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Abstract—This research investigated the effect of using a 30% iso-butanol-gasoline blend on NO, emis-
sion in a spark ignition engine. The influence of preheating inlet air on NO, emission was also investi-
gated at different fuel/air equivalence ratio. A single cylinder Hydra research engine was used, running
at 1500 rpm over a wide range of fuel/air equivalence ratio (0.7-1.1). It was observed that by using the
30% iso-butanol-gasoline blend. the maximum level of NO, emission is reduced by 9% compared to
gasoline and the reduction of NO, level was evident in the rich region. The experimental investigations
were performed under different values of inlet air temperatures. Preheating the inlet air above ambient
temperature causes the NO, emission level to increase for all fuel/air equivalence ratios. At ¢ = 0.90, a
10% increase in NO, was observed when the inlet air temperature increased from 40 to 60°C. For 30%
iso-butanol-gasoline blend experimental results show that preheating inlet air causes knock and misfire
to occur at less advanced ignition timing. « 1998 Elsevier Science Ltd. All rights reserved
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NOMENCLATURE

BSFC brake specific fuel consumption (g/kW h)
BTDC before top dead center

MBT maximum brake torque
ppm part per million

rpm revolution per minute
TDC top dead center

P fuel/air equivalence ratio

1. INTRODUCTION

1.1. Iso-butanol

Various studies have shown that the substitution of alcohol-gasoline vehicles for conventional
hydrocarbon fueled vehicles cculd significantly reduce the level of NO, emission [1-3]. Pure
ethanol is being used as a spark ignition engine fuel in Brazil. In the United State gasohol, 10%
ethanol—gasoline blend, is offered at thousands of service stations as automobile fuel.

Alcohols such as methanol (CH;OH), and ethanol (C,HsOH) have received considerable
attention recently because they are considered as highly efficient, and low-polluting future fuels
through their lean operating ability [4]. The oxygen presence in alcohol fuel provides soot-free
combustion with low particulate level. Iso-butanol (C4HoOH) is an attractive alcohol fuel
because of its high heating value compared to methanol and ethanol. Iso-butanol heating value
represents 77% of gasoline heating value, and it has the advantage of a low affinity for water.
Phase separation in the presence of water is the most disturbing problem with alcohol-gasoline
blends. Investigations show that alcohols with 3 to 8 carbon atoms are more effective for water
solubility in blends [5]. Iso-butanol has been used as a cosolvent to improve the phase stability
of methanol-gasoline and ethanol-gasoline blends [6]. The high octane number of iso-butanol
makes it inherently adaptable as fuel for conventional spark ignition engine [7,8]; Properties of
some alcohol fuels are listed in Appendix A.
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Studies carried out ty Alasfour [9] and others [10, 11] show that using iso-butanol blends
gives reductions in power, exhaust temperature and thermal efficiency compared to pure gaso-
line. The lower heating value of iso-butanol is believed to be the primary reason. Although iso-
butanol blends provide better performance in spark ignition engines than methanol and ethanol
blends, iso-butanol has not been an attractive choice as an alternative fuel because of its higher
cost of production compared to methanol and ethanol and its nonavailability from non-pet-
roleum sources [12]. However, fermentation of agricultural feedstock and preheating of hard-
wood by cellulose enzymes are promising for iso-butanol-acetone production [13,14]. In
Kuwait, improvement in air quality, such as reduction of NO, emission from automobiles, can
be realized by using vehicles that operate on alcohol-gasoline fuel blends. Butanol-diesel fuel
mixture is also used in diesel engines to improve the exhaust gas quality [15].

