLE I. A description of the engine is as follows:

"A Coanpound Cycle Engine (CCE) as shown in Fig. I combines the
airflow capacity and light-weight features of a gas turbine with the highly
efficient, but heavier, diesel. The compressor of the gas turbine module
delivers high-pressure air to the diesel core where further compression takes
place in -he cylinders (as with - conventional reciprocating compressor).
Fuel is introduced and burned at very high pressure and temperature, and
power is extracted in the downstroke of the diesel piston. The discharge gas,
with its remaining energy, then is ducted to turbines that drive the
compressor and also augment the output of the diesel core. The term
"compound cycle," therefore, is an expression used to describe the process in
which excess power is extracted from the turbomachinery and compounded
through gearing to add to the output of the diesel core."(1)

This study was conducted jointly with NASA and under contract with Garrett Turbine
Engine Company (GTEC). In an Executive Summary (Contract No. NAS3-24346-21-9854),

Iq
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life. SwRI proposed to eliminate the piston rings bft-ause both experience and theory
Indicate that piston rings may not be required at high engine speeds. At high speeds, the
time for one cycle is so short that only a small percentage of the cylinder gases leak past
the. piston (blowby) during the cycle. Another potential advantage of removing the piston
rings Is to reduce the engine's mechanical friction. It is well known that the piston rings
in conventional engines contribute 20 to 45 percent of the total mechanical friction.(2)
If the losses due to ring friction could be eliminated, the engine has the potential for
increased maximum power and efficiency.

While removing the piston rings has the potential of increasing engine life, reducing
engine mechanical friction, and increasing engine power and efficiency, there are some
potential problems. The hot ruw',ng clearance between the piston and liner must be
controlled and maintained at a smnnler clearance than used by conventional engines to
minimize blkwby. Without piston rinis, leakage at low engine speeds may be high and
starting at conventional cranking speeds may be difficult. However, the compound cycle
engine has the capability to be heate'J anc? cranked at high speeds using the compounded
turbine. This technique should provide acceptable starting for the CCE.

Therefore, the potential benefits from a successful ringless engine aret

0 Increased engine life through a reduction in ring/liner wear

0 Increased power output and eificiency dua to reduced friction.

The potential problems are:

0 Control of hot running clearance between the piston and liner

0 High blowby at low engine speeds

0 Cold starting at conventional cranking speeds.

B. Objective

The purpose of this project was to analytically and experimentally investigate the
concept of a ringless piston Internal combustion engine. A joint objectiv,' was to design,
build, and test a ringless piston to improve ringless piston engine performance.

1
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11. COMPUTER .IMULATION OF A RINGLESS PISTON ENGINE

A computer program was written to analytically predict the performance of an engine
running with and without piston rings. The computer model simulated blowby using a
perfectly sealed piston in a leaking cylinder with a leak hole area.A. The leak hole area
for a ringless piston was determined using the diametrical piston-to-bore clearance and
the cylinder bore diameter. The leak hole area for a ringed piston was assumed to be
zero. Some other assumptions for the SwRI-developed computer model were:

0 The working fluid was air with constant specific heats.

* Ringed and ringless engine frictions were equal and constant.

0 The intake and exhaust processes were not accounted for.

* The model used a constant overall heat transfer coefficient to simulate heat
losses to the surroundings.

0 The mass of fuel injected and subsequent dissociation during combustion were
ignored.

0 The heat release rate was simulated using an isosceles triangular heat release
shape.

The input parameters for the computer program included engine inlet temperature and

pressure, speed, bore, piston-to-bore clearance, stroke, connecting rod length, compres-
sion ratio, fuel/air ratio, beginning of heat release angle, shape of heat release, and heat
release duration. The program used these input parameters to determine the thermody-
namic properties of the working fluid at bottom dead center (beginning of the
compression stroke). The program then proceeded to calculate the thermodynamic state
of the working fluid in a quasi-static manner for each degree of crankshaft rotation
during one complete cycle of a two-stroke engine. The heat release period was
simulated using an isosceles triangular heat release shape beginning 20 degrees before
top dead center (BTDC) with a duration of 40 degrees crank angle. The appropriate flow
equation for the leaking cylinder gas was determined by the program, depending on
whether the flow was subsonic, sonic, or supersonic.

One result of the engine model is shown in Fig. 2, which is a plot of cylinder gas pressure
versus crank angle for one complete cycle of a Suzuki two-stroke engine at 3000 rpm.
The top curve shows the cylinder pressure for the ringed engine with a leak area equal to
zero (or zero piston-to-bore clearance). The bottom curve shows the cylinder gas
pressure for the ringless piston with a piston-to-bore diametrical clearance of 0.003 inch.
The curves in Fig. 2 show that blowby (the amount of mass leaked) increases with
increasing cylinder pressure.

An Indicated Miean Effective Pressure (IMEP) was calculated for each curve in Fig. 2.
The IMEPs for the ringed and ringless piston curves were 124 and 54 psi, respectively.
This change in IMEP corresponds to a power loss of 56 percent due to blowby that occurs
in the ringless piston engine. It would be expected that the power loss due to blowby is
closely related to the weight percent of cylinder gas leaked per cycle. For the ringless

4
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Figure 2. Computer simulation of cylinder versus
crank angtle for ringed and rinless pistos

piston, the weight flow rate of gas that leaks past the piston (W) is proportional to the
flow area (A). The equation for the leak flow area '; given by

A = r (B2 - (B -C) 2)/4 (1)

where B is the cylinder bore diameter and C is the diametrical piston-to-bore clearance.
The weight of gas leaked per two-stroke engine cycle is W/N, where N is the engine
speed in revolutions per minute. The weight of gas initially trapped in the cylinder WI)
is proportional to the cylinder displacement volume (V). The displacement volume is
given by

V = 7r B2SI4 
(2)

where S is the engine stroke. The weight percent of gas leaked per cycle is then
proportional to

w (3)
N(Wl)

Combining expressions (1), (2), and (3), it is found that the weight percent of gas leaked

per cycle is also proportional to

C (4)
NBS

5



Expression (4) defines the engine power loss due to gas leakage.

Expression (4) is plotted versus engine power ratio in Fig. 3. The power ratio is defined
as the ringless piston (leaking cylinder) engine power divided by the ringed piston engine
power. The curves in Fig. 3 are a result of the computer simulation for a range of
engine bore diameters, strokes, speeds, compression ratios, and piston-to-bore clearance
dimensions. Fig. 3 shows that the expression C/(NBS) does control the power loss due to
blowby. Increasing the piston-to-bore clearance (C) increases the leak area and reduces
the power ratio. Increasing the engine speed (N) reduces the time available per cycle for
the gases to leak past the piston, which increases the power ratio. Increasing the engine
bore and stroke also increases the power ratio by providing a larger initial cylinder gas
volume. In general, the power ratio is approximately proportional to the bore diameter
sITuared because the term BS in the denominator of expression (4) can be replaced with
bI for most engines (i.e., the bore/stroke ratio of most engines is approximately 1.0).
The effect of engine compression ratio on the power ratio is also shown in Fig. 3.
Blowby increases with increasing compression ratio, and the increase in blowby reduces
the power ratio.

9 COMPRESSION RATIO =8.0

.8

0.7

W .6

Lai .5
31:COMPRESSION RATIO =16.0

0L .4-

INLET PRESSURE = 14.7 PSIA
INLET TEMPERATURE = 80.0 F

.2 FUEL-AIR RATIO =0.10

.1

1.0 1E+1 1E+2 1E+3

C / NBS *1OE+8 (MIN/REV IN)

Figure 3. Computer simulation of engine power ratio versus C/NBS.

