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Abstract

Methanol is the most likely replacement for petroleum as a liquid fuel for automotive engines.
By using the thermal energy of the engine coolant and exhaust gases to dissociate methanol into
hydrogen and carbon monoxide, regeneration can be achieved. A single cylinder SI engine was
instrumented to investigate this technique. Dissociation was simulated by fuelling the engine
simultaneously with dissociated methanol from a gas cylinder and liquid methanol. Improve-
ments in efficiency of up to 27% over normal throttled operation on methanol were achieved.
The proportion of dissociated methanol in the fuel which gave maximum efficiency varied from
100% at no load to 40% at maximum power. Analysis of combustion chamber pressure data
showed that the addition of dissociated methanol significantly increases the rate of combustion
and limits of flammability of methanol. The use of a small dissociator which always operates at
maximum capacity is recommended as the best compromise between engine efficiency and cost.

Introduction

Keller [1] has estimated that the world supply of pet-
roleum will be exhausted by the end of the century.
Alternative fossil fuels are oil shale, tar sands and coal,
but these are all solids and the world’s transportation to-
day demands liquid fuels. The most likely replacement for
petroleum as a liquid fuel in Southern Africa is methanol
which can be extracted from our abundant supplies of
coal.

Regenerative Fuelling

In an internal combustion engine approximately two
thirds of the chemical energy of the fuel that is supplied is
rejected to the surroundings as heat via the exhaust and
cooling systems. If this energy could be recovered and re-
used in the engine there would be an increase in its overall
thermodynamic efficiency. One way in which this can be
achieved is through the catalytic dissociation of meth-
anol.
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Figure 1 - Waste heat recovery through vaporisation and dissociation
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Since this is an endothermic reaction the heat of combus-
tion of the products is higher than that of liquid meth-
anol. By using the thermal energy of the engine coolant
and exhaust gases to drive this reaction and then fuelling
the engine with the dissociated methanol (DM) regener-
ation can be achieved. Figure 1 shows the schematic lay-
out of an engine modified in this way.

Previous Engine Tests

The tests performed can be divided into two groups: those
in which an engine was fitted with a dissociator [2,3,4,5]
and those in which dissociation was simulated by fuelling
the engine with DM gas from cylinders [6,7]. In the latter
case the engine was fuelled either with methanol alone or
DM alone, not combinations of the two. In the first
method the results obtained are dependent on the heat
exchanger and catalyst used, thus restricting their gener-
ality. Also, since only the methanol flowrate into the dis-
sociator was measured, the proportion of methanol
which was dissociated was unknown making it difficult to
draw conclusions on the effect of the degree of dis-
sociation on engine performance. For the purpose of
optimising the engine/dissociator configuration this
information is vital.

Increases in efficiency of between 7 percent and 35 per-
cent compared to methanol were reported in the litera-
ture, these improvements being primarily due to the in-
crease in the heat of combustion of the fuel. All the
researchers except Yamaguchi et al [4] found that for high
concentrations of DM in the fuel, engine performance
was limited by backfiring through the inlet system. Dra-
matic reductions in aldehyde emissions were also report-
ed in references, 2, 3 and 7. This is significant since this is
the only type of emission for which methanol does not
better the standard set by petrol.

Only Sato et al/ [2] had instrumentation to measure
combustion chamber pressure. They reported that the
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combustion duration and cycle-to-cycle variations in
pressure decreased as the proportion of fuel supplied to
the dissociator was increased. Data of this type can give a
valuable insight into the effect of dissociation on the com-
bustion characteristics of methanol and its effects on the
engine cycle.

Specific Objectives

In view of the foregoing the specific aims of this study
were:

e To determine experimentally the improvement in en-
gine performance that can be achieved through regener-
ation by the dissociation of methanol

o To investigate the effect of the degree of dissociation of
methanol on engine performance and combustion
phenomena

This paper is based on the dissertation of N.R. van der
Walt [8].

Experimental equipment and
procedure

The Engine

A single cylinder CFR spark ignition engine usually used
for the octane rating of fuels was used for the tests. Speci-
fications are given in [9]. A Mikuni slide/needle type car-
burettor was used to fuel the engine on liquid methanol.
This item was modified so that the flowrates of methanol
and air into the engine could be controlled independently.
Premixed DM fuel from a gas cylinder was supplied di-
rectly to the inlet manifold downstream of the carburet-
tor. The engine was loaded by a hydraulic dynamometer
which was coupled to the flywheel.

Instrumentation

The flowrate of air into the engine was measured with an
orifice plate manufactured and installed according to Bri-
tish Standards [10] and those of the methanol and DM
fuels were measured with variable area flowmeters. The
temperatures of the inlet air, fuel/air mixture and exhaust
gases were measured with thermocouples. The combus-
tion chamber pressure was measured by a quartz piezo-
electric transducer and was recorded for eighteen cycles of
the engine at 0,2 degree increments of crankshaft rotation.
A mercury U-tube manometer was used to measure the
pressure drop across the inlet system. Ignition timing was
measured by the use of a timing light. The engine torque
was measured by a load cell which restrained the rotation
of the trunion mounted dynamometer.

