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An energy balance of the distribution of the fuel energy, in a modern engine
at full load, figure 2 (a), shows that the fuel energy can be divided into
approximately three equal parts; one third of the fuel energy is lost to the
heat of the exhaust, one third is lost to the coolant and one third is
obtained at the crankshaft as usable energy, a small portion of which is
required to drive the accessories [2]. Thus the full load efficiency of the

modern four-stroke engine is approximately 307, more than double that of the

engine of 1876.
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{a) Full load. {b) 207 of Full load.
Figure 2. Energy Balance
The part-load energy balance, figure 2(b), is quite different. With the

engine producing 207 of the full load power, the exhaust and combustion
(coolant) heat losses are reduced in approximate proportion to the reduction
in fuel power whilst the mechanical friction and accessory losses remain
approximately constant for constant engine speed. The part load situation
introduces a new loss, namely the throttling loss, which accounts for
approximately 23% of the fuel energy at this load condition, this is nearly
double the flywheel output. Thus the part load efficiency is approximately
127, more than a 507 reduction on the full load efficiency and lower than the

maximum overall efficiency achieved by Otto in 1876.












1.3 PROJECT OUTLINE

The project outline .is shown in the following flow chart :

THROTTLE ELIMINATION
CONCEPTS

|

COMPUTER MODEL - LINKAGE
GEOMETRY

RMODYNAMIC * DESIGN
ANALYSIS - * CONSTRUCT
COMPUTER * TEST

\ « RESULTS
DATA ANALYSIS
CONCLUSIONS AND RECOMMENDATIONS

Figure 3. Project Outline Flowchart

The need for throttle elimination has been identified and one of the proposed
solutions is the mechanism described by Yates [S5]. To facilitate the design
of an engine incorporating this mechanism a computer model was set up. This
computer model served two functions; (a) to assist in the determination of
geometric constraints of the mechanism, (b) to provide a prediction of the
performance of the engine. Design and construction of the engine was followed
by dynamometer testing and the results of these tests were compared with the
computer model predictions. The analysis of these results is followed by

discussion and conclusions.
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In order to calculate the BSFC, an engine speed of 3000 rpm was selected. As
discussed above, friction torque was taken as 15% of the indicated torque at
full load. At these conditions the brake torque and brake power were
calculated. The BSFC (g/kWhr) was then calculated from the brake power (kW)
and the fuel consumption (g/hr) for various inlet strokes and manifold
vacuums. Figure 18 is a piot of the predicted BSFC against brake torque.
From this figure it is apparent that the variable stroke operation results in
a substantial drop in BSFC and thus an improvement in efficiency. The part
stroke curve falls below the part throttle curve across the full load range.
This can be solely attributed to the means of load control. The mechanisms by
which the efficiency is improved are as follows: (a) Primarily the absence of
pumping losses, particularly in the low load range, (see figs. 16 and 17), and
(b) the improvement in thermal efficiency associated with the tendency towards
the Atkinson cycle (see fig. 14). The magnitude of the measured frictional
torque will most likely be different from that assumed for these calculations.
However, as the frictional torque is speed dependent, it is expected that the

general trends exhibited in figure 18 will not change dramatically.
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Figure 18. Predicted Brake Specific Fuel Consumption

against Brake Torque
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(2) Part throttle : In this test mode the load was controlled by

varying the throttle setting. The throttle was adjusted to produce
the desired torque, the ignition timing was adjusted to give maximum
torque at that throttle setting. If necessary the throttle was reset
to the desired torque. A fuel consumption reading was then taken.
Finally an exhaust gas sample was taken at these operating conditions.
A second fuel consumption reading was taken whilst the exhaust gasses

were being collected.