This analysis verifies that larger engines can tolerate larger piston-to-bore clearances
than smaller engines. The allowable leak clearance is approximately proportional to the
square of the engine bore diameter and is proportional to engine speed. The reduced leak
sensitivity of high-speed engines is frequently observed in racing engines. Racing
engines experience very little power loss at high speeds due to sealing problems such as

6
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worn cylinder liners, burned valves, or stuck piston rings. Another example of reduced
leak sensitivity in high-speed engines is observed with model airplane engines that
operate without piston rings. Conversely, low-speed engines such as ship diesel engines
have large bores and many piston rings to decrease their leak sensitivity.

Results from a computer simulation of engine power ratio versus engine speed for
specific clearences are shown in Fig. 4. The curves show the effect of piston-to-bore
clearance and engine speed on engine power ratio. The engine modeled in Fig. 4 is a
Suzuki RM 250 cc two-stroke motorcycle racing engine with a bore of 2.76 inches
(70.1 mm), a stroke of 2.52 inches (64.0 mm), and a geometric compression ratio of 8.4.
The three curves in Fig. 4 represent piston-to-bore diametrical clearances of 0.001
(0.025), 0.002 (0.051), and 0.003 (0.076) inch (mm). Curves In Fig. 4 show that increasing
the engine speed has a greater effect on increasing the engine power ratio at larger
piston-to-bore clearances as evidenced by the slopes of the three curves. Also, for a
given piston-to-bore clearance, the improvement in power ratio decreases with
increasing engine speed.

......... . . . . . ....................... .......................... ........
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.......... .................

! i • -... .. ......... ........
2 ~ .8 ...... .......... ......... ......... ........ ...
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.5 .... .... " .... ........ .. .. ... ... ..... ... ... ... ..... ...... .

• :; ; .
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Figure 4. Computer simulation of engine power ratio versus enjine speed
for the Suzuki engine at piston-to-bore diametrical clearances
of 0.001:0.002, and 0.003 inch.

The SwRI-developed engine model provides a means of predicting the performance of a
ringless engine as a function of engine speed, load, bore, stroke, compression ratio, and
piston-to-bore clearance. The piston-to-bcre clearance of an operating engine, however,
may be very difficult to determine. As a first step in solving this problem, the hot
running clearance car be predicted from r. knowledge of the measured cold clearance and

7



the thermal expansion coefficients of the piston and liner materials. Fig. 5 is a plot of
plston-ý-tobore diametrical clearance versus piston-liner intirface temperature for the
Suzuki engine that uses an aluminum piston and cast-iron liner. In Fig. 5, it was assumed
that the piston and liner were at tha same equilibrium temperature. In reality, a
temperature gradient exists between the piston and liner and also from top to bottom of
each component. A maximum piston-liner interface temperature of 350°F (1770C) was
used in this plot due to the pronounced reduction in mechanical properties of the
aluminum piston that occurs above this temperature.

.. . . .. .... o . ... . .. . . . .

.006 .... . .... ... . ...... . . . ..................

..... ... ..... .. ... ....... i ........... i ........... ! .... ...... i .......... i ........... i ......... ........... i ........... i ........ ...
.0 0 4 ...... . .......... ........... ............ ............ : ........... j ........... i ......... ........... ........... i .....

.003

0 0 2 ...... . ............ . ........... ......

75 100 125 150 175 200 225 250 275 300 325 350

PISTON-UNER INTERFACE TEMP (OP)
Figure 5. Diametrical pistonto-bore clearance versus piston-liner

interface temperature for the engine usM an aluminum
piston and cast-iron liner.

A change in clearance due to temperature will affect ringless engine performance as
shown in Fig. 4. As the piston temperature increases, the clearance will be reduced and
the power output will increase. Conversely, ringless engine power will be reduced at
reduced piston temperatures. The piston-to-bore clearance, then, is much more critical
in a ringless engine, since this clearance controls engine power and efficiency. A
successful ringless engine should provide some method of maintaining a cons.ant
minimum piston-to-bore clearance. The engine could be designed to operate at constant
speed and load (i.e., constant piston temperature) or a superior solution would be to use
piston liner materials with similar coefficients of thermal expansion. This configuration
would allow the ringless engine to operate over a broad speed and load range without
severely affecting the piston-to-bore clearance.

.1



M. EXPERIMENTAL INVESTIGATION OF A RINGLESS PISTON ENGINE

An experimental investigation was conducted to collc:t ringed and ringless piston engine
performance data. The experimental data were -.hen compared with the results of the
computer model used to simulate ringed and ringless piston operation.

The first step in the experimental Investigation was to choose a suitable test engine ehat

conformed to the contract requirements.

A. Test Engine Selection

The contract specified that the test engine must be single-cylinder, two-stroke, gasoline-
powered, and water-cooled. Based on these requirements, a Suzuki RM 250 cc
motorcycie engine was selected as the project test engine. The engine specifications are
given in Table 2.

TABLE 2. SUZUKI RM 250-CC ENGINE SPECIFICATIONS

Engine Type: Single-cylinder, two-stroke, liquid-cooled,

full reed valve induction

Displacement: 246 cc

Bore and Stroke: 70 mm x 64 mrn

Compression Ratio: 8.4:1

Number of Piston Rings: I
Carburetor: Mikuni VM3ESS, flat slide

Lubrication: Fuel/oil mixture

Ignition: Suzuki Pointless Electronic Ignition ("PEI")

Starter: Primary kick

Transmission: 5-speed gearbox

The motorcycle engine was selected because it is a very durable racing engine capable of
8000+ rpm operation. This engine uses a cast-iron cylinder liner that can be easily
machined (see Fig. 6). Other similar racing engines produced by Honda, Kawasaki,

Yamaha, Husqvarna, Can Am, and KTM were considered but not chosen because they all
use some form of hard chrome-plated cylinder liner (such as Kawasaki's electrofused
liner) that cannot be easily machined. The test engine was chosen because it is easier to
bore and hone a cylinder liner than it is to OD-grind a piston when optimizing the piston-
to-bore clearance. Two oversize pistons are also available from Suzuki for this engine.
Top end replacement parts such as the cylinder, cylinder head, piston, and piston ring are
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Figure 6. Photograph of Suzuki RM 250 cc engline cylinder liner

readily available. The piston ring for this engine is a regular maintenance item. The
factory suggests that the ring be replaced after every two races. Another reason for
choosing a motorcycle engine is that the engine incorporates a five-speed manual
transmission. The transmission increases starting speed capability and ensures 3 more
reliable engine installation by reducing dynamometer and driveshaft speeds. Crankshaft-
to-transmission output shaft gear reduction was 2.5:1 with the transmission in the
highest (fifth) gear position.

B. Engine Setup

The motorcycle engine was installed in a test cell at SwRI as shown in Figs. 7 and 8. The
engine's transmission output shaft was connected to the driveshaft by a sprag clutch and
flexible coupling. The flexible coupling corrected for misalignment between the
driveshaft and engine and also reduced torsional vibration. The sprag is a one-way clutch
that allows the engine to turn the dynamometer but prevents the dynamometer's inertia
from turning the engine. The sprag was an important safety factor because it prevented
the dynamometer and driveshaft inertia from destroying the engine in the event of
engine seizure. The other end of the driveshaft was connected to an eddy-current
absorption dynamometer via another flexible coupling. An electric motor was connected
to the engine output shaft using a drive belt, pulleys, and tensioner. The electric motor
provided the cranking speeds required to start the engine in the ringless piston configura-
tion. The tensioner was used to disengage the belt during engine tests. The engine
cranking speed could be varied by changing the electric motor drive belt pulley and/or
the engine transmission gear. The motorcycle engine also had a wet multi-plate clutch
that allows the transmission gear to be changed during engine operation.
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Figure 7. Sdhmntic of the test "nn itaUlled In test cel No. 4.