Procedure

Tests were conducted at a compression ration of 8:1, an
engine speed of 1360 revs/min and with wide open throt-
tle operation. Spark timing was optimised to give maxi-
mum efficiency. This was achieved by conducting pre-
liminary tests so that the optimum spark advance could
be expressed as a function of the methanol and DM
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equivalence ratios. The actual test procedure was as
follows:

¢ The flowrate of DM into the engine was set to a given
value

o The methanol flowrate was set so that a fuel rich mix-
ture was obtained

e The methanol flowrate was decreased in steps

e At each of these steps the spark timing was set to the
optimum and measurements were recorded.

This procedure was repeated for various DM flowrates.

Energy Release Model

The combustion chamber pressure data were used to cal-
culate the approximate rate at which energy was released
by combustion of fuel. This was achieved by using the
following equation derived by Obert [11]:

dq _y—ndv
0 y—1de
where:
dq = Differential energy transfer to the system
dV = Differential change in volume
dO® = Differential crank rotation
p = Combustion chamber pressure

y = Isentropic index
n = Polytropic index for process

The polytropic index was calculated from the change in
pressure and volume over each increment. The value of y
used was that for air expressed as a function of tempera-
ture only. The heat term was split into the chemical en-
ergy liberated by the combustion of fuel and the energy
transferred to the walls of the combustion chamber. This
latter term was approximated by using the relationships
recommended by Annand [12].

Results and Discussion

As expected the onset of backfiring limited the operating
range of the engine for mixtures with a large proportion
of DM in the fuel. The output of the engine could be
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Figure 2 — Engine efficiency with differend fuel compositions.
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increased by increasing the equivalence ratio (¢) until a
point was reached where flashback in the inlet system oc-
cured. Once backfiring began it persisted until the supply
of DM to the engine was completely shut off. This con-
dition began earlier for higher proportions of DM in the
fuel. The backfiring is a result of the low activation energy
required for the combustion of hydrogen. Hot spots in
the combustion chamber possessed enough energy to ig-
nite the incoming charge.

There was also a reduction in the maximum power of
the engine as the proportion of DM in the fuel increased
due to the displacement of air from the combustion
chamber by the gaseous fuel.

Efficiency Improvements

Figure 2 shows the results of all the tests. The top curve is
the envelope of the data points obtained for operation on
combinations of methanol and DM. It represents the best
possible operation of the engine. For comparison the
data for operation on methanol alone where power was
controlled by throttling is shown. This represents normal
operation on liquid methanol fuel. The efficiency was cal-
culated by dividing the brake power by the product of the
mass flowrate of fuel into the engine and the heat of com-
bustion of methanol. This is the efficiency if the DM had
been produced by a dissociator driven by the engine.

The third curve is the data for the test in which the
equivalence ratio of DM (¢,,,,) was fixed at 0.17 while the
equivalence ratio of methanol was varied. Thus at the left
end of the curve the mixture had a high proportion of DM
and was fuel lean whereas at the right hand end of the
curve it had a high proportion of methanol and was fuel
rich. The hook shape at the end of the curve is due to a
reduction in efficiency and thus power as the mixture be-
comes very fuel rich. This curve is representative of the
results one would expect if a small dissociator which oper-
ates at maximum capacity all the time were used.
Thus the supply of DM to the engine would be fixed and
power could be increased by increasing the supply of
methanol to the engine. The improvement in efficiency
for this configuration over methanol is close to the maxi-
mum which can be achieved for most powers.

Figure 3 shows the improvement in efficiency over
throttled methanol operation as a percentage of this ef-
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Figure 3 - Efficiency improvement
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ficiency. The curves both pass through the origin since at
zero brake power the efficiency is zero regardless of the
fuel flowrate. The improvements in efficiency which were
achieved are substantial.

Figure 4 shows data obtained by interpolation of the
results in Figure 2. The curve shows how the efficiency
varied for a given power as the proportion of DM in the
fuel changed. The locus of the maxima is plotted. This
represents the proportion of DM in the fuel which gave
maximum efficiency. If the curve is extrapolated it passes
through 100% at zero power. At 3 kW power, maximum
efficiency occurred when there was only 40% DM in the
fuel mixture. The proportion of DM in the fuel which
gave maximum efficiency decreased as the power output
increased. This curve for optimum operation could be ap-
proximated in practice by having a small dissociator
operating at maximum capacity as mentioned earlier.

