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combustion and adiabatic compression
and expansion will not take place.
Moreover, a real medium has an
isentropic exponent of between 1.32
and 1.37, depending upon the air-to-
fuel ratio of the combustible mixture.

The isentropic exponent 4 has a large
effect on the idealized efficiency. For
compression ratios over 5, the efficiency
is about 10% points lower for &= 1.3
than for % = 1.4. Stoichiometric mixtures
of fuel and air have a high temperature
after combustion and a relatively high
CO, content in the exhaust gas. Both
decrease the value of 4. A medium based
on very lean mixtures, with an air-to-
fuel ratio A of around 2, can however
have a % value of 1.38. This is one
of the reasons that engines running
on a fuel-lean mixture have a higher
efficiency than rich-burn engines.

In reality, the combustion process
never takes place at a constant volume.
That would presume instantaneous
combustion when the piston is at Top
Dead Centre (TDC), i.e. at the point of
minimum cylinder volume. In that case,
the pressure rise rate would be so high
that the piston rings could not react fast
enough to the higher pressure, and the
engine would destroy itself. In reality, heat
release takes place in a relatively smooth
process during a crank angle interval
of 40 to 60 degrees. At first sight, one
might expect that optimum efficiency
would be reached with the heat released
exactly at Top Dead Centre. However, if
the combustion process is centred a little
later (around 8¢ after TDC), the residence
time of the hot gases in the cylinder
is shorter, so that less heat is lost from
the medium to the cylinder walls [3].

Heat released too late in the cycle
will result in a loss of efficiency. Heat
released at, for example, 30 degrees crank
angle after TDC, results in 10% points
lower efficiency than heat released at
8¢ after TDC (see Figure 2). If the heat
release process is shaped like a Cosinus?-
function [4], with a duration of 50°
crank angle phased at around 8¢ after
TDC, the efficiency of the adiabatic cycle
is about 59% instead of 60.3%. This is
not a dramatic reduction. However, the
negative effect of a further retarded heat
release on efficiency increases rapidly
with a slower combustion process.

The real engine process is never
adiabatic. This means that heat will
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Fig. 2 - Example of a combustion process with a finite duration
(50° crank angle) and the effect on efficiency of heat release later than

TDC (€ =12, k=1.38).

escape from the cylinder medium to

the walls of the combustion chamber.
For automotive-size naturally aspirated
engines, a rule of thumb is thar at full
load a third of the fuel energy becomes
available at the engine shaft, a third ends
up as heat in the coolant, and a third
escapes via the exhaust [5]. The heat to
the coolant is then divided into three

sources of about equal size: heat escaped
during the combustion process, heat
flowing to the cylinder walls during the
expansion process, and heat transferred to
the coolant during the expulsion process.
A large bore turbocharged gas engine
has, relatively speaking, a much smaller
heat flow from the cylinder process. As an
example, Figure 3 gives the energy balance
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Fig. 3 — The energy balance of a 9 MW gas engine with a cylinder bore
of 34 cm and a running speed of 750/min (all % are fractions of fuel energy).

Item

Idealized standard air cycle

Real medium A=1.38

Unburned fuel

Heat loss to comb. chamber walls
Friction loss

Slow and unstable combustion
Coolant and oil pumps

Flow losses

Reduction Resulting efficiency
% points %
- 63
4 59
1 58
2 56
6 50
2 48
1 47
1.3 457

Table 1. — The practical complications leading to lower fuel efficiency than
with the idealized engine cycle (A = 2.0, € = 12, bore = 34 cm, bmep = 20 bar).

of a 20-cylinder gas engine with a cylinder
bore of 34 cm, a bmep of 20 bar and a shaft
power of 9 MW. The sum of the measured
heat flow from the jacket coolant and from
the lube oil is 6.5 + 4.9 = 11.4%. The
radiation from the engine block, estimated
to be 1.1% of the fuel energy, should be
added to this to obtain the total heat low
to the oil and coolant. One should bear in

mind that the friction losses also turn up
as heat in the lube oil and coolant.

If the friction losses are 10% of the shaft
power, 4.6% of the fuel energy turns up

as heat from friction. As a result,

the heat escaping from the cylinder process
towards the lube oil and coolant is only
11.4 + 1.1 = 4.6 = 7.9% of the fuel input.

If, as in case of the mentioned automotive

| engine, a third of this heat leaves the

cylinder medium during the combustion
process, about 3% of the heat released
cannot be used to produce work.
Consequently, the cylinder process of

i such a large engine is quite adiabatic.
Thermal insulation of such a large

combustion chamber, even if technically
possible, will not substantially help
to improve engine efficiency.