Figure S. Photograph of the motorcycle ensgine instaUed in test cell No. 4.
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Fig. 9 is a schematic of the engine cooling and heating systems. A shell-tube heat
exchanger was installed to replace the motorcycle engine's radiator. The shell-tube heat
exchanger used a regulated supply of shop water to maintain a constant engine coolant
temperature during engine operation. A separate water pump and electric water heater
were also Installed to preheat the cylinder liner and help maintain constant coolant
temperature. Preheating the cylinder liner helped to prevent cold engine seizure during
engine startup and enabled the engine to start easier in the ringless piston configuration.

ENGINE

ENGINE /ELECTRIC ELECTRIC
WATER WATER WATER :
WATR HEATER
PUMP

Figure 9. Schematic of the enaine cooling and heating systems.

C. Engine Instrumentation

A schematic of the engine instrumentation is shown in Fig. 10. Engine intake airflow
was measured using a precision gas flow nozzle. Initially, a Meriam laminar flow
element was used, but it caused an excessive intake air restriction that severely limited
the two-stroke engine's maximum power and adversely affected the part-load perfor-
mance. The precision gas flow nozzle eliminated these problems by operating at a much
lower pressure drop. The pressure drop across the nozzle was measured using an inclined
manometer. Volumetric fuel flow was measured using a burette and stopwatch. Engine
speed w- s measured using a magnetic pickup and 60-tooth gear mounted on the
driveshaiz. A strain gage-type load cell was used to measure engine load.

A Kistler Model 6121 pressure transducer was mounted in the cylinder head to measure
cylinder pressure. Engine crank angle position was measured by mounting a magnetic
pickup next to the engine flywheel. The engine flywheel was removed and modified to
accept an aluminum disk with 12 steel inserts. Two magnetic pickups were then mounted
near this disk to detect the steel inserts. One magnetic pickup was used to produce
eleven voltage pulses at 10-degree crank angle increments for display on the oscillo-
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Figure 10. Schematic of the englne instrumentation.

scope. The second magnetic pickup was used to triggeý" the oscilloscope, which displayed
the cylinder pressure, crank angle, and ignition timing traces. The ignition timing trace
was produced by wrapping a wire around the high tension spark plug wire and connecting
it to a channel of the oscilloscope.

Engine intake air, exhaust, coolant inlet and coolant outlet temperatures were measured
using K-type thermocouples and an Omega temperature recorder.

D. Engine Test Procedure

The engine test was conducted as follows. First, the stock engine was disassembled. The
pision-to-bore clearance was measured with a micrometer perpendicular to the piston
pin at a point halfway down the piston and liner. The engine was then assembled using
the stock alurr;num piston and ring. Before starting the engine, the dynamometer load
cell was calibrated by setting the zero and adjusting the span using a deadweight. The
inclinz-d manometer used to measure intake airflow was also zeroed. The external water
pump and heat,!r were then turned on to preheat the engine coolarn. The coolant water
was preheated to reduce engine warmup time and to prevent cold engine seizure. The
engine was started I-y first turning on the electric starting motor. The motorcycle
engine clutch was then disciagaged with the transmission in the highest (fifth) gear
position. This gear resulted in a primary reduction of 2.565 between the engine
crankshaft anc dynamometer driveshaft. The belt tensioner was used until the driveshaft
reached maximum speed of approximately 3000 rpm. The motorcycle clutch was then
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engaged to start the enginc. The drive belt was disengaged and the electric motor
turned off during the performance tests. The dynamometer controller was used in the
speed control mode to set the desired test speed. The engine load was set using the
engine throttle. The engine throttle po.ition was controlled using a regulated air supply
and an air cylinder connected to the Mikuni carburetor slide. The engine was allowecr to
stabilize for several minutes. During this time the water flow through the coolant heat
exchanger was adjusted to maintain a constant cylinder head outlet temperature of
I8OOF (32oC).

Engine performance data were recorded at five engine speeds of 3000, 4000, 5000, 6000,
and 7000 rpm and four engine loads (100, 75, 50, and 23 percent of maximum power at
the given engine speed). The performance data recorded at each data point included
engine speed, load, intake air temperature, exhaust gas temperature, inlet and outlet
coolant temperatures, barometric pressure, and the pressure drop across the precision
gas flow nozzle. A photograph was also taken of the oscilloscope, which simultaneously
displayed the cylinder pressure and crank angle markers located at 10-degree intervals.
Three fuel flow measurements were taken per data point by measuring the time required
for the engine to consume a specified volume of fuel.

E. Engine Test Results

The engine was first tested using the stock aluminum piston and ring. The engine was
asstcmbled with a cold piston-to-bore diametrical clearance of 0.0045 inch (0.1143 mm).
All of the data points were completed except, at the 7000 rpm, 25 percent load
condition, where only the engine speed and load were recorded. Engine air and fuel flow
measurements were not recorded because the engine seized before the data point could
be completed. The engine seizure was probably the result of an excessively lean air/fuel
ratio at the 25-percent load condition. Unfortunately, airflow and fuel flow measure-
ments could not be recorded to substantiate this theory.

The cylinder head, liner, and piston were then removed, cleaned, and inspected. The
cylinder liner was gently honed to remove scratches. The aluminum piston was slightly
scuffed and replaced with a new one. The piston-to-bore clearance was then measured
using the honed liner and new aluminum piston. The new piston-to-bore diametrical
clearance was 0.0033 inch (0.084 mm). This clearance was smaller than the previous test
clearance of 0.0045 inch (0.1143 mm) because a new piston was used. The recommended
piston-to-bore clearance for the engine varies ;-om 0.0024 inch (0.061 mm) to a wear
limit of 0.0047 inch (0. 119 mm).

The engine was then assembled without the piston ring and an attempt was made to start
the engine using a cranking speed of approximately 3000 rpm. The engine was motored
at this speed for approximately 10 seconds before the engine speed increased to the
preset dynamometer control speed of 4000 rpm. The engine started and ran smoothly.
The 10-second delay in engine starting was required for the combustion gases to heat up
the aluminum piston and reduce the piston-to-bore clearance. Once the piston-to-bore
clearance was reduced to some maximum value, the engine could run with an acceptable
amount of blowby.

An attempt was then made to repeat the data points taken with the ringed piston. The
full-load data points and most of the 75-percent-load data points could not be repeated
due to the loss of engine power associated with blowby past the ringle.•s piston. The
same part-load data points were repeated so that ringed and ringless piston engine
efficiency could be compared at the same power output. Only the engine speed and load
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were recorded at the 7000 rpm, full load condition because the engine seized before a
full date3 et could be recorded. The engine seizure could possibly be attributed to
several •actors. The ringless engine was assembled with a smaller piston-to-bore
clearance (0.0033 inch) (0.0933 mm) versus the ring engine (0.0043 Inch) (0.11*3 mm).
The smaller Initial clearance could have caused the seizure at the full load condition.
The seizure may also be attributed to the operuting characteristics of the ringless piston.
Without a piston ring there may be less heat transfer from the piston to the liner, which
would result in higher piston temperatures and possible seizure. The piston temperature
may also have increased due to heeting from the blowby gas. The engine seizure may
also be attributed to an excessively lean mixture for the ringless engine although the air-
fuel ratio could not be recorded before the engine seized to substantiate this theory.
The same carburetor jetting was retained for the ringless piston tests so comparisons In
specific fuel consumption could be made between the ringed and ringless engine tests. In
summary, it could not be concluded that the engine seizure was due to ringless operation.
The engine seizure could probably have been prevented by using a larger Initial piston-to-
bore clearance.

