.

Chepter IIT

EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Presentation of experimental results

The charascteristics of engine performance and exhaust
gas emissions as straight diesel operation and diesel in
combination with gas (Gommercial Butane) were invesiigated.
Results are presented graphicéiiy in Fig.10 to 30. For
simplification, these gré%hs are separated into two parts
following the results obtﬁinqd from two engines. The
corresponding tabulated resu1t$ end sample of calculation
are presented in Appendiz I.

3.2 Discussion of sectionm T

In this sect%pn,\égpégéqghtal results from Kubota

engine are presented. The experiments were successively

cerried out at a constent speed of 1200,1400,1800 and 2000 rpm.

For each speed the engine was run with both straight dlesel
and various combinations of gaseous fuel and dilesel fuel.

The test was commenced by varying brake load from about 2 lbe
to 10 1b, with an increment of about 2 lbe. At the maximum
brake load of each speed, the gaseous fuel was increased from
a mipimum 0.0053 1bh/m1n. until the engine started knocking.

The fuel mixture ratio hence represented the maximum of

geseous fuel that can be admitted to displace diesel fuel
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wlthout demagling the engine. More detalls of this operating
method have been described in Part 1 of experimental procedure
in the preceding chapter. The heating value of diesel fuel was
obteined directly from Diesel Engineering Handbookl whereas

for gaseous fuel 1t was obtained froem Esso ges sPecification?

3,2.1 Brake thermal efficiency

The engine's performance as straight diesel and as
dlesel in combination with gas are given in Fig.1l0 to 13
which show the variatién of breke thermal efficlency with
respect to brake mean effective pressure (Bmep) at speed 1200,
1400,1800 end 2000 rgm Tespectively. The curves in each figure
show the influence of gas additlon on breke thermal efficiency
as compared with streight diesel.

The efficlency curves are almost identical wlth respect
to shape and thus obvleusly show that the breke thermel
efficlency of ges~diesel combination under low locad condlitlons
are conslderably inferior to straight diesel. This inferiority
caen be explained as under low load conditions requiring smeall
quantity of diesei oll,any eddition of gaseous fuel will

1Xarl W. Stinson, Dlesel Engineering Handbook. (11th ed.,
Stanfort: Conn. Diesel Publications, 1969), p. 38.

2Psso Stendard Thelland IAmited, Physlcal Properties of
Commercial Propene end Butene (June 1967).
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automatically decrease the quantity of diesel fuel, resulting in
poor injection charscteristics and consequently poor air/fuel
nixture distribution. Combustion, therefore, does not take
place properly and some parts of fuel passed through the
combustion chamber without taking part in the combustion
process. Moore and Lewlsdconfirmed that et very weak mixture
most probably only that region of the charge directly in
contact with injected spray was fully reacted. As the percentage
of the gaseocus fuel 1n the mixzure wag lncreased, the brake
thermal efficiency hecaméflesS fcr same value of E“ep. This
is because the incragsqd,percentage of gas in air makes it
more difficult for fueléffb.find enough oxygen to lgnite
efficlently. i 24

At high load conditions, over 80 % of maximum Bmep, &
slight improvement in brake themmel efficiency over siraight
diesel was obtaine&vg$k12oo and 1400 rpm. This improvement is
due to increased amgént 6f diééel fuel injected, which act as
tiny "spark plugs" among thé gas/alr mixture, thus promoting
more efficlent combustion. Fig.18-19 show hydrocarbon and
cerbon monoxide, the amounts of which are much lower than

straight diesel emissions.

3N.P.W. Moore and J.D. Lewis,"An Investigation of
Combustion in Dual Fuel Engines" IV Congre s International -du
Chaufflage Industriel (10/3/1952).
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At higher speeds of 1800 and 2000 rpm, the brake themmal
efficlency at high load conditions for gas diesel runmning are
lower than stralght diesel. As for the exhaust emissions,the
hydrocarbon and carbon monoxide, they are also lower than that
of straight diesel (see Fig.20-21). However, the lower emount
of these quantities wusually indicate an improvement in
conbustion.