1.2. NO,

The term NO, generally refers to NO and NO,. The seven oxides of nitrogen known to occur
are NO, NO,, NO3, N>O, N>O;, N,O4 and N,Os [16]. Of these seven oxides of nitrogen, nitric
oxide, NO, and nitrogen dioxide, NO,, are the two most important air pollutants because they
are emitted in large quantities from combustion systems. The other five nitrogen oxides are
known to exist but they seldom occur in atmosphere in measured quantities. NO is a colorless
and odorless gas, its ambient concentration is usually far less than 0.5 ppm. NO; is a corrosive,
toxic, and reddish brown gas, it is quite visible in sufficient amounts. Nitric oxide is the predo-
minant oxide of nitrogen produced in significant quantities inside the engine cylinder [17]. Nitric
oxide contributes to the production of photochemical smog, and the depletion of ozone layer, it
causes damage to plant life and adds to the problem of acid rain. Nitric oxide formation is
highly temperature dependent. The three principal sources of NO emission in combustion are:
(1) oxidation of atmospheric nitrogen in the postflame gases, often termed the ‘thermal NO’; (2)
Prompt NO associated with rapid reaction between intermediate radicals such as HCN, and
CH, and molecular nitrogen in the initial stages of the combustion process. Studies show that
prompt NO provides less than 10% of overall NO, emission and it is not thought to be import-
ant in spark ignition engines. Table 1 lists estimates of the relative importance of prompt NO in
NO, emission from practical combustion systems; (3) if the fuel contains organically bonded
nitrogen, then some of -his nitrogen will eventually form the ‘fuel NO’, where this case is not
predicted in engines [18].

The chemistry of NO formation in a gas phase mixture has been extensively studied [20, 21].
NO, are formed during the combustion process, mainly as a result of chemical reaction between
nitrogen and oxygen, and most NO is formed in the hotter postflame gases. The principal reac-
tions governing the formation of thermal NO during lean and near stoichiometric were postu-
lated by the Zeldovich free radical mechanism,

O+ N, = NO + N, (n
N+ O, = NO + O, (2)
for @ > 1.0, the reaction
N+OH =NO-+H (3)

Reactions (1) and (2) are the most important in terms of NO formation in lean and slightly rich

Table 1. The importance of prompt NO emissions from practical combustion devices [19]

Device/Fuel Percentage of prompt NO
Utility boiler/natural gas 17
Gas turbine/natural gas 30
Spark ignition engine/gasoline 10
Compression ignition engine/diesl 5

Utility boiler/coal <5
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mixtures. The activation energy values suggest that contributions to total NO, by the route of
reaction (1) and (2) are not significant below the temperature of about 1500°C [22].

Reaction (3) is of some importance in rich mixtures. The formation of thermal NO. is
strongly dependent on the temperature of the burnt gas. The production of NO, emissions in
spark ignition engines depends on fuel composition and operating conditions. Several par-
ameters such as type of fuel, fuzl/air equivalence ratio, inlet air temperature, ignition timing,
and engine speed affect the level of NO, emission.

Although a great deal of experimental NO, emission data in spark ignition engines using
methanol and ethanol have been accumulated, very few data are available for iso-butanol as
fuel. Experience with iso-butanol fuel for internal combustion engines, however, is quite
limited [23]. Researchers showed a positive reduction of NO, level in spark ignition engines
when iso-butanol-gasoline blends were used. An experimental study conducted by Rice et al. [24]
investigated the level of NO, emission using 20% iso-butanol-gasoline blend. The engine was a
Chrysler 4-cylinder spark ignition unit. The NO, emissions were measured only as a function of
fuel/air equivalence ratio, while the inlet air temperature and the ignition timing were not varied.
Results show that at ¢ = 0.9 there is about a 25% reduction in NO, for 20% iso-butanol--gaso-
line blend compared to pure gasoline. Another study conducted by Schrock and Clark [25] on a
4-cylinder, spark ignition engine, running at 3500 rpm, and at @ = 0.92. They used a blend
which consisted of 51% iso-butanol, 25% acetone, 18% water, and 6% ethanol. Results show
that there 1s about a 40% reduction in the NO, emissions level compared to pure gasoline.
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Fig. 1. Schematic diagram of the test system.
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It can be seen that by selecting the operating parameters such as equivalence ratio, inlet air
temperature, and ignition timing, a trade-off between output power and NO, emission can be
achieved. The present study was carried out as a part of research efforts by the research unit at
Kuwait University, which aimed to understand the effect of using alcohol-gasoline blend in a
hot climate. The experimental study described in this paper was conducted to provide data
which are not available in the literature on the effect of preheating the inlet air temperature
(Part 1) and varying the ignition timing (Part 2) on the level of NO, emission, and knock and
misfire limits using a single cylinder research engine with 30% iso-butanol-gasoline blend as a
fuel.

