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Abstract

Interest in alternative fuels for compression-ignition engines has grown as crude oil reserves
decline and emission regulations become increasingly stringent. Water addition to diesel can
reduce combustion temperature and induce microexplosion of fuel droplets, while n-butanol
increases the oxygen content and further contributes chemical energy to the fuel blend.
However, the effect of butanol concentration on the combustion behaviour of water-diesel
emulsions under varying engine loads remains unclear. This study investigates the
combustion characteristics of water-diesel-butanol blends across three engine loads, with a
constant water fraction. Experiments were conducted using a four-cylinder, 3.0 L
turbocharged Isuzu 4JJ1 common-rail diesel engine operated at 3000 rpm under 20%, 35%
and 50% loads. Five fuels were tested including neat diesel (D), a water-diesel emulsion
(W5D), and three ternary blends containing 5 vol.% water and 5, 10, and 15 vol.% n-butanol,
denoted as W5DBu5, W5DBu10, and W5DBul5. The pressure traces were cycle-averaged,
while the apparent heat release rate (HRR) and mass fraction burned (MFB) were calculated
to evaluate combustion behaviour. Among the tested fuels, WSDBu15 exhibited the strongest
combustion response with peak cylinder pressure and peak HRR reaching up to 7% and 21%
higher than those of neat diesel, respectively. At low load, the MFB of the butanol-containing
blends developed slightly later. However, this difference diminished as engine load increased.
Overall, the findings of this study suggest that W5DBul0 provides a favourable balance
between combustion intensity and stability, highlighting its potential for further evaluation
as an alternative diesel fuel.

Keywords: Butanol, Combustion Analysis, Diesel Engine, Emulsion Fuel, Water Addition

1.0 Introduction

Road freight still depends heavily on diesel. This creates three main concerns.
Petroleum reserves are limited, fuel prices change, and diesel exhaust
damages the environment [2], [19]. Compression ignition (CI) engines remain
common because of their efficiency, durability and high torque. Despite these
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advantages, their exhaust contains nitrogen oxides (NOx), carbon monoxide
(CO) and particulate matter [3], [20]. Consequently, recent studies have
examined alternative fuels that can be used in existing engines without
hardware modification [1], [17]. Among these alternatives, alcohol-diesel
blends have attracted because of their potential to reduce soot emissions.
Ogunjide et al. [19] explained that lower soot formation in alcohol and diesel
blends comes from the oxygen contained in alcohol molecules. Yilmaz et al.
[3] reported similar results for higher alcohols. N-butanol is suitable for
moderate blending without phase separation because of its heating value,
diesel miscibility, cetane number and moisture resistance [2], [8], [20]. It has
a heating value of about 33 MJ/kg and 21.6% oxygen by mass, making it
more than a simple fuel diluent [1], [17]. Furthermore, its high latent heat of
vaporisation delays ignition, leaving more fuel for premixed combustion and
increasing peak cylinder pressure [1], [10], [18].

In contrast, water influences combustion differently through a predominantly
cooling effect. Alahmer et al. [14] explained that dispersed water droplets
absorb heat, reduce local flame temperature and consequently lower thermal
Nox formation. Moreover, the droplets may cause microexplosion. Oliveira et
al. [15] and El Nagy and Mohamed [16] explained that water inside a droplet
becomes superheated before the surrounding diesel. Rapid vaporisation then
breaks the original droplet into smaller droplets, providing more surface area
for evaporation and mixing without modifying the injector. Nevertheless, when
used alone, water would mainly dilute the fuel. When mixed with butanol, the
added oxygen and fuel energy may balance the cooling effect, while
microexplosion can enhance atomisation [5], [11].