(3) Part stroke : This was done at wide open throttle. The swept

volume of the inlet and compression stroke was controlled by adjusting
the slider position. The stroke was adjusted to produce the desired
torque and the position of the slider recorded. The ignition timing
was adjusted to give maximum torque at that slider position. If
necessary the slider position was reset to the desired torque and the
change in slider position recorded. A fuel consumption reading was
then taken. Finally an exhaust gas sample was taken at these
operating conditions. A second fuel consumption reading was taken

whilst the exhaust gasses were being collected.

[ADJUST THROTTLE OR STROKE |¢msasmssm

{OPTIMISE IGNITION TIMING |

| READJUST THROTTLE OR STROKE 7

|MEASURE FUEL CONSUMPTION AND TORQUE]
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COLLECT EHAUST GAS SAMPLE
{ MEASURE FUEL CONSUMPTION )

¥

CONTINUE TESTING 7

END

Figure 22. Test Procedure
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6.1.2 SFC correction factor

The effect of fuel-air (F/A) ratio on efficiency is well documented in
the literature. Data collected from several sources was plotted and a
best fit curve of this data was made. Figure 24 is a plot of the
efficiency correction factor, normalized for stoichiometric, against
equivalence ratio (F/A ratio + stoichiometric). From this curve, the
SFC correction factor was established for each test result. This was

used to correct all the SFC results to stoichiometric F/A ratio.
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Figure 24. Efficiency Correction Factor

against Equivalence Ratio

6.2 THEORETICAL FIT OF EXPERIMENTAL DATA

Figure 2S5 shows the corrected experimental data that was obtained from the
tests. The difference between the trends of the part stroke and part throttle
modes is not readily identifiable from figure 25. The clarity of this figure
was improved by fitting curves to the experimental data. Due to difficulties
experienced in operating at very light loads in the part stroke mode, no data
below a torque of 5.5 Nm was available. To investigate engine performance at
lighter loads it became necessary to extrapolate the test data trends to these
torques. However, this practice only yields accurate results if the curve

fitted to the data has the correct mathematical form.



6.2.1
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Figure 25. Measured Specific Fuel Consumption against Torque

Determination of the correct form for the regression curve

For the fit to be correct it was necessary that SFC be related to
output torque, taking into consideration the effects of friction and

pumping losses.

fuel consumption
By definition, SFC « (at constant speed)
output torque ('1:J )

indicated torque (Tl)
and n {at constant speed)

fuel consumption

therefore SFC «
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But T « IMEP = p.e F/AQm (2] 1)

p,-e,-F/A.Q

therefore  SFC « M e (2)
T

o]

ev, F/A, and Q are all assumed constant

and due to manifold vacuum effects,

p, = constant - f (Tp)
x1 - kl(Tp) where Tp= pumping torque
therefore Eq.(2) simplifies to,

1 -k (T)
1 p

SFC « - (3)

T

o]

Also, it is known that n decreases with increasing pumping torque.

As a first approximation the relationship was taken to be linear,

n = constant - f(Tp)

] - kZ(Tp)

therefore Eq.(1) can be written as,
T « (1-k.T ).e .F/A.Q.(1-k_.T )
1 1 p v 2 p

or simply Tl = Asz + BTp + C

also, by definition:

T =T -T -T
i f
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Assuming Tf constant at constant engine speeds and grouping terms:

T =AT?+BT +C (4)
P P

o

where prime (') denotes redefined constants.

To a first approximation, the T z term can be considered the dominant
P

term, thus Eq.(4) can be rewritten as:

substituting Eq.(5) into Eq.(3) gives:

A’Y TO + C’

SFC «
T
o
v T
but S = v T
T o
o
therefore SFC=AV T + S — (6)

o

Equation (6) gives the theoretically correct form of the regression

for the SFC as a function of output torque.