1. Maximum Power Performance Results

The full power performance results for the stock aluminum piston are shown in Fig. 11.
The aluminum piston test data are given in Tables A-I and A-2 of Appendix A. Fig. 1I
is a plot of corrected brake horsepower versus engine speed for the engine running at
wide open throttle with and without the piston ring on the stock aluminum piston. As
shown, the engine power ratio (previously defined as ringless engine power divided by
ringed engine power) increased with engine speed as predicted. The power ratio
increased from 0.56 at 3000 rpm to 0.89 at 7000 rpm. In other words, the engine
produced 56 and 89 percent of the stock engine power running without the piston ring at
3000 and 7000 rpm, respectively. The effect of engine speed on power ratio is more
clearly shown in Fig. 12, which is a plot of engine power ratio versus engine speed
corresponding to Fig. i1. (Fig. 12 shows the effect of both engine speed and piston-to-
bore clearance on the engine power ratio because the piston-to-bore clearance Is reduced
at high loads due to increased piston temperatures.) Fig. 12 shows that the power ratio
increased with engine speed except at the 5000 rpm operating condition. The reduction
in power ratio at 5000 rpm can be explained by the fact the engine did not perform well
at 5000 rpm. The decrease in engine power ratio was attributed to an Inexplainable
reduction in combustion efficiency. Evidence for the poor combustion efficiency at 5000
rpm is shown in Fig. 13, which is a plot of exhaust gas temperature versus engine speed
for the ringed and ringless piston engines. The data in Fig. 13 show that the exhaust gas
temperature increased only slightly at 5000 rprm just as the engine power increased in
Fig. 12. The decrease in combustion efficiency rebulted in lower piston temperature and
a greater piston-to-bore clearance. Thus, 'the power ratio decreased at 5000 rpm due to
a reduction in combustion efficiency, which resulted in larger piston-to-bore clearance
and increased biowby.

The most important result of the experimental data is that the two curves in Fig. II are
converging. Evidence for this convergence is shown by the positive slope of the power
ratio curve in Fig. 12. The convergence suggests that there may be an engine speed
where the ringless piston engine power equals or exceeds the ringed engine power, which
would correspond to a power ratio equal to or greater than 1.0. At a power ratio greater
than or equal to 1.0, the power gain due to a reduction in piston ring-liner friction would
become greater than or equal to the engine power losses due to blowby. Power ratios
greater than 1.0 were not predicted by the computer model because the model does not
account for changes in mechanical friction when the engine is run in the ringless
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configuration. The engine speed where the power ratio equa!s 1.0, however, can perhaps
be extrapolated from the experimental engine data because the data do include the
change in engine friction. As a rough estimate of the engine speed corresponding to a
power ratio of 1.0, a linear curve fit was applied to the data points shown 'an Fig. 12. The
equation for this curve was then solved for the engine speed corresponding to a power
ratio of 1.0. The solution to the linear curve fit equation was an engine speed of 9033
rpm. A linear curve fit was again applied to the data points In Fig. 12 without the data
point at 5000 rpm because this point did not follow the trend of increasing power ratiu
with engine speed. The engine speed corresponding to a power ratio of 1.0 In this case
was 8649 rpm. It is difficult to determine whether or not a power ratio of 1.0 can
actually be achieved at these engine speeds. At higher engine speeds, the engine
produces more power, which reduces the piston-to-bore clearance. By extrapolating the
power ratio curve, it was assumed that the same initila piston-to-bore clearance can be
used to obtain the increased engine speeds. However, using the same initial clearances
may cause the engine to seize before reaching engine speeds of 8649 and 9055 rpm. The
actual crossover speed (speed where the ringless and ringed piston engine power curves
intersect, i.e., power ratio equals 1.0) for this engine will probably be greater than these
estimates of 8649 and 9055 rpm, since it will be necessary to start with a larger initial
piston-to-bore clearance.

The crossover speed for the test engine is high because it has a small bore and, more
importantly, uses only one piston ring to minimize friction between the ring and liner.
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The crossover speed for larger bore engines that use multiple piston rings should be
considerably lower for two reasons:

(1) As was shown earlier in this report, the power ratio increases approximately
as a function oI the bore squared. Therefore, a large bore engine has reduced
leak sensitivity, which will improve the power ratio at lower engine speeds.

(2) Engines that use several piston rings have a larger percentage of their total
mechanical friction due to ring-liner friction compared to the test engine
that uses only one piston ring.

2. Ef ficiency

The efficiency of the engine running with and without the piston ring was compared using
the brake specific fuel consumption (BSFC). The BSFC includes the change in engine
friction when the piston ring was removed. A complete list of the aluminum piston BSFC
data is given in Appendix A.

Fig. 14 is a plot of BSFC versus brake mean effective pressure (BMEP) for the engine
running with and without the piston ring at 6000 rpm. The data points for the two curves
correspond to the same output power except at the full-load condition, where the
rangless engine could not produce the same maximum power as the ringed engine. As
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Figure 14. Brake specific fuel consumption versus brake mean
effective pressure for the test engine runningt
with and without the piston ring at 6000 rpm.
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shown in Fig. 14, the BSFC increased when the engine was run without the ring. An
increase in BSFC corresponds to a reduction in engine efficiency. The increase in BSFC
for the ringless engine was greater at high loads due to the corresponding increase in
blowby. At 6000 rpm, the ringless engine BSFC increased by 12 percent at the 25
percent load condition and by 63 percent at the 75 percent load condition compared to
the ringed engine. The efficiency was reduced for the ringless engine because removing
the ring increased the amount of blowby and reduced the cylinder gas pressure during the
expansion stroke. Engine efficiency was also reduced during the compression stroke
because an increase in blowby during compression lowered the engine's effective
compression ratio. In order for the ringless piston engine to make up for this loss of
engine efficiency and power due to blowby, the throttle had to be opened so the ringless
engine could produce the same power as the ringed engine (except at the 100 percent
load condition), as shown in Fig. 14. Increasing the throttle opening for the ringless
engine increased the intake airflow and thus fuel flow for this homogeneously charged
engine. The increase in airflow is shown in Fig. 15, which is a plot of intake airflow
versus BMEP for the test engine at 6000 rpm running with and without the piston ring.
As shown in Fig. 15, the intake airflow for the ringless engine increased by 34 percent at
the 75 percent load condition (approximately 70 psi BMEP), which contributed to the 63
percent increase in BSFC shown in Fig. 13.
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Figure 15. intake airflow versus brake mean effective
pressure for the test engine running with
and without the piston ring at 6000 rpm.

The large increase in BSFC for the ringless piston compared to the ringed piston at high
loads might also be the result of an increase in piston skirt friction. Piston skirt friction
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may increase significantly for the ringless piston during high load operation for two
reasons:

(1) The increased blowby at high loads may be blowing or scraping the lubricant
off the cylinder wall. A reduction in cylinder wall oil film thickness may
result in more metal-to-metal contact and thus friction between the piston
and liner.

(2) The hot blowby gas may be heating up the piston skirt, causing a reduction in
piston-to-bore clearance. The ringless piston may also become hotter than
the ringed piston because there is no piston ring to transfer piston crown heat
to the cylinder liner. Thus, the hot running piston-to-bore clearance for the
ringless piston may be smaller than the ringed piston clearance, which may
result in greater piston skirt friction and lower efficiency for the ringless
piston engine.
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IV. RINGLESS PISTON DESIGN AND DEVELOPMENT

A joint objective of this project was to design, build and test a piston to improve ringless
piston engine performance. Some design considerations for the ringless piston were:

"* The piston material must have a thermal expansion coefficient similar to the
cast-iron liner to maintain a minimum piston-to-bore clearance over the
engine speed/load range (wide piston-liner temperature variation).

"* The piston weight must match the stock aluminum piston weight to maintain
proper engine balance and produce the same inertial loads on the cylinder
wall and crankshaft.

"* The piston skirt must have good wear characteristics and be compatible with
the cast-iron liner to prevent scuffing and possible seizure.

"* The piston must have high strength at elevated temperature to perform in the
proposed helicopter compound cycle engine, which operates at high peak
cylinder pressures and temperatures.