Despite these reported mechanisms, previous studies have produced different
results regarding combustion behaviour. Tipanluisa et al. [1] and Pullagura
et al. [17] observed higher peak pressure with butanol addition. In contrast,
Yu et al. [9] found lower pressure because of the alcohol's lower heating value
and evaporative cooling. Likewise, different results have been reported for
emulsified fuels. Oliveira and Broéjo [13] and El Nagy and Mohamed [16]
related higher pressure to microexplosion, while Mondal and Mandal [4] found
that heat absorbed by water reduced peak pressure. These discrepancies may
be attributed to differences in blend formulation and engine load. In
particular, engine load affects the cylinder temperature and pressure history
which can influence fuel evaporation, ignition and combustion behaviour [14],
[19].

Although alcohol-diesel blends and emulsions of water in diesel have been
widely studied, fewer studies have examined ternary blends containing a fixed
water fraction with varying butanol content [11], [16], [20]. Published studies
on ternary blends often incorporate biodiesel or another type of alcohol. For
instance, Allasi et al. [7] combined n-butanol with algae biodiesel.
Furthermore, many studies have been conducted using single-cylinder
research engines at a single engine speed, making direct application to
engines with several cylinders and common rail injection difficult [17], [18].

46
Politeknik & Kolej Komuniti Journal of Engineering and Technology, Vol. 11, No. 1, 2026
eISSN 0128-2883



Evaluation of Water-Diesel-Butanol Fuel Blends Under Varying Engine Conditions

To address these gaps, this study investigated ternary diesel blends
containing a fixed water fraction of 5 vol.% and varying n-butanol content
from 5 to 15 vol.%. This formulation enabled the effect of increasing butanol
content to be evaluated under a consistent water addition. Tests were
conducted on a production four-cylinder, 3.0-litre turbocharged common-rail
diesel engine, which is closer to a light commercial vehicle than a single-
cylinder research engine. Cylinder pressure, heat release rate (HRR) and mass
fraction burned (MFB) were compared at three engine loads to examine the
effects of blend composition and operating condition. The novelty of this study
lies in assessing fixed-water, variable-butanol ternary blends in a production
multi-cylinder common-rail engine under varying load conditions.
Accordingly, the objective of this study was to assess the combustion
behaviour of these ternary blends under varying engine loads.

2.0 Methodology

Figure 1 illustrates the overall experimental workflow comprising two main
stages which are fuel preparation and stability assessment, followed by engine
testing and combustion-data analysis. Five fuels were prepared and evaluated
for stability before being tested in the engine. The resulting combustion data
were subsequently processed and compared to assess the effects of fuel
composition and engine operating conditions.

@ Engine test rig preparation
v
1 1 0, 0,
Selection of test fuels: D, W5D, Engine tesg&% all:;f(? %, 35% &
WDBu5, WDBul10, WDBul5 °
+ No +
Data Acquisition (DAQ)
collection

v

A 4

Stability

Volumetric measurement Testing

+ Result validation and
Pre mixing of fuel blend comparison
v
v

Discussion of combustion
Ultrasonic emulsifying blend characteristics

| N

Figure 1: Experimental workflow for fuel preparation, stability assessment,
engine testing and combustion-data analysis

2.1 Test Engine and Experimental Setup

The experiments were conducted using a four-cylinder, in-line, water-cooled
Isuzu 4JJ1 diesel engine equipped with turbocharging, direct-injection and a
common-rail fuel-injection system. The production engine was selected to
provide combustion conditions representative of a modern multi-cylinder
diesel powertrain, particularly in terms of turbocharged air intake and
common-rail injection. This configuration also provides a practical
comparison with previous alcohol-diesel studies that used single-cylinder
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research engines [1], [17]. The main specifications of the test engine are
presented in Table 1.