2. EXPERIMENTAL ASPECTS

2.1. Test engine

The experiments throughout this investigation were conducted with a Hydra single-cylinder,
spark ignition engine operating at steady state conditions. The research engine was a water
cooled, 4-stroke, fuel injection unit with a compression ratio of 8.86. A schematic layout of the
test setup is shown in Fig. 1, and the engine specifications are given in Table 2. The single cylin-
der research engine is desirable in this research to avoid the complication of fuel-air mixture
maldistribution, where the variation in the fuel/air equivalence ratio from cylinder-to-cylinder,
in a multicylinder engine, is of the order 210%. The combustion chamber of the engine has a
bath-tub cylinder head, and the engine was running at 1500 rpm at wide open throttle. The
engine speed could be controlled to within 21 rpm. Further detailed description of the exper-
imental apparatus and procedure has also been reported by Alasfour [9].

2.2. Instrumentation "

Air flow rate was measured using a laminar flow meter (Cussons P7028). The flow meter was
mounted upstream of the surge tank which dampened flow pulsating. The laminar flow meter
uses a platinum resistance thermometer to measure discharge air temperature, and two precision
pressure transducers to measure the differential and absolute pressures. From these measure-
ments a 16 bit microprocessor (TMS 9995) calculates the volume and mass flow rate of air.

The fuel flow rate was measured by using a gravimetric fuel flow meter (Cussons Compuflow
P8125), the fuels used in this study were gasoline and iso-butanol (industrial grade, C4HyOH,
99.5%). Iso-butanol-gasoline blends were prepared by volume measure, and a stirrer was used
to ensure a uniform blend mixture.

A thermocouple was installed in the exhaust port to measure the exhaust gas temperature.
Additional thermocouples were installed to measure the temperature of intake air, cooling
water, and lubricant oil. Measurement of exhaust gas temperature performed using Chromel-
alumel (type K) thermocouple with 8 channel digital temperature indicator. An electrical heater
(1 kW) was installed in the surge tank to provide heating for the intake air. In this research the
fuel/air equivalence ratio was varied between two extremes, lean and rich fuel/air equivalence
ratios (0.7-1.1) under steady operations.

The level of NO, emissions were measured using a Chemiluminescent NO/NO, analyzer,
Beckman Model 951-A which is equipped with sample pump. The exhaust gas sample was car-
ried from the exhaust through a probe passing through a filter and dryer to prevent any water

Table 2. Engine specifications

Type Hydra Spark ignition
Bore 80.26 mm

Stroke 88.9 mm

Cylinders {

Swept volume 0.4498 1
Compressicn ratio 8.86:1

Fuel injectcr Bosch 0280 150 151

Spark plug Champion N6YC
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and particulate from entering the analyzer. Thus all the NO, emission level reported herein were
measured on a dry basis. The system was calibrated at the beginning of each test series with a
calibration gas and the data were reproducible. Appendix B lists the accuracy of instrumenta-
tion.

Three sets of experiments were performed. The first set investigated the NO, emission level at
different fuel/air equivalence ratio, the second set studied the effect of preheating the inlet air on
NO, emission level, and finally the third set examined the knock and misfire limits as a function
of inlet air temperature.

3. RESULTS AND DISCUSSION

The NO, formation process within the cylinder is controlled mainly by burned gas tempera-
ture and the combustion duration during the compression and expansion process. Various
means are suggested to control the NO, emission concentration in the exhaust gas. Examples
are: fuel additives, fuel/air equivalence ratio, exhaust gas recycle (EGR) and ignition timing. In
any attempt to reduce NO,, the prime goal must be to lower the reaction temperature (flame
temperature), and to reduce the time available for NO, formation.