Based on these design considerations, 4130 steel was selected as the piston material.
The thermal expansion coefficient of 4130 steel is 6.3 x 10-6/°F, which is similar to the
cast-iron liner thermal expansion coefficient of 5.6 x 10" 6/°F. The thermal expansion
coefficient of aluminum is 12.2 x 10- 6/OF, or more than twice the cast-iron liner
coefficient of thermal expansion. The similar coefficients of thermal expansion for the
steel piston and cast-iron liner allow tighter fitting of the piston to bore over a given
temperature range, as shown in Fig. 16, a plot of piston-to-bore diametrical clearance
versus common piston-liner interface temperature. In Fig. 16, it was assumed that the
piston and liner remain at the same equilibrium temperature. In reality, a temperature
gradient exists between the piston and liner and from top to bottom of each component.
The advantage of using a steel piston instead of an aluminum piston in a cast-iron liner is
clearly shown in Fig. I6. If an aluminum piston is assembled in a •ast-iron liner with an
initial clearance of 0.005 inch (0.127 mm), the engine will seize at a component
temperature of 350°F (1770C). However, if the aluminum piston is replaced with a steel
piston with the same initial clearance, engine seizure will be avoided at 350°F and the
final clearance will be reduced by only 0.0005 inch (0.0127 mm). A smaller initial
clearance can also be used with the steel piston. As shown in Fig. 16, the initial piston-
to-bore clearance for the steel piston in the cast-iron liner can be reduced to 0.001 inch
(0.025 mm) without encountering seizure at 350OF (177 0 C). Thus, using a steel piston in
the cast-iron liner will enable the engine to maintain a smaller and more constant piston-
to-bore clearance over the engine speed and load range (temperature range). It is very
important to maintain a constant minimum pistcon-to-bore clearance in a ringless engine
because this clearance controls the engine power and eff*- iency.

The 4130 steel also meets the other rir.gless piston design criteria. Due +' the higher
strength-to-weight ratio of steel, the steel piston can be made the same weight as the
stock aluminum piston. The 4130 steel can be heat-treated to obtain a tensile strength
at 480°F (2490 C), which is three times greater than aluminum. The steel piston skirt can
also be hard chrome-plated for wear resistance and compatibility with the cast-iron
liner.
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in the test engine cast-iron finer.

A. Ringless Steel Piston Fabrication 7;

The steel piston was initially constructed using four components as shown In Fig. 17, a I

photograph comparing ihe stock aluminum piston with the prototype steel piston. The
steel piston engineering dr-awing is included in Appendix B. The piston skirt, top, and
ring groove were machined from a solid piece of 4130 round stock. The pin boss was
machined from steel tubing. The struts used to support the pin bosses were machined out
of bar stock steel. The four piston components were furnace-brazed together by
microbrazing in a vacuum at 2200OF (12040C). A section of the steel tubing was
removed to allow room for the connecting rod. The piston was then heat-treated and
tempered to obtain a Rockwell C-scale hardness of 38 to 42. The piston skirt was hard
chrome-plated and ground to obtain a uniform chrome layer 0.002 inch (0.051 mm) thick.
The steel piston weighed 206.3 grams versus 212.9 grams for the stock aluminum piston.

The steel piston was designed with a flat top instead of the aluminum piston's dome top
as shown in Fig. 18. Fig. 18 compares the front and side views of the steel piston with
the stock aluminum piston. The steel piston was designed with a flat top for ease of
fabrication despite the fact that a flat-top piston may reduce the squish band, and thus
turbulence in the combustion chamber. The flat-top piston reduced the stock compres-
sion ratio from 8.4 to 5.6. The stock compression ratio of 8.4 was later obtained with
the steel piston by milling the cylinder head. The original compression ratio was not
retained by making a taller flat-top pisto.- because a taller piston would contact the
cylinder head and af fect port timing in the twvo stroke engine.
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Figure 17. Photographs comparing the stock aluminum piston (left)
with the prototype steel piston (right).

The piston was designed to minimize piston-to-bore clearance. Therefore, the steel
piston was not cam ground. Cam grinding is usually performed to minimize the piston-
to-liner contact patch area, which reduces friction. A round piston minimized the area
for gas leakage (blowby) between the piston and liner. A round piston should also help to
reduce the unit contact stresses between piston and liner and help maintain a maximum
oil film thickne3s to minimize scuffing. Although a temperature gradient exists from the
top to the bottom of the piston, the initial steel piston was designed without skirt taper
to minimize piston-to-bore clearance.

B. Ringless Steel Piston Tests

The steel piston shown in Figs. 17 and 18 was then tested using the cylinder liner from
the previous aluminum piston tests. The cylinder bore and piston diameter measure-
ments used for the first steel piston test are shown in Table 3.

The dimension "TAT" is an acronym for thrust-antithrust and corresponds to the piston
and liner dimension perpendicular to the piston pin. The dimension "FB" (Front-to-Sack)
is the piston and liner dimension measured parallel to the piston pin. The top piston
measurement was made just below the ring groove. The middle and bottom piston
measurements were made at the piston pin location and bottom of the piston skirt,
respectively. The engine was assembled using the steel piston, piston ring and
previously used cylinder liner, with the clearances shown in Table 3. The engine
started and ran for approximately 30 seconds at 3000 rpm, 20 percent of full load. The
engine then seized, causing slight scuffing of the piston and liner. The cause of the
seizure was not evident.

23

'1~~4



Figure 18. Photographs comparing the front and side views of the
prototype steel piston (left) and the aluminum piston (right).



TABLE 3. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO. I

Measurement' in.(mm)
Dimension -Top Middle Bottom

Cylinder Bore TAT 2.7569(70.03) 2.7574(70.04) 2.7570(70.03)
FB 2.7571(70.03) 2.7569(70.03) 2.7575(70.04)

Piston Diameter TAT 2.7563(70.01) 2.7559(69.99) 2.7559(69.99)

Clearance TAT 0.0006(0.015) 0.0015(0.04) 0.0011(0.03)

Before the second steel piston test, the cylinder liner was honed to remove scratches
and increase the piston-to-bore clearance. Very little damage was done to the steel
piston because of the hard chrome plating. The piston scratches were removed, and the
piston was polished using fine emery cloth. The piston and cylinder dimensions used for
the second steel piston test are given in Table 4.

TABLE 4. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO. 2

Measurement. in.(mm)
Dimension Top Middle Bottom

.yiinder Bore TAT 2.7580(70.05) 2.7587(70.07) 2.7584(70.06)

FB 2.7587(70.07) 2.7589(70.08) 2.7588(70.07)

P) .on Diameter TAT 2.7563(70.01) 2.7567(70.02) 2.7570(70.03)

'ýIearance TAT 0.0017(0.04) 0.0020(0.05) 0.0014(0.04)

The engine was assembled, and the carburetor main jet was increased from No. 320 to
No. 330 to provide more cylinder lubrication. The engine started and ran well at 3000
rpm. However, at 4000 rpm the engine load began to drop as the throttle was opened.
The engine was shut down to prevent another seizure. The engine was torn down and the
measurements taken as shown in Table 5. The carburetor main jet was changed back to
the original No. 320.

The piston was out-of-round by 0.0026 inch (0.0660 mm). The steel piston had grown
parallel to the piston pin, indicating that the piston thrust load was causing piston
flexure.
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TABLE 3. PISTON AND BORE MEASUREMENTS
AFTER STEEL PISTON TEST NO. 2

Measurement$ ln.(mm),
Dimension Top Middle Bottom

Cylinder Bore TAT 2.7580(70.05) 2.7587(70.07) 2.7584(70.06)
FB 2.77587(70.07) 2.7389(70.08) 2.7588(70.07)

Piston Diameter TAT 2.7564(70.01) 2.7561(70.00) 2.7567(70.02)
FB - 2.7535(69.94) -

Clearance TAT 0.0016(0.04) 0.0026(0.07) 0.0019(0.05)
FB - 0.0054(0.14) -

The steel piston was then pressed back into shape and a file was used to remove high
spots. The cylinder liner was also honed. The piston and bore dimensions used for the
third steel piston test are shown in Table 6.