The results obtained agree with other previous works
on dual fuel experimenﬁsi§:5x1;é,; thermal efficiency is
greatly reduced at 1oﬁ%ié§d éonditions. However, this is not
the case faor high loa&/édQAitiops, where the thermal efficiency
has en edge over straight diesel, particulerly at low speed.

3.2.2 Exhaust smoke

Fig. 1 to 17;r¢present exhaust )smoke level which was
measured in Bosch Shdke"nmmber.and plotted égainst Bmep, for
straight diesel and dual fuel rumnings at speed 1200,1400,1800
and 2000 rpm respectively. It clearly shows that smoke emission
level steeply increases as Bmep is incréased over 60 psl. Under

the same Bmep, .for stralght diesel, exhaust smoke level at low

L ; - '
D. Lyon, A.H. Howland and W.L. Lom, "Controlling Exhaust
Enissions from a Diesel Engine by LPG Dual Puelling” Afir

Pollution Control in Transport Engines (London, I. Mech. E.,
1972), pp. 45-46, :

PH.P.W. Moore and R.M.S. Mitchell, "Combustion in Dual

Fuel Engines" Proc., Joint Conference on Combustion {ILondon,
Io MGC‘h. E-, 1972), pP. 300"301.
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‘Speed is higher then at high speed, as cen be seen in Fig.14-17

2t maximum Buep, the Bosch smoke number are 6.5,5.6,4.75 and
L.5 as speed increases from 1200 to 2000 rpm. Compering with
the smoke limit provided in the previous chapter, where the
maximum ecceptance smoke number is 4.0, the smoke obtained
at meximum Bmep are above acceptance level.

Under running in combination with gaseous fuel, the
curves show:a reduction in smoke level which are more dramatic
at high load or Bnep emd 2lso with high percentage of gas. At
high speed the effect of'reduction in smoke level ig more than
at low speed. Fig.ll4 shows about 40 % reduction at meximum
Bnep, whereas Fig.l7 shows about 50 % reduction for the same
1.85 % gas in air mixiture. This reduction is due to the effect
of premixed flsme of the geseous fuel which is mixed with air
long before ignition occurs, while in normel diesel, the fuel
injected mainly burnmas a dlffusion fleme, and as a result is
pyrolysed to form smoke where oxygen can not mix with fuél
in time.

3+2.3 Exhaust gas emissions

In Fig.18-21, under part load conditions (Bumep lower
than 60 psl), the emissions curves for dual fuel show larger
anounts of hydrocarbon end carbon mongxide than that obtained
from straight diesel for all speed range, whereas carbon dioxide
is less. This indicates that poor combustion efficiency take

place in the combustion chember. A considerable increase in
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both hydrocerbon end carbon monoxide was obtained when more
gas was added, with carbon dioxide behaving the opposite.
Consequently, serious drop in brake thermal efficlency es
already mentioned in subsection 3.2.1 is resulted.

As the load is increased, hydrocarbon decreases to meet
straight dlesel emission level at maximum Bmep, with carbeon
- monoxide nearly constant for all loads. However at meximum Bmep,
carbon moncxide for dual fuel is lower than that obtained from
straight diesel. The amount of decreases in emissions also depend
on speed, Fig.22 shows the effect of speed on emissions at
meximum Bmep. The hydroearbon is more reduced at high speed
especially at 1800 rpm;, Whereas carbon monoxide is more reduced
at low speed. From these’ results, it may be said that the
emlssions, namely hydrocarbon at high speed and carbon monoxide

at low speed. =

3.2.4 The 1nf1uence~of;gas concentration on engine performance

and exhaust emissions at maximum load

The previous results indicated that the admission of
gaseous fuel are most effective only at high lcad. The variatinon
of gas concentration is an important to the engline performance
end exhaust emissions. In order to find out optimum amount of
gas that can give the best results in both performance and
emissions and also to find the maximum emount of gas that can
be added without knocking, the test was revised by keeping load
end speed constant and varying the gas from minimum to maximum