3.1. Fuellair equivalence ratio

In a spark ignition engine the concentration of NO, emission depends on several factors such
as flame temperature and the amount of oxygen in the cylinder. The presence of excess air
affects both the temperature and the oxygen concentration of gases in the postflame zone, where
leaning mixture usually decreases the engine efficiency and combustion temperatures.

65
)
— <  Gasoline, 40°C
¢
i \ [  30%Butanot, 40°C
55 —| (O  30% Butanol, 50 °C
] /\  30% Butanol, 60 °C
QO 45 —
[a]
’_ -
o
Py _
o |
&
o 35 —
25 —
15 T T T l T | T I T | ;
06 0.7 0.8 0.9 1.0 1.1 1.2

Fuel/Air Equiavelance Ratio

Fig. 2. The effect of fuel/air equivalence ratio, and inlet air temperature on MBT ignition timing.
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Fig. 3. The effect of inlet air temperature on exhaust temperature at different ignition timing.

Figure 2 shows the MBT ignition timing as a function of fuel/air equivalence ratio at different
inlet air temperatures. Results show a smaller MBT ignition timing (less advanced) for the iso-
butanol-gasoline blend compared to gasoline, which reflects the faster burning rate of iso-buta-
nol compared to gasoline. This result agrees with the trend of another alcohol fuel, namely etha-
nol, which was used in a spark ignition engine by Brinkman [26].

Similarly, the MBT ignition timing for iso-butanol-gasoline blend decreased as the inlet air
temperature increased due to the increase in the burning rate of fuel/air mixture during combus-
tion. Alcohols require a considerable amount of heat to vaporize compared to gasoline. This
high latent heat of vaporization leads to a significant reduction in combustion temperature
inside the cylinder.

Previous experimental work by Alasfour [9] shows a lower exhaust temperature of 30% iso-
butanol-gasoline blend compared to gasoline. This reduction is due to the low heating value
and high latent heat of vaporization of iso-butanol fuel. Figure 3 shows the effect of preheating
inlet air on exhaust temperature, by preheating the exhaust temperature at ¢ = 0.9 as a func-
tion of ignition timing and at different inlet air temperatures. Results show that as the inlet air
temperature increases the exhaust temperature decreases. For @ = 0.9 as the inlet air tempera-
ture increases, the air density decreases, thus the mass of air which enters the cylinder decreases.
Therefore, the amount of fuel which enters the cylinder, to maintain @ = 0.9, will decrease, i.c.,
the amount of heat released during combustion decreases, so the reduction in exhaust tempera-
ture is predicted. Figure 4 shows the NO, emission as a function of fuel/air equivalence ratio.
As the fuel/air mixture weakened, i.e., the mixture will be more lean, the oxygen concentration
will be available in abundance, and the combustion temperature will decrease. On the other
hand, for a rich mixture there is little excess oxygen to dissociate and attach to nitrogen atoms
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Fig. 4. NO, emission versus fuel/air equivalence ratio.

to form NO. The competition between these two effects results in maximum NO occurring in a
slightly lean mixture. Theoretically, an increase in the fuel/air equivalence ratio from 1.0 to 1.1
results in an increase in the maximum cycle temperature of about 38°C while the oxygen concen-
tration decreases by 50%. In Fig. 4, the experimental data show the characteristic bell-shaped
NO, curves versus fuel/air equivalence ratio for pure gasoline and 30% iso-butanol-gasoline
blend. The shape of the curve is well known. Production of NO, in the cylinder depends on the
fuel/air equivalence ratio, maximum cycle temperature, and combustion rate. The higher the
temperature or the higher the combustion rate, the more NO, will be produced.