TABLE 6. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO. 3

Measurement, in.(mm)
Dimension Top Middle Bottom

Cylinder Bore TAT 2.7599(70.10) 2.7599(70.10) 2.7599(70.10)
FB 2.7605(70.12) 2.7602(70.11) 2.7599(70.10)

Piston Diameter TAT 2.7562(70.00) 2.7560(70.00) 2.7561(70.02)
FB - 2.7529(69.92) -

Clearance TAT 0.0037(0.093) 0.0039(0.099) 0.0038(0.0965)
FB - 0.0073(0.185) -

The engine was assembled and again ran well at 3000 rpm, but began to seize at 4000
rpm. The piston was removed and found to be out-of-round as before. Apparently, at
engine speeds greater than 3000 rpm, the piston inertia forces were causing the piston
skirt to distort and cause seizure.

The steel piston was then modified by soldering in a doughnut-shaped piston strut. The
strut increased the steel piston weight from 206.3 to 212.9 grams. The strut was
furnace-brazed in place using a high silver content solder at 500OF (260 0C). The piston
strut was placed inside the piston just below the piston pin and parallel to the piston top.
The outside diameter of the strut was used to keep the piston skirt round. The engine
connecting rod passed through the center of the doughnut-shaped strut. The engine was
then assembled with the piston-to-bore clearances shown in Table 7.
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TABLE 7. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO. "

Measurement, in,(mm)
Dimension ToP Middle Bottom

Cylinder Bore TAT 2.7599(70.10) 2.7599(70.10) 2.7599(70.10)
FB 2.7506(69.87) 2.7602(70.11) 2.7599(70.10)

Piston Diameter TAT 2.7562(70.00) 2.7577(70.05) 2.7599(70.10)
FB - 2.7572(70.03) -

Clearance TAT 0.0037(0.093) 0.0022(0.0559) 0.0014(0.0356)
FB - 0.0027((0.068) -

The engine ran well at 3000 rpm, but began to seize again at 4000 rpm. The liner was
honed again to increase the piston-to-bore clearance and the engine was assembled with
the dimensions shown in Table 8.

TABLE 8. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO.5

Measurement, in.(mm)
Dimension -Top Middle Bottom

Cylinder Bore TAT 2.7620(69.09) 2.7622(70.16) 2.7630(70.18)
FB 2.7619(70.15) 2.7621(70.16) 2.7639(70.20)

Piston Diameter TAT 2.7550(69.98) 2.7574(70.04) 2.7579(70.05)
FB - 2.7574(70.04) -

Clearance TAT 0.007(0.1778) 0.0048(0.1219) 0.0051(0.130)
FB - 0.0047(0.1193) -

The engine was assembled as before with the piston ring and ran well i. 3000, 4000, and
5000 rpm. At 6000 rpm, the higher piston temperature caused the solder that was
holding the doughnut-shaped strut in place to fail. The strut came loose in the engine
and was sheared into several pieces by the piston passing over the transfer ports. The
engine had to be removed from the test stand and completely disassembled to remove
metal filings from the engine crankcase.

The first steel piston was used as a sacrificial development tool. It was obvious from the
initial steel piston test results that skirt flexure occurred at speeds greater than 3000
rpm. The piston skirt deformation caused the piston to seize in the cylinder. The steel
piston also had a tendency to scuff near the top of the piston, indicating that the piston
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should be tapered to account for the temperature gradient between the top and bottom
of the piston.

The steel piston was then modified to incorporate the knowledge gained during the first
steel piston tests. The piston was dechromed and new piston skirt support struts were
designed and fabricated. The engineering drawing for the new struts is given in
Appendix B. Two support struts were furnace-brazed in the piston at 2200OF (12040C)
using the original piston solder. Each strut was located perpendicular to the piston pin,
as shown in Figs. 19 and 20. (Previously, the doughnut-shaped strut was furnace-brazed
in the piston at 500OF (2600C) to avoid having to dechrome and reheat-treat -he piston.)
The steel piston was then heat-treated in a special fixture to prevent the piston from
warping. The piston skirt was plated with a 0.006-inch (0.12-mm) thick layer of
chrome. A 0.002-inch (0.031-mm) taper was then ground into the piston skirt from the
top of the piston to the piston pin hole. Adding the two support struts and extra chrome
plating increased the weight of the steel piston from 206.3 to 246.0 grams, or a 19
percent Increase.

The engine was then assembled using the modified steel piston and a new cylinder liner.
The piston and bore measurements are given in Table 9.

The engine was assembled without the piston ring to ensure that ringless engine data
would be collected. The chance of getting ringless piston performance data would be
reduced if the engine seized during ringed tests. Also, the temperature profile of a
ringless piston is different from a ringed piston because there is no ring to conduct heat
from the piston crown to the cylinder wal%. Therefore, it made more sense to optimize
the piston-to-bore clearance and piston geometry of the ringless piston because the
ringless steel piston data were most important.

The ringless steel piston was assembled with a smaller piston-to-bore clearance than the
ringless aluminum piston because of the steel's lower coefficient of thermal expansion.
During the project, the engine was hand-cranked with the aluminum and steel ringless
pistons. The ringless steel piston engine had much higher compression pressure than the
ringless aluminum piston.

The engine started immediately with the ringless steel piston. (The ringless aluminum
piston usually required approximately 5 to 10 seconds for the combustion gases to heat
the piston and reduce the clearance before the engine would run.) The engine ran fine at
3000 rpm low load, but seized at full load. The piston seized just below the ring groove,
as shown in Figs. 21 and 22. A shiny ring was formed all the way around the piston just
below the ring groove, indicating that metal-to-metal contact had occurred. The steel
piston also had some shiny spots on its antithrust side (Fig. 21) where it appeared that
the edge of the exhaust port was contacting the piston. A small shiny spot was also
evident on the thrust side of the piston skirt, as shown in Fig. 22. Fig. 22 shows that the
thrust side of the piston skirt was making metal-to-metal contact with a thin section of
cylinder liner located between the intake ports.

The steel piston was removed from the engine and the piston taper from the piston pin
hole to the top of the piston was increased by 0.0015 inch (0.038 mm). The cylinder liner
was gently massaged with fine emery cloth to remove scratches. The piston-to-bore
clearance of 0.0015 inch (0.038 mm) had worked well at 3000 rpm, but more piston taper
was required for higher load operation.
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Figure 19. Photographs showinj comparison between new steel p*ston with
Impport struts (rijzht) with stock aluminum piston (left).

Figure 20. Photograph showing steel piston support struts.
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TABLE 9. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO. 6

Mcasuremento In.mm)
Dimension Too Middle Bottom

Cylinder Bore TAT 2.7565(70.01) 2.7563(70.01) 2.7363(70.01)
FB 2.7363(70.01) 2.7563(70.01) 2.7363(70.01)

Piston Diameter TAT 2.7535(69.94) 2.7350(69.93) 2.7530(69.93)
FB 2.7335(69.94) 2.7530(69.93) 2.7330(69.98)

Clearance TAT 0.003.5(0.089) 0.0015(0.038) 0.0013(0.033)

AT

Figure 21. PhotograAh of modified steel piston after steel piston test
No. 6 showinit the metal-to-metal contact that occurred just
below the ringt groove and on the antithrust side of the piston.
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Figure 22. Photozraph of modified steel piston after steel piston test
No. 6 ahowinEt the metal-to-metal contact that occurredlut
below dorin van on te toO dof g ston.

The engine was assembled with the piston and bore measurements shown in Table 10.