until the engine seriously knocks.
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Fig.23 shows'the variation of engine performance and
emissions with gas concentration at 1200 rpm. The engine
started knocking as the gas concentration reached 41 & of
total fuel by welght (1.75 % gas in ailr). Brake thermal
efficiency was greatly improved over normal diesel run for
every concentration of gas. As for the exhaust gas emlissions,
carbon monoxide was dramatically reduced from normal diesel
run while hydrocarbon was increasing, however at 37 % gas in
total fuel a lowest hyd;bcarbéﬁg;ﬁvel was obtained. The exhaust
gas temperature and sééﬁé&weéeréiso reduced, and in case of
smoke the reductionAwésgﬁéarly half at maximum gas concentration.
It appears that the Mot satisfactory results concerning
performance and emiSSibns is obtained around 37 % gas in total
fuel. This results agreed well with that obtained in Ford 2500
engineé, whose the,most;éfiéctive concentration obtained was

\,

28.3 %. S P §

At 1400 rpm the exhaust emissions behave the same as
obtained at 1200 rpm, hydrocarbon and carbon monoxide tend to
increase as concentration of gas was over 30 %, as a result of
reductionin engine thermal efficiency. As seen in Fig.2l,
there 1s no improvement in brake thermal efficiency and the
tendency 1s such that it is going bélow that of the normal

diesel run as gas concentration became more than 30 % of total

.6"Diese1 Exhaust BEnisslons Reduction by L.P.G. Supplementary
Fuelling" Clean Air. (Vol.3, No. 10, Summer 1973), p. 45.
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fuel. Iike at 1200 rpm,the engine knocked at about 40 % gas
{(1.75 % gas 1n sir), and agaln the exhaust smoke was reduced
by half.

For high speed 1800 and 2000 rpm, results were identically
obtained as shown in Fig.25 and 26. Brake thermal efficlency
varies slightly with gas concentration and close to étraight
diesel, and therefore no significant effect due to gaseous
fuel can be drawn. However, the eihaust enlissions have shown
worse combustion efficlency ﬁhgnfnormal diesel run as
bydrocarbon was observéﬁito incr;ése drematically. Only the
exhaust temperature éhd‘émoke were reduced. The engine also
knocked at 40 % gas in ﬁatal fuel (2.85 % gas in air) at
2000 rpm, but with semewhat 1ower for 1800 rpm, 1.e., at
36 % gas in total fuel (1 53 % gas in alr).

The results obtained go far, indicates that the
additional gas shoq;q;not‘be'mbre'than 40 % of total fuel,
which corresponds st 1.75 % gés in air. Comparison of
inflemability 1imit of butame gas from the other work!confirms
that the engine knock occurs as the air-gas mixture reach the
lower inflamability limit: It 1s also shown that the pronounced
advantage of'gas-addition is obteined at low speed, hence it
seems that the optimum concentration of gas for best emissions

may depend on speed.

7Lyon et al., op.cit., p. 4&4.
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3.3 Discussion of section II

The experiment was conducted dn the Petter AV-2 engine.
The operating procedure can be briefed as follows:

The engine was tested only at rated speed of 1500 rpo,
the cooling water was controlled to keep the outlet water
temperature at 160 F. The engine was first run with pure diesel
fuel and the brake load varied from minimum to neximum at 36 1be.
Then, like in section I, gés was admitted to the inteke air
with verying concentrations. Agsln the engine was kept constant
et full load end the gaseous fuel varied from minimum (0.0059 lbm
per minute) to maximum (0.0451 1b /min.) where the engine

prdduced en unsteady nolse and the speed became irregular.
B Jel Brake thermel efficlency