At 1500 rpm the maximum NO, concentrations at & = (.9 for the iso-butanol—-gasoline blend
were about 9% lower than the corresponding maximum NO, emission with pure gasoline.
Figure 4 shows that the reduction of NO, emission is large in the rich region, whereas it is not
evident in the lean region. In general, these results agree with those obtained by Most and
Longwell [27], one can see that reducing the fuel/air equivalence ratio from 0.90 to 0.80 results
in a reduction in NO, of about 30%, where the drop in temperature is believed to be the main
reason. In addition, very lean ratios tended to produce other engine operating problems such as
slow flame propagation and increased cyclic variation.

Figure 5 shows the effect of fuel/air equivalence ratio on NO formation. The increase in peak
temperature has a positive influence on the formation of NO, hence, the concentration of NO
increases as the flame temperature increases. Several experimental results in the literature [28]
show that the flame temperature decreases as the fuel/air mixture becomes more lean, thus Fig. 5
shows an increase of NO/NO, ratio as the fuel/air equivalence ratio reaches stoichiometric
(@11).



[
wn
(]

F. N. Alasfour

1.1
@)
O

0.9 —|
OX
= ] O
(@]
z

0.7 —

0.5 : 1 [ I | T ‘ T l T

0.5 06 07 0.8 0.9 1.0

Fuel/Air Equivalence Ratio

Fig. 5. The effect of fuel/air equivalence ratio on NO formation for 30% butanol.

3.2. Inlet air temperature

The effect of air preheating is the same as of improving the mixture quality. It helps in vapor-
izing the fuel properly, where preheating the inlet air reduces the period of heat transfer from
hot cylinder to the charge of fuel-air mixture. In many industrial operations waste heat is fre-
quently used to preheat air entering the combustion process. Although this process leads to an
appreciable energy saving, the added energy increases the flame temperature in the engine cylin-
der, thus the NO, emission level increases. For a typical spark ignition engine the gas tempera-
ture increase 1°C for each 3°C increase in inlet air temperature [29].

Iso-butanol has a higher evaporative cooling effect (latent heat) than gasoline, the latent heat
of vaporization is 474.3 kJ/l as compared to 223.3 kJ/I for gasoline. Accordingly, the cooling
effect due to evaporation of iso-butanol has a significant effect on the reduction of charge tem-
perature in the cylinder, and thus reduces the formation of NO,. The relatively low NO, emis-
sion level for 30% iso-butanol-gasoline blend compared to gasoline can be explained by the
lower average gas temperature during the combustion process. Preheating inlet air has a major
influence on NO, formation; Fig. 6 shows the experimental data for NO, emission as a function
of inlet air temperature. Results show that the maximum level of NO, emission increases by
10% as the inlet air temperature increases from 40 to 60°C. The increase in NO, level is due to
the increase in the flame temperature and the presence of oxygen atoms in the lean mixture.
Preheating inlet air also increases the end gas temperature, which results in a faster rate of
build-up of fuel vapor in the cylinder, thus the tendency for knocking is promoted since the
knocking process is sensirive to the end gas temperature.

Incomplete combustion or misfire occurs under operating conditions where fuel-air mixture is
near the flammability lirait, misfire refers to a failure of charge to ignite and burn. Figure 7
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Fig. 6. The effect of inlet air temperature on NO, emission for 30% butanol.

shows the effect of preheating inlet air on knocking and misfire at @ = 0.9. Experimental
data show that as the inlet air temperature increases, the knock and misfire limits occur at
less advanced ignition timing. In general, for a lean mixture the rates of chemical reaction
increase by increasing both the temperature and the concentration of the fuel, the result will
be a shorter ignition delay period at higher intake air temperature. As the ignition delay
decreased, the maximum cycle temperature will increase which will lead to a corresponding
increase in knocking tendency. Experimental results in Fig. 7 show that the increase in inlet
air temperature leads to a decrease in the range of ignition timing. Results at ¢ = 0.9 show
that the range of ignition timing between knock and misfire limits reduces from 21 to 16
crank angle degrees when the inlet air heated from 40 to 70°C. Figure 8 shows the effect of
preheating inlet air on the brake specific fuel consumption (BSFC). The difference between the
iso-butanol-gasoline blend curve and pure gasoline is mainly due to the energy content in
fuels and it has been discussed elsewhere by Alasfour [9]. Results in Fig. 8 show the effect of
preheating inlet air on BSFC at different fuel/air equivalence ratios, results show that as inlet
air temperature increases, the BSFC increases. This result agrees with Keitaro er al. [30],
working on a 4-cylinder Toyota spark ignition engine using commercial gasoline as a fuel.
They concluded that as the inlet air temperature increases, the BSFC increases in a linear re-
lationship. Scheffler and Niepoth [31] also concluded in their experimental work that relative
fuel consumption increases as a function of ambient temperature and journey distance.
Horowitz and Tobin [32] presented a universally applicable empirical equation relating vehicle
fuel consumption to ambient temperature.