Table 1: Specifications of the Isuzu 4JJ1 turbocharged test engine

Engine Parameter Specification

Model Isuzu 4JJ1 (turbocharged)

Type 4-cylinder, water-cooled, overhead valve,
vertical in-line, direct injection

Bore 95.4 mm

Stroke 104.9 mm

Displacement 2.999 L

Number of cylinders 4, in-line

Compression ratio 17.5

Connecting rod length 150.0 mm

Piston pin offset 1.0 mm

Rated output 61.0 £ 3% kW at 2500 rpm

Maximum torque 280 + 5% N'm at 1800 rpm

No-load maximum speed | 2500 + 10 rpm

Low idle speed 800 £ 10 rpm

Ignition system Direct injection

The bore, stroke, connecting-rod length, piston-pin offset and compression
ratio were used to determine the instantaneous cylinder volume required for
the combustion analysis stage [1], [9]. The rated output and maximum torque
were used as references for establishing the 20%, 35% and 50% engine-load
conditions.

An eddy-current dynamometer was used to control the engine speed and load
during testing. Figure 2 illustrates the test cell: engine and dynamometer,
separate tanks for reference and test fuels, fuel flow meter, air-intake line,
and a cooling-tower circuit. The adjacent control room carried the
dynamometer panel, DEWECa and DEWESoft acquisition units and an
exhaust-gas analyser. Crank-angle-referenced in-cylinder pressure came
from a piezoelectric transducer [1], [6], [15].
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Figure 2: Schematic of the experimental test cell and measurement system

2.2 Fuel Blend Preparation

Five fuels were prepared and tested: neat diesel (D), a binary water-diesel
emulsion (W5D), and three ternary water-diesel-n-butanol blends (W5SDBu5,
WS5DBul0 and W5DBul5). The water content was fixed at 5 vol.% for all
water-containing blends, while the numerical designation following "Bu"
represents the n-butanol content of 5, 10 or 15 vol.%. The fuel compositions
are presented in Table 2.

Table 2: Volumetric composition of the test fuels

Fuel Diesel (vol.%) Water (vol.%) Butanol (vol.%)
D 100 0 0

W5D 95 S 0
WS5DBuS 90 5 5
WS5DBu10 85 5 10
WS5DBu15 80 5 15

Two considerations determined these proportions. Mondal and Mandal [4] and
Oliveira et al. [15] found that S vol.% water can trigger micro-explosion while
limiting the heating-value penalty and separation risk; peak pressure and
storage life deteriorate above about 10 vol.%. Butanol was capped at 15 vol.%
to avoid injector or calibration changes. This limit also matches the blend
ranges of Tipanluisa et al. [1], Fernandez-Rodriguez et al. [2] and Pullagura et
al. [17].
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Blend preparation is shown in Figure 3. Diesel, water and butanol were
measured in the Table 2 ratios into a sealed container and shaken by hand,
then homogenised so that the water dispersed as fine droplets. Span
80/Tween 80 surfactant (HLB =~ 6) was added at 2 vol.%, inside the 1-3 vol.%
band reported as sufficient for a stable emulsion without excess residue [13],
[15], [16]. Homogenisation turned the mixtures from clear to opaque milk-
white, the appearance associated with a stable emulsion [16].

\ g

Fuel preparation after shake

Fuel blend prepared
according to specified ratios

Final fuel blend after
homogenization Homogenization using
emulsifying machine

Figure 3: Fuel blend preparation process

2.3 Test Conditions and Combustion Analysis

Each fuel was run at 3000 rpm under 20%, 35% and 50% load, covering low,
intermediate and medium-to-high operation. Part load was emphasised
because the disagreement noted in Section 1 is sharpest there, where in-
cylinder temperature is low enough for ignition delay and vaporisation
penalties to dominate [14], [19]. Pressure was logged over consecutive cycles
and cycle-averaged against cyclic variation [1], [6]. Apparent net heat release
followed from the first-law, single-zone model of Equation (1) [1], [9].

dQ/de = [y/(v - 1)] P (dV/d®) + [1/(y — 1)] V (dP/d6) (1)

Here dQ/dO is net heat release rate per crank angle, P in-cylinder pressure,
V instantaneous cylinder volume, 0 crank angle and vy is the ratio of specific
heats. The single-zone form requires only measured pressure and the
geometry of Table 1, and is the formulation used by Tipanluisa et al. [1], Yu
et al. [9] and Pullagura et al. [17]. Mass fraction burned (MFB) is obtained
from Equation (2), normalising cumulative against total heat release.