The major reason that the combustion
chamber of a large bore gas engine is so
close to adiabatic is its relatively small area-
volume ratio. At TDC, this ratio is 180/m
for an engine with a bore of 150 mm, but
only 70/m for a cylinder bore of 340 mm.
Therefore, in this case, the relative cooling
area is 2.6 times smaller for the large bore
than for the small bore. The residence
time is, however, longer for the large bore
engine since its running speed is 750/min,
while that of a 150 mm bore engine, for
example, is 1500/min. At first sight, that
would reduce the advantage of the large
bore engine by a factor 2 to 1.3. However,
a cool layer exists between the combustion
chamber wall and the bulk of the medium.
This means that a 340 mm bore gives
a factor of approximately 2 less relative heat
losses, compared to the 150 mm bore.

| Additionally, the temperature of the

medium in the large-bore engine is about
75% of that of the small bore engine,
due to the much higher air-to-fuel ratio A
of the large bore engine. The mentioned

{ factor of 2 divided by this 0.75 brings us

very close to the 3 times lower heat loss

fraction for the large bore engine compared
to the small bore engine. It must be stated
that to reduce the area-volume ratio again

\ by a factor of 3, the cylinder bore has to

be increased from 340 mm to about 1 m.
Table 1 gives a summary of all the
losses mentioned for an engine with a
compression ratio of 12, a bore of 34 cm,
and a bmep of 20 bar. The flow losses
are caused by flow restrictions in the
engine. This table can help in finding
possible improvements in efficiency.

Measures towards efficiency
improvement

Equation (1) shows that by raising the
compression ratio from 12 to 13, the
idealized efficiency would be increased
from 63.0% to 64.2%, which is a
reduction in specific fuel consumption of
2%. However, for most natural gases, the
knock resistance is such that a compression

7




ENERGY / IN DETAIL

ratio of 12 is generally the limit for
knock-free operation with a A of 2.

A solution is, to some extent, offered
by the Miller cycle, where early intake
valve closure causes the effective
compression ratio to be lower than the
volumetric expansion ratio. A gain of
1 percentage point in efficiency can be
expected from such an adaptation.

It is not economically possible to
further improve the isentropic exponent
k of the cylinder medium. The addition
of argon, for example, to the cylinder
contents results in better medium
properties, but the costs are too high.

Further increasing the bore of the engine
can lower the heat loss to the walls of the
combustion chamber. With a cylinder
bore of 50 cm, the heat losses during the
combustion process are only 2.5% of the
fuel input. Insulation of the cylinder walls
will create lubrication problems since the
oil temperature is not allowed to exceed
175 °C. Insulation of the piston crown
might be an effective means of keeping the
heat in the cylinder medium, but there is
a big risk that the resultant hotter crown
surface will initiate knocking. Insulating
the cylinder head is another option; the
head experiences the longest residence
time of the hot combustion products.
The intake and exhaust valves occupy
a large part of the cylinder head surface
and the strength of these valves would
benefit from a reduced metal temperature.
Widening the cylinder bore and insulating
the cylinder head might improve the
engine efficiency by 1 percentage point.

Friction loss is the major contributor
to reduced engine efficiency. Increasing
the load of the engine to a bmep of 20
bar helps to reduce the relative effect of
friction. Above a bmep of 20 bar, the
advantage of a higher specific load for
reducing friction is rapidly approaching
its maximum. Raising the bmep from
20 bar to 25 bar would only add 0.2%
points to efficiency. However, decreasing
the friction loss in an absolute sense,
by improving the bearings and the
piston-cylinder combination, will give
substantial improvements. A reduction
of the friction losses from the current
10% of the shaft power down to 7.5%,
gives a fuel efficiency improvement of 1
percentage point. This is the reason that
the engine sector devotes much research
into ways of lowering friction losses.

Combustion stability can be improved
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Item

Starting point

Miller cycle

Larger bore + insulation
Reduced friction by 25%

Faster + more stable combustion

Turbo and flow optimization

Efficiency Improved fuel
increment efficiency
% points %
- 457
1 46.7
1 477
1 487
1 497
0.2 499

Table 2 - Summary of possible measures to further improve engine efficiency
(initial situation: bore 34 cm, € = 12, friction = 10% of rated shaft power).

by minimizing variation in the air-to-

fuel ratio A from cylinder to cylinder

and from cycle to cycle. Moreover,
prechambers and diesel ignition pilots can
be optimized for maximum combustion
stability. With much variation in the
combustion process, the average heat
release has to be retarded systematically

to avoid the knock that would be

caused by relatively fast burning cycles.

| With a very stable combustion process,

such retardation is no longer necessary.
Expectations are that 1 percentage
point in efficiency can be gained by
faster and more stable combustion.

The author does not anticipate that
flow losses and the driving power for
the pumps can be appreciably lowered.
Most manufacturers have also optimized
the air-flow path, while turbochargers

i have reached their highest attainable

efficiency. Perhaps another 0.2 percentage
points in efficiency could be gained from
further improvement of these items.

All the measures suggested above have
been summarized in table 2. If the bmep
of the engine would be raised from 20
bar to 22 bar, an ultimate maximum
fuel efficiency of 50% might be reached.
That high efficiency applies only at rated
load for an engine with a bore somewhat
larger than 50 cm under the best possible
conditions. Additional benefits of these
improvements would be a very stable
running speed, and lower specific NOy
emissions. The lower NO, emissions
result from the increased stability of the
combustion process; cycles with an over-
advanced combustion process produce

relatively more NO,. It is also easier to
monitor online a more stable engine since
irregularities can be better detected.

CONCLUSION

If all possible measures, such as less
friction, an optimum Miller cycle, and
maximum combustion stability have
been taken, the net shaft efficiency of
a large bore reciprocating engine can
reach almost 50% at rated load. To
further increase the electrical efficiency
of gas engine power plants, external
cycles, such as organic rankine cycle
or similar, have to be employed.
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