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Abstract: Most studies reported that smoke opacity and particulate matter (PM) are substantially 
reduced when using emulsion fuel. The goal of this work was to predict the PM reduction of diesel 
emulsion fuel by measuring the smoke opacity, which is known to be proportional with PM. The 
smoke/PM  measurements were mostly of the particulate trap type, which is lengthy, arduous and 
only offers cumulative results. In this study, the smoke opacity was measured in real-time by using a 
smoke opacimeter to obtain faster, simpler and continuous results. The results were compared to the 
results of Legal Particulate Sampling (LPS). The types of fuel used in this study were an emulsion 
fuel denoted as E10 and Malaysian EURO2 diesel (D2M). Even though the PM emission of E10 was 
20% lower than D2M, the smoke opacity of E10 was 200% higher. It was concluded that the 
opacimeter could not be used to predict the PM reduction in emulsified D2M.  

Keywords: particulate matter, smoke, water in diesel emulsion fuel, opacity, opacimeter. 

1. Introduction

Industrial development has side implications which
pollute the environment. Many developing cities are 
suffering from health problems and reduced visibility 
caused by smog and smoke/particulate matter (PM) 
emission. Diesel engines, the preferred engine for heavy 
and industrial applications, contribute to this 
environmental degradation by emitting large amounts of 
NOx, smoke and PM. Ecologically- aware cities have 
issued policies to reduce or outright ban the application of 
diesel engines1).   

Combustion in a diesel engine occurs under extremely 
diverse conditions with the continuously changing 
concentrations of gases, liquids, and solids. The chemical 
reactions of diesel combustion are incomplete, and PM 
exits from the exhaust, forming smoke. Generally, there 

are three kinds of smoke which form in a diesel engine: 
white, blue, and black smoke2). White smoke, which is 
observed at low loads or when it is cold-started, contains 
condensed water vapour and unburned fuel. It is triggered 
by local over-leanness or low combustion temperatures 
and usually disappears as the engine warms up2,3). 

Blue smoke is usually produced when the piston ring or 
valve guides are worn, causing the lubricant to enter the 
combustion chamber. On the other hand, black smoke is 
caused by unburned carbon particles (soot).  

Soot, the main component of PM, is the solid 
microscopic carbon particles aerosolised in the exhaust 
gas. Soot is usually generated in a diesel engine at a 
temperature between 1000 and 2800 K, at a pressure of 
50–100 atm4). It is formed by thermal decomposition and 
dehydrogenation of the fuel in locally overrich regions of 
the combustion chamber2). When the particles are large 
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enough, the aerosol is visible as smoke. A mixture of soot 
and droplets of liquid soluble fraction constitutes the PM, 
which is classified into PM10 and PM2.5. PM10 are 
generally 10 µm and smaller, while PM2.5 are 2.5 µm and 
smaller5). This size is considered an important factor in 
health aspects because they are lung carcinogen and the 
particles smaller than 10 µm are more likely to enter deep 
into the respiratory system and bloodstream. Fine particles 
also create haze which reduces visibility6).  

Table 1. Smoke and PM reductions by using WDa 

Types of engine and 
engine operating 
condition 

Water 
(%) 

PM 
PM/Smoke 

meas.method 

1-cylinder, light-duty, 
direct-injection engine 
(engine speed = 1250 
rpm)7) 

40 ↓2 Smoke 
Bosch 

Bus, 6 cylinders, heavy 
duty direct injection, 
EURO 2 (MLTB cycle)8)  

10 ↓2 PM 
LPS 

4 cylinders, Displacement 
7118 cc. The tests were 
performed at p = 5 bar; n 
=1700 rpm9) 

10 

15 

↓1 

↓2 

Smoke 
Bosch 

1-cylinder, Displacement 
406 cc, 5 kW. 2% SPAN80 
with an HLB 4.3 used as 
the surfactant. Performed 
at different loads10) 

5 

10 

15 

20 

↓1 

↓2 

↓3 

↓4 

PM 
LPS 

1-cylinder, 5 kW, 
Displacement 406 cc. 
Non-surfactant steam-
generated water-in-diesel 
emulsion. Performed at 
different loads11) 

6 ↓3 PM 
LPS 

1-cylinder, 5 kW, 
Displacement 406 cc. 1% 
SPAN80 with an HLB 4.3 
used as the surfactant. 
Performed at different 
loads11) 

10 ↓2 PM 
LPS 

a=The symbols ↑/↓ and 1,2,3,4 represent the trend and intensity of 
variations in each study, and cannot be used to compare different studies 

Most modern diesel engines are equipped with silver-
based catalysts to neutralize the PM emission12). Also, 
introducing water into the combustion system can reduce 
PM emissions. Dryer observed in 1977 that water 
introduction by using emulsion fuel was proven to reduce 
the emission of NOx and PM 13). Emulsion fuel for diesel 
engines is created by mixing water with diesel (WD) in 
the presence of a surfactant. The WD-related micro-
explosion phenomena enhance the atomization of the fuel 
during the premixing. The better premixing is believed