Figure 26 shows the experimental results along with the regression of
equation (6). From this figure the trends can clearly be seen. It is

also evident that the regression was accurate.
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(1) Crankcase: A new crankcase had to be made to accommodate the

Otto-Atkinson linkage and support the bearings of the two crankshafts and the
power-out shaft. The crankcase took the form of two parallel mild steel
plates of 19mm thickness, these plates were fixed accurately by three spacing
blocks. A top deck of 19mm mild steel was bolted to the top edge of these two
plates. Lugs for the engine mountings were made at each corner of the top
deck, the crankcase was thus hung from the top deck. Recesses for the
bearings and primary crank small end guides were machined in the parallel
plates. To avoid wear of the crank case plates at the small end guides, gauge
steel plates were fitted to line the guides. All auxiliaries were bolted on
the outside surfaces of the plates. The complete crankcase assembly was then
encapsulated in a sump, which was made of 3mm steel plate and was bolted to
the underside of the top deck with a neopreen gasket to prevent oil leaks.
The slider adjuster, the power-out shaft and the points had to be provided
with access holes in the sump. To allow for these external inputs and
outputs, special housings were made with oil seals and o-rings to prevent

leakage.

(2) Power-out shaft: The power-out shaft was manufactured to similar

dimensions as the primary shaft in the gearbox of the original engine. The
material used was also VI155. The power-out shaft was mounted in roller
bearings, positioned between the two crankshafts and driven off the primary
crankshaft using the orginal gear drive. The clutch cage was splined on the
shaft. The clutch cage ring gear functioned as the driven gear. Power was

transmitted via a flange which was keyed on the other end of the shaft.

(3) Auxiliary crank drive: The auxiliary crank was gear driven using the

power-out shaft gear as an idler gear. A 2:1 ratio between the primary and
the auxiliary crank satisfied the requirement of half engine speed for the
auxiliary crank. To assure that the two cranks were perfectly in register the

keyway in the auxiliary drive gear was calculated and accurately machined.

(4) Cam shaft drive: The cam shaft was chain driven off the primary crank

using the original sprockets and an extended chain. Additional chain guides

were added to prevent chain slap of the lengthened chain.
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c-2.2 Damage correction

As it was felt that fault lay at the failure of the key, it was
necessary to insure that a repeat failure would not occur. The
torsional vibrations are a characteristic of the mechanism. They
could possibly be reduced by decreasing the amount of backlash present
in the gears, but this would require costly machining and time. A
larger key was not possible due to size constraints of the existing
crankshaft. Thus the components were redesigned to allow a standard
key without a step, to be used. The lock washers were replaced with

stronger ones.

For the above mentioned reason redesigning of the adjusting mechanism
seemed unnecessary , thus a new bronze insert for the adjusting
mechanism was manufactured. However, as a safety measure the

thickness of the load-bearing lip was increased.

The piston was inspected and it was found that damage resulting from
the impact with the head could be repaired by the workshop,
replacement was therefore not necessary. The valves were tested and
found to be leaking, this necessitated removal of the valves for

straightening and regrinding of the seats.

Cc-3 THIRD PHASE TESTING

With the damage repaired testing continued. It was found that the ignition
timing adjustment did not allow sufficient advance for maximum torque at light
loads in the part stroke regime. The baseplate was removed and further teeth
cut to allow rotation of 90 degrees of the baseplate, which results in 180

crank-angle degrees adjustment.

The preliminary fuel consumption results did not correlate well with the
expected trends. When operating in the part stroke regime the throttle is
kept fully open, this exposes the carburettor to pressure pulsations. As the

stroke, and thus also piston speed, decrease, these pressure pulses will
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Figure C-3. Friction Torque for Various Strokes.

Otto-Atkinson Engine, speed +/- 1500 rpm.

These results were then plotted with the results of the motorcycle

engine tests, see figure C-4.
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Typical exhaust gas analysis results are given in table D-2.

Test condition 7% CO2 7% O2 % CO Average F-A Equiv.
Full load 4.8 | 2.0 11.4 1.32
Part throttle 10.2 2.0 4.3 1.14
Part stroke 6.4 2.2 9.3 1.27

Table D-2. Typical Exhaust Gas Analysis Results










































