The breke thermal efficlency wvariation with Buep was
compared for straight dlesel and dlesel with gaseous fuel
combination are given in Fig.27. With gas addition, the engine
thermal efficlency sterts to fall off, beilng more severe at
light load as well as with increased gas rste, This agreed
- well with that obtained in Kubota engine. At high load, the
thermal efficlency is still lower then the straight diesel but
the difference is not as severe as in the case of light load.
This is confirmed by Fig.29 which exhibits the effect of gas
concentration on engine breke thermal efficiency at maximum
load. Thls reduction in efficiency agrees well with the
exhaust emissions shown in the same figure and will be discussed
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later. By comparing fhe present results with those obtained
1n Petter AV-l engine, where the engine thermal efficlency
was reportedly iﬁproved with increasing gas cqncentration
reaching maximum value before declining, as shown in Fig. 30.
The difference in results may be due to the different gaseous
fuel being used. In this experiment commercilal butane which
ig the mixture of mainly butané, propene and small amount of
methane, whereas in the other work pure butane, propane and
methane were used with methane showing lower thermal efficiency
Shan stobibHt | daRag |

Moreover, it is of interest to note that for the Petter
AV-2 engine in the present_stgdy, the maximum gas that can be
added to the engine ﬁithbut rough running is about 50 % in
total fuel by welght. >

'3.3.2 Exhaust smoke

The engline exhaust smoke are shown in Fig,28 which are
plotted ageinst the Bmeps It seens to be of similar trends to
those obtained in the Kubota englne. At light load it is
nearly the same as normal diesel, only at high load where
reduction in smoke density is pronounced. As see in Fig.28,
for pure dlesel operation at meximun Bmep, the exhaust smoke
number is 5.5 which is much over the acceptable level of 4.0,
alfeady mentioned in the preceding chapter. After running
with 1.00 end 2.10 % gas in ailr, smoke reduces to 4.75 and 3.95,
the latter being able to pass the limit. This point 6ut that

engine exhaust smoke reduction depend on the concentration
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of gas confirm in Fig.29. It should be note that, for normal
diesel reduction in smoke lndicates better combustion which
is resulted in higher engine efficiency but Fig.29 does not
show any rise in thermal efflciency despite the reduction in

smoke. This point has already been dlscussed in subsection B s
3.3.3 Exhaust gas emissions

The exhaust gas emissioris from this engine are similar
to that of the Kubota engine. For 1ight load both hydrocarbon
and carbon monoxide are considerably increased, as see in Fig.28.
Ls the load increases,hydrocarbon and carbon monoxide show a
better combustion efficieqpy, jdentically to Kubota engine,
with hydrocarbon reducling as already explained in subsection
3;233. This confirms that the combustion of gas-alr mixture
depend mainly on the amouﬁt of fuel oil. ATt high load carbon
monoxide is lower than straight diesel whereas hydrocerbon is
somewhaﬁ greater. Agéin the emissions show the tendency to
increase as gas is added. Fig.29 shows the effect of variation
gas concentration on engine efficiency and exhaust emissions
at maximum load. Carbon monoxide decreases first and as gas
is being added, starts to climb. This effect may be due to
less fuel oll injected to ignite gas-air mixture efficlently
as increasing gaseous fuel displace diesel fuel. 4As for
hydrocarbon which increases as gas concentration is increased,

showing good agreement with that obtained in Ford 2500 engine8

801ean Air,' 00 - ¢1t.
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Exhavust smoke density and temperature are similar in decreasing
to about 20 % gas concentration and remain unchanged until the
concentration of gas is over 40% where slight variation in smoke
denSity is noticeable. By correlating the exhaust emlssions and
temperature mentioned above, it seems that the most effective

concentration of gas for this engine is approximately 20 % in
total fuel. '
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Fig.28 Fxhaust emisslons in Petter AV 2 engline for

different gas admission at 1500 rpm.
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Fig.29 The influence of gas admission on brake thermal

efficiency and exhaust emissions at maximum rated

output in Petter AV 2 engine at 1500 rpm.
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Flg.30 The influence of gas addlition on thermal efficiency
in Petter AV 1 (direct injection) engine at 1500 rpm.

Remark The curves in this figure have been converted from
the original curves which plotted thermal input
rate (Btu/hr) in place of Brake thermal efficiency.
From Alr Pollution Control in Transport Engines.
(London, I. Mech. E., 1972), p. 45.
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