xb(0) = Q) / Qtotal (2)

where xb(0) is the mass fraction burned at a given crank angle, Q(6) the
cumulative heat released to that angle and Qtotal the total. Pressure, heat
release rate and MFB describe combustion intensity, timing and
completeness, respectively [6], [18].
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3.0 Results and Discussion

3.1 In-Cylinder Pressure

Figure 4 presents in-cylinder pressure against crank angle for the five fuels
at each load. Peak pressure rose with load throughout, as more fuel and stiffer

pre-ignition compression would suggest [1], [14]. The influence of fuel
composition grew as butanol content increased.
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Figure 4: In-cylinder pressure versus crank angle at (a) 20%, (b) 35%, and
(c) 50% engine load

At 20% load, diesel peaked near 57 bar and W5DBul5 near 61 bar, about 4
bar or 7% higher (Figure 4(a)). Tipanluisa et al. [1] and Pullagura et al. [17]
observed the same trend, relating it to fuel-bound oxygen and a longer ignition
delay that increases premixed combustion near top dead centre. W3SD instead
peaked slightly below diesel, at about 56 bar, consistent with heat absorption
by water [4], [14]. Oliveira and Brogjo [13] and El Nagy and Mohamed [16]
reported emulsion peaks above diesel. Droplet size and surfactant formulation
may account for the difference because finer droplets undergo stronger micro-
explosion [13], [16]. Here, water cooling and butanol enhancement appear to
oppose one another, with the butanol effect clearer above about 10 vol.%.

At 35% load, W5DBu1l5 peaked near 78 bar and diesel near 74 bar, a 5%
difference (Figure 4(b)). The smaller gap than at 20% load may reflect a
warmer charge, shorter ignition delay and a smaller premixed fraction [1],
[18]. The butanol-rich blends still burned later and for longer, as observed by
Tipanluisa et al. [1] and Lapuerta et al. [10]. Yu et al. [9] and Shadidi and
Allahyari [20] reported lower pressure with alcohol, but their blends contained
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at least 20 vol.%. At that level, the lower heating value may outweigh the
premixed gain.

At 50% load, W5SDBul5 reached roughly 87 bar and diesel about 83 bar
(Figure 4(c)). The 4% difference was smaller, and the pressure curves were
now more closely grouped. Once charge temperature is high enough, ignition
delay is short for every fuel and phasing follows in-cylinder conditions rather
than fuel chemistry [14], [19]. W5DBulO and WS5DBulS nonetheless
developed the strongest pressure, consistent with oxygenated and emulsified
fuels burning more completely under fast-oxidation conditions [1], [4], [15].

3.2 Heat Release Rate

Figure 5 shows the apparent heat release rate (HRR) for each fuel and load.
Because HRR follows the pace of energy conversion, it resolves the premixed
and diffusion phases more finely than peak pressure does [6], [18].
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Figure 5: Heat release rate versus crank angle at (a) 20%, (b) 35%, and (c)
50% engine load

At 20% load, Figure 5(a) puts the premixed HRR peak of WS5DBu15 near 1,750
kJ/s against 1,500 kJ/s for diesel, a 17% jump against only 7% in peak
pressure. Butanol therefore concentrates the release rather than enlarging it,
consistent with the longer ignition delay described in Section 1 [1], [10], [17].
Late-burn oscillation is also visible. Yu et al. [9] and Ogunjide et al. [19] found
similar behaviour at low load and high oxygenate content, suggesting a need
for combustion control.

At 35% load, W3DBu1l5 reached about 2,290 kJ/s and diesel 1,900 kdJ/s, a
21% increase (Figure 5(b)). WSDBul0 and W5DBul5 also exceeded WS5D,
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showing that water alone did not cause the rise. Oliveira and Brojo [13] and
El Nagy and Mohamed [16] mainly linked higher HRR to micro-explosion. In
these tests, water seems to support mixing and later combustion, while the
premixed peak grows with butanol content. The faster release would increase
the pressure-rise rate, so injection timing may need adjustment for noise [6],
[18].