Effect of DM on Combustion

Figure 5 shows how the pressure/volume (pV) diagram
for the engine changes as the fraction of DM in the fuel is
increased. For all these curves the fuel/air mixture was
stoichiometric and the spark timing was kept constant at
10° before top dead centre (BTDC). There is virtually no
difference between the curves up to the point where ig-
nition occurs after which they diverge noticeably. As the
fraction of DM in the fuel increases the rate of pressure
rise during combustion becomes much higher as does the
peak pressure of the cycle. The curve with 37% DM in the
fuel is much closer to the ideal constant volume combus-
tion cycle than that for operation on methanol alone.
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Figure 4 - Efficiency curves for different powers

During expansion the curves cross over. The reason for
this is that, although the equivalence ratio is the same, the
mass of fuel in the combustion chamber decreases as the
fraction of DM in the fuel is increased. This is so because
the gaseous DM fuel is displacing air so that less fuel is
required to give the same equivalence ratio. Thus the
pressure must eventually be higher for pure methanol fuel
since there is more fuel to burn in the combustion
chamber.

Figure 6 shows the output of the energy release model
corresponding to the pV diagrams in Figure 5. As the
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Figure 5 - Effect of DM on pV diagram

amount of DM in the fuel increases the rate of combus-
tion increases and the duration of combustion decreases.
This can be attributed to the hydrogen rich DM fuel hav-
ing a higher burning velocity than methanol. Surpris-
ingly, the maximum rate of energy release is virtually con-
stant. This is probably due to the decrease in the mass of
fuel in the combustion chamber as the fraction of DM in
the fuel increases. The negative rate of combustion before
ignition is a result of the energy release model not ac-
counting adequately for heat transfer to the combustion
chamber walls.

Figure 7 shows the effect of DM on combustion for an
overall equivalence ratio of 0.7. Again the ignition timing
was fixed at 10° BTDC. The difference in the curves is
much more pronounced than for the case when the fuel/
air ratio was stochiometric. For the curve with methanol
alone, the fuel is still burning when the exhaust valve
opens at 500°, a full 150° after ignition occurred. When
there was 62 percent DM in the fuel, combustion was
almost complete 70° after ignition.

The difference between the curves is far more pro-
nounced than that between the curves in Figure 6. This
can be attributed to two reasons. Firstly, the range of
proportions of DM is greater for Figure 7 than Figure 6.
Secondly, in Figure 7 the overall equivalence ratio of 0.7
is close to the lean misfire limit of methanol, where the
burning velocity becomes very low. DM, on the other

50

= a 0% DM in fuel
§ 40- b 21% DM in fuel
é‘ ¢ 37% DM in fuel
5 30 +

0

2

g 20

:

& 104

2

CR B — - Ay gl
=m

-10 .

300 320 340 360 380 400 420 440 460 480
Crank Angle (Degrees)
Figure 6 — Effect of DM on combustion rate for stochiometric mixtures

500

50 |
a 0% DM in fuel |
40+ b 62% DM in fuel
30 4 b
|
20 - {

10 +

\\M""V\MV N\{t}/\\ﬁj\:\i

Energy Release Rate (J/Degree)

OW

-10

300 320 340 360 380 400 420 440 460 480
Crank Angle (Degrees)

500

Figure 7 - Effect of DM on combustion rate for lean mixtures

hand, is far from its lean misfire limit at this equivalence
ratio, and consequently its addition will have a significant
effect on the combustion velocity of the mixture.

These results highlight an important advantage of dis-
sociated methanol: its ability to extend the limits of com-
bustion of methanol. During tests performed with meth-
anol fuel at wide open throttle, the engine misfired when
the equivalence ratio was less than 0.7 and the spark tim-
ing had to be advanced to as much as 60° BTDC for maxi-
mum efficiency. If a small quantity of DM was added to
the fuel the engine would run smoothly for an equivalence
ratio of less than 0.2.

The importance of these results is that the engine can be
operated at wide open throttle all the time. The output of
the engine can then be controlled by adjusting the quan-
tity of fuel supplied to the engine rather than by throttling
the engine. The latter method results in high pumping
losses which decrease the part load efficiency of an en-
gine. Carburettion would also be simplified since the
flowrates of air and fuel into the engine do not need to be
metered accurately to keep the equivalence ratio between
certain limits to avoid misfiring.

Small Dissociator

There are several factors which favour the use of a small

dissociator:

o The problem of backfiring will be eliminated

e The reduction in maximum power would be reduced

o A large proportion of the maximum improvement in
efficiency possible could be achieved

e There would be cost, space and weight savings com-
pared to a large dissociator

Conclusions

o Improvements in efficiency of up to 27 percent over
throttled operation on liquid methanol can be achieved

e The proportion of dissociated methanol in the fuel
which gives maximum efficiency varies from 100 per-
cent at no load to 40 percent at maximum load

o The addition of dissociated methanol increases the rate
of combustion and the limits of combustion of meth-
anol fuel.
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