TABLE 10. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO. 7

Measluremento in.(mm)
Dimension Top Middle Bottom

Cylinder Bore TAT 2.7565(70.01) 2.7565(70.01) 2.7565(70.01)
FB 2.7565(70.01) 2.7565(70.01) 2.7565(70.01)

Piston Diameter TAT 2.7520(69.90) 2.7550(69.98) 2.7550(69.98)
PB 2.7520(69.90) 2.7550(69.98) 2.7550(69.98)

Clearance TAT 0.0045(0.114) 0.0015(0.038) 0.*0015(0.038)
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The extra clearance at the top of the piston allowed the engine to run at 3000 rpm full
load. At 4000 rpm, however, the engine load began to drop as the throttle was opened,
indicating that seizure was about to occur. The piston was removed and inspected.
Metal-to-metal contact was still taking place just below the ring groove, as shown in
Figs. 21 and 22. The piston taper was increased by another 0.0015 inch (0.038 mm), and
the engine was assembled with the measurements shown in Table 11.

TABLE 11. PISTON AND BORE MEASUREMENTS
BEFORE STEEL PISTON TEST NO. 8

_ Measurement, in.(mm)
Dimension Top Middle Bottom

Cylinder Bore TAT 2.7565(70.01) 2.7565(70.01) 2.7565(70.01)
FB 2.7565(70.01) 2.7565(70.01) 2.7565(70.01)

Piston Diameter TAT 2.7505(69.86) 2.7550(69.98) 2.7550(69.98)
FB 2.7505(69.86) 2.7550(69.98) 2.7550(69.98)

Clearance TAT 0.0060(0.1524) 0.0015(0.038) 0.0015(0.038)

The engine started and ran well between speeds of 3000 and 6000 rpm. There was no
evidence of piston seizure. The new piston struts eliminated the problem of piston skirt
Zlexure. The final steel piston taper of 0.006 inch (0.152 mm) was larger than the taper
originally thought to be required. The stock aluminum piston uses a taper of 0.007 inch
(0.178 mm). It was anticipated that the steel piston would require a smaller taper
because the coefficient of thermal expansion for steel is less than half of the aluminum
value. This result suggests that the ringless piston operating temperature must be
significantly higher than the ringed aluminum piston operating temperP.ure. Evidence
for the high steel piston temperature is shown in Fig. 23, which is a photograph of the
steel piston top after steel piston test No. 8. The light blue and straw colors indicate
that the piston temperature was 5250 (2740) and 450°F (232 0 C), respectively, at the
location of these two colors.

Four possible explanations for the high ringless steel piston temperature are:

(1) The thermal conductivity of steel is approximately one-third that of
aluminum.

(2) The ringless piston has no ring to conduct heat from its crown to the cylinder
liner.

(3) The blowby gas may be heating up the piston.

(4) The ringless steel piston does not have cooling fins on the underside of its
crown, as shown in Figs. 17 and 19.
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Figure 23. Photograph showing the temperatures on the steel piston crown.

C. Ringless Steel Piston Test Procedure

Before conducting the steel piston tests, a new baseline maximum power performance
test was conducted with the ringed aluminum piston. A new baseline data set was
required because the ambient test cell temperature had increased by 30°F (16.7 0 C) since
the previous baseline test. The carburetor main jet had to be reduced from a No. 320 to
a No. 310 to adjust the full load air-fuel ratio. The results of the new baseline test are
given in Table A-3 of Appendix A. The maximum power curve for the new baseline test
is lower than that of the original baseline power curve due to the use of a smaller
carburetor main jet.

The steel piston was then tested without the piston ring so that ringed aluminum piston
and ringless steel piston engine performance could be compared. The steel piston was
not tested with a ring because the steel piston taper and piston-to-bore clearance had
been optimized for ringless piston operation. The ringless steel piston was tested with
the dimensions and clearances listed in table 11. The assembled compression ratio for
the flat-topped steel piston was 5.6 compared to the stock aluminum piston compression
ratio of 8.4. Full load data points were recorded at 3000, 4000, and 6000 rpm. The
engine seized at 7000 rpm before a data point could be recorded. A data point at 5000
rpm was not recorded due to engine operator error.

The engine was disassembled and inspected. The piston had made metal-to-metal
contact with the cylinder just above the ends of the piston pin. The cylinder liner was
gently massaged with emery cloth to remove scratches. The piston was also sanded
where metal-to-metal contact had occurred to remove scratches and slightly increase
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the piston-to-bore clearance. The cylinder head was modified to reduce the clearance
volume and increase the compression ratio from 5.6 to the stock value of 8.4 with the
flat-topped steel piston. The eng;ine was assembled with the ringless steel piston. The
clearances were the sami as shown in Table II except the to•p FB piston-to-bore
clearance was increased by 0.0005 inch (0.013 mm). Data points at 3000, 4000, and 5000
rpm were recorded with the standard compression ratio (8.4) ringl.•ss steel piston. The
engine seized at 6000 rpm before a data point could be recorded. The results of the
ringless stewl piston performance tests with an 8.4:1 comprersion ratio are given in
Table A-4 in Appendix A.

D. Ringless Steel Piston Performance Results

The steel piston and stock aluminum piston power ratio curves are compared in Fig. 24,
which is a plot of power ratio versus engine speed for the three test conditions. The
aluminum piston power ratio curve (shown earlier) was generated by dividing the ringless
aluminum piston power by the ringed aluminum piston power. The aluminum piston tests
were conducted with the stock compression ratio of 8.4 and using a No. 320 carburetor
main jet. The two steel piston power ratio curves were generated by dividing the
ringless steel piston power obtained with compression ratios of 5.6 and 8.4 by a new
baseline ringed aluminum piston power using the stock compression ratio of 8.4. The
steel piston and new aluminum piston baseline tests were conducted with a No. 310
carburetor main jet.
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Figure 24. Power ratio versus engine speed for the Suzuki engine comparing
the results of the ringless aluminum piston and ringless steel
piston at compression ratios of 5.6 and 8.4.
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The curves in Fig. 24 show that the steel piston power ratio was significantly higher than
the aluminum piston power ratio at engine speeds below 6000 rpm. For example, at 3000
rpm the power ratio increased by 37 percent for the steel piston (CR = 5.6) compared to
the stock aluminum piston. The increase in power ratio was attributed to the smaller
initial piston-to-bore clearance for the steel piston (0.0015 inch) (0.0381 mm) compared
to the aluminum piston clearance of 0.0033 inch (0.0838 mm). The steel piston
(CR = 5.6) power ratio was 10 percent higher at 4000 rpm. However, at 6000 rpm the
steel piston power ratio was 4 percent lower than the aluminum piston power ratio. The
lower steel piston power ratio was probably due to increased friction associated with the
reduced clearance at 6000 rpm.

The power ratio for the steel piston at the 8.4 compression ratio was also improved
relative to the stock aluminum piston power ratio. Power ratio increases of 27, 7, and 20
percent were measured at engine speeds of 3000, 4000, and 5000 rpm, respectively. The
improved power ratio was again attributed to the steel piston's smaller piston-to-bore
clearance.

The smaller piston-to-bore clearance for the steel piston resulted in reduced blowby for
the steel ringless piston compared to the aluminum ringless piston. Evidence for the
reduced steel piston blowby is shown in Fig. 24. Fig. 25 is a photograph comparing the
steel piston with the aluminum piston after ringless piston operation. The aluminum
piston is discolored below the rirng groove where the blowby gases left oil deposits.
There was no evidence of blowby deposits below the ring groove with the steel piston.
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The improved durability of the steel piston versus the aluminum piston is also shown in
Fig. 25. Fig. 25 shows the thrust side of the steel and aluminum pistons after both
pistons seized at 7000 rpm. The chrome-plated steel piston was not seriously damaged
and could be run again after polishing the chrome surface. The aluminum piston was
severely damaged and had to be replaced. Aluminum had transferred from the piston to
the cylinder wall.

The curves in Fig. 24 also show that the power ratio decreased for the steel piston when
the compression ratio was increased from 5.6 to 8.4. The power ratio decreased by 9 and
3 percent at engine speeds of 3000 and 4000 rpm, respectively. This power ratio
decrease could be due to several factors. First, as shown in Fig. 3, the power ratio
decreases with increasing compression ratio. However, It was expected that the power
ratio would increase slightly with increasing compression ratio due to improved thermal
efficiency. The power ratio decrease may also be the result of modifying the two-stroke
engine's combustion chamber. Approximately 0.125 inch (3.175 mm) had to be milled off
the cylinder head to increase the compression ratio from 5.6 to 8.4. This modification
removed most of the combustion chamber squish band, #hich may have adversely
affected engine performance. The reduced power ratio may also be attributed to the
higher cylinder gas pressures and temperatures. The higher temperatures may have
increased engine friction by reducing the piston-to-bore clearance.

The slopes of the steel and aluminum piston power ratio curves are different, as shown in
Fig. 24. The aluminum piston curve increases with engine speed, indicating that the
piston-to-bore clearance changes significantly over the engine speed and load range. The
slope of the steel piston power ratio curve is slightly negative and approximately five
times lower than the slope of the aluminum piston power ratio curve. The smaller slope
for the steel piston curves indicates that the piston-to-bore clearance does not change
much over the engine speed and load range. The negative siope of the steel piston power
ratio curves may be due to increased friction that occurs at small piston-to-bore
clearances. The negative slope may also be attributed to the steel piston's 20 percent
weight increase over the stock aluminum piston. The heavier steel piston may cause
higher piston inertial thrust loads and increased friction.

The slope and magnitude of the steel and aluminum piston power ratio curves may have
been changed by starting out with different initial piston-to-bore clearances. For
example, if a larger initial piston-to-bore clearance had been used for the steel piston,
the slope of the power ratio curve may have increased with engine speed. However,
starting out with a larger initial clearance would have reduced the steel piston power
ratio at low engine speeds. The slope may have reduced and the power ratio increased at
low engine speeds for the aluminum piston if a smaller initial piston-to-bore clearance
had been used. The smaller initial clearance, however, would have resulted in engine
seizure at the higher engine speeds because of the large change in the piston-to-bore
clearance for the aluminum piston.
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V. COMPARISON OF ANALYTICAL AND EXPERIMENTAL
ENGINE PERFORMANCE RESULTS

Fig. 26 Is a plot of power ratio versus engine speed that compares the maxirr.um power
performance results of the engine model with the experimental data shown in Fig. 24.
The three smooth curves shown in Fig. 26 are the result of the computer simulation of a
ringless piston for piston-to-bore diametrical clearances of 0.001 (0.025), 0.002 (0.051)
and 0.003 (0.076) Inch (mm). It is Important to realize that the experimental data shown
in Figs. 24 and 26 include the effect of engine speed, piston-to-bore clearance, friction,
and combustion on the t.ngine power ratio. The engine model accounts for changes in
engine speed and piston-to-bore clearance but does not include the effects of friction
and combustion on engine power ratio.
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Figure 26. Power ratio versus engne speed showing a comparison
between the enxine model and the aluminum steel piston
experimental data.

The aluminum piston data will first be compared with the engine model results. The
aluminum piston data and engine model both show that the power ratio increases with
engine speed (except for the data point at 5000 rpm discussed earlier in this report). The
power ratio increases with engine speed because there is less time per engine cycle for
the combustion gas to leak past the piston. The piston-to-bore clearance becomes
smaller at high engine speeds and loads due to the increased piston temperature. The
reduction in piston-to-bore clearance can be seen in Fig. 26 by comparing the aluminum
piston experimental data with the engine model results. As the engine speed (and thus
load at this full power condition) increases, the aluminum piston power ratio increases in
the direction of reduced piston-to-bore clearance, as shown in Fig. 26.
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The steel piston performance results are also shown in Fig. 26. By comparing the steel
piston results with the engine model, it appears that the steel piston piston-to-bore
clearance actually increases with engine speed due to the reduction In power ratio. The
reduction in power ratio, however, was not due to increased clearance but increased
friction at a reduced clearance. The steel piston data may have shown the same trend as
the aluminum piston data and engine model results if a larger initial piston-to-bore
clearance had been used.

The experimental results show that there is an optimum piston-to-bore clearance where
the increase in engine performance due to reduced blowby is no longer greater than the
decrease in engine performance due to increased friction.

A major challenge for the ringless engine is to design an engine with constant minimum
piston-to-bore clearance over the engine speed and load range. This could be
accomplished using piston and liner materials with similar coefficients of thermal
expansion, if the piston and liner remain at the same temperature. However, a
temperature gradient exists between these two components that is a function of engine
speed and load. Potential solutions to this problem would be either to run the engine at
constant speed and load or to use variable piston and liner cooling to maintain a constant
piston-to-bore clearance.

Conventional engines are typically designed with piston and cylinder assemblies that are
thermally unstable. For example, most pistons are made of a material that expands at a
faster rate than the cylinder liner. When the engine load (temperature) increases, the
piston expands more than the liner, resulting in piston seizure. Even pistons and liners
made of the same material have a tendency to seize because the piston temperature
increases faster than the cylinder liner temperature. To prevent engine seizure, a
thermally stable piston cylinder assembly is required. The liner should be made of a
material that has a higher coefficient of thermal expansion compared to the piston
material. If the engine were overheated with a thermally stable piston cylinder
assembly, the blowby would increase and piston seizure would be prevented. The
thermally stable piston cylinder assembly would act as a control system to prevent
engine seizure. Model airplane engines that operate without rings at very high speeds
use this technique to prevent piston seizure.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions were made based upon this Investigation.

0 Ringless piston engine power and efficiency are defined by the expression
C/NBS, where

C = Piston-to-bore diametrical clearance
N = Engine speed in rpm
B = Engine bore
S = Engine stroke

* Engine power and efficiency are maximized when tht expression C/NBS is
minimized.

* Blowby in a ringless piston engine increases with compression ratio.

0 A ringless piston engine should be designed with piston and liner materials
that have similar coefficients of thermal expansion.

* Ringless piston engine performance can be improved by using a steel piston In
a cast-iron liner in place of an aluminum piston in a cast-iron liner. A
chrome-plated steel piston has the following advantages over an aluminum
piston:

-- The steel piston has higher strength at elevated temperatures.
-- A chrome-plated steel piston resists scuffing and is more durable.
-- A smaller and more constant piston-to-bore clearance can be obtained

with a steel piston. The reduced clearance results in improved engine
power, efficiency, and cold starting.

The following re--)mmended work should be conducted using the test rig manufactured by
AVL located i .he SwRl Fuels and Lubricants Research Division. The AVL test rig Is
currently being assembled at SwRl to conduct further compound cycle engine
development.

* Labyrinth seals should be investigated as an alternate method of sealing the
piston in the cylinder. Labyrinth seals should be modeled and tested to
determine their effect on ringless piston engine performance.

* Other piston and liner materials should be evaluated and tested to determine
their potential for ringless piston operation. A thermally stable engine (liner
ex .. fa;,. 'han the piston) could be constructed using a titanium piston
,.: a cast-, T if, or chrome oxide-coated aluminum liner. Other researchers (•)
have had good success using monolithic ceramic pistons and liners for ringless
piston operation.

* Motoring eng: ;: friction tests should be conducted to compare conventional
engine frictir ; -ngines using conventional piston-to-bore clearances and
rings) with .,gless piston engine friction using reduced piston-to-bore
clearances.
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An air bearing between the piston and liner should be investigated as a
potential means of reducing piston/liner wear in the compound cycle engine.
The engine geometry required to create an air bearing between the piston and
liner should be determined as a function of engine bore, stroke, speed, and
piston-to-bore clearance.
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