At 50% load, W5DBu1l5 peaked near 1,880 kJ/s and diesel near 1,700 kJ/s,
the smallest increase at 11% (Figure 5(c)). As with pressure, the benefit of a
longer ignition delay diminished as load rose [14], [19]. Some late-phase
oscillation remained but combustion still completed. Overall, more butanol
produced a higher HRR peak at every load, consistent with reports for
oxygenated Cl-engine fuels [6], [12].

3.3 Mass Fraction Burned

Figure 6 plots MFB against crank angle, indicating the progress and
completion of combustion [6], [18].
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Figure 6: MFB development with crank angle at (a) 20%, (b) 35%, and (c)
50% engine load

At 20% load, diesel and WSD reached 50% MFB first, at about 6.5 crank angle
degrees after top dead centre (Figure 6(a)); WSDBu1l0 and W5DBu 15 required
roughly 7.5 degrees. All fuels nevertheless completed combustion within
about 60 degrees. The slower MFB rise of the butanol blends reflects the
ignition delay described in Section 2.3 and produces a more gradual low-load
burn [1], [10], [17].
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At 35% load, the order became different. At 20 crank angle degrees, MFB was
around 60% for WSDBu15, 55% for diesel and 50% for WSD (Figure 6(b)). The
butanol blends reached 90% MFB about 5 to 7 degrees earlier than diesel.
Previous studies linked shorter combustion with higher thermal efficiency and
lower soot [3], [12]. Here, W5D extended the combustion period, while butanol
shortened it. This shows that the additives did not work independently. Faster
and hotter combustion may increase NOx [3], [12], but exhaust emission data
are required.

At 50% load, the MFB curves nearly overlapped, with less than 2% difference
at any crank angle (Figure 6(c)). At higher temperature and pressure, the
cylinder condition was controlled combustion phasing and made the
oxygenate effect less noticeable [14], [19]. The ternary blends therefore
operated within this load range with only a small timing penalty, which is
relevant to a light commercial engine [1]. All three diagnostics show the same
pattern. Butanol sharpened combustion but delayed ignition by about one
crank angle degree. With water fixed at 5 vol.%, cooling moderated pressure
rise and micro-explosion aided mixing [4], [15], [16]. The fuel effect depended
strongly on load: the maximum HRR gain was 21% at low-to-intermediate
load and 11% at 50% load. W5DBu10 gave the best balance of pressure, heat
release and stability, retaining most of the W5DBu15 gain without the same
late-burn fluctuation. Several limits apply. Testing covered one speed and
three loads, and neither brake thermal efficiency nor exhaust emissions were
measured, both of which any environmental claim would require. Droplet size
was also not measured, leaving its role in micro-explosion unresolved.

4.0 Conclusion

This study investigated the combustion characteristics of water-diesel-
butanol blends at different engine loads while maintaining a constant water
fraction. The results demonstrate that both engine load and n-butanol
concentration influence combustion characteristics. Among the tested fuels,
WS5DBu15 produced the highest peak cylinder pressure and heat release rate
with increases of up to 7% and 21%, respectively, compared with neat diesel.
In contrast, WSDBulO provided the most favourable balance between
combustion intensity and stability across the tested operating conditions.
Thus, these findings show that incorporating an appropriate proportion of
water and n-butanol can modify the combustion behaviour of a common-rail
diesel engine without hardware modification, highlighting the potential of
these blends as alternative diesel fuels. Future studies should focus on brake
thermal efficiency, exhaust emissions, fuel stability, long-term engine
durability and injection-timing optimisation to establish their overall
performance and operating limits. The results of this study provide a basis for
further validation, scale-up and commercial evaluation of WS5DBul0 as a
potential alternative fuel for existing common-rail diesel applications.
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