254 F. N. Alasfour

40
AN Knocking Limit
_ v Misfire Limit
——
Knock region

30 —
=
5 AN
o 20 —
2
o
[3)
©

10 —

Misfire region
i — =
0 T T T | T T T l T T T l T
20 30 40 50 60 70 80 90
Inlet Air Temperature
°C

Fig. 7. The effect of inlet air temperature on knocking and misfire for 30% butanol.

4. CONCLUSIONS

The experimental research investigated the reduction of NO, emission from a spark ignition
engine using a 30% iso-butanol-gasoline blend as a fuel and the effect of preheating inlet air on
NO, emission. To the best of our knowledge, it is the first time that the influence of preheating

inlet air has been studied on this blend. Based on the experimental investigations, the following
conclusions may be drawn:

1. The experimental results show that a 9% reduction in maximum NO, emission level can be
achieved when 30% iso-butanol-gasoline blend was used compared to pure gasoline.

2. The reduction of NO, emission level was evident in the rich mixture.

3. Preheating inlet air, at @ = 0.9, from 40 to 60°C causes the level of NO, to increase by
about 10%.

4. As the inlet air temperature increases, the knock and misfire limits occur at less advanced ig-
nition timing.

5. For lean fuel/air equivalence ratios, preheating inlet air causes an increase in BSFC.

In general, the present research provides a quantitative comparison of NO, emissions between
30% iso-butanol-gasoline blend and pure gasoline, and the effect of preheating inlet air tem-
perature on NO, emission, BSFC, and knock and misfire limits.
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University.
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APPENDIX A
PROPERTIES OF GASOLINE. METHANOL, AND ISO-BUTANOL

Property Gasoline Methanol Ethanol Iso-butanol

Chemical formula CgH s CH;OH C,HsOH C4H4OH

Molecular weight 11 32 46 74

Net lower heating 43.5 20.1 27.0 333

value (MJ/kg)

latent heat (kJ/1) 2232 920.7 725.4 474.3

Stoichiometric A/F ratio 14.6 6.4 9.0 1.1

Oxygen content, mass % 0.0 499 34.7 21.6

Specific gravity 0.725 0.796 0.794 0.81

Vapor pressure at 60-90 32 17 2.3

23.5°C (kPa)

Vapor toxicity Moderate Toxic even in Toxic in only Moderate

irritant small doses large doses irritant

APPENDIX B

ACCURACY OF INSTRUMENTATION

No. Measured Device Accuracy Resolution
1 Fuel flow rate Compuflow gravimetric fuel flow Better than 0.01 g/sec
meter (Cussons P8125) 20.35%
2 Air flow rate Laminar flow meter mass flow Better than 0.01 g/sec
computer (Cussons P7028) 20.93
3 Inlet air and K type thermocouple Better than 1°C
exhaust gas 0.5%
temperatures
4 Torque Eddy current dynamometer Better than 0.0} Nm
20.5%
5 Speed Eddy current dynamometer Better than 1 rpm
20.35
6 Ignition timing Electronic ignition circuit Better than 1 degree
2.53%
7 NO and NO, Chemiluminescent NO/NO, Better than 10 ppm

analyzer, Beckman Model 951A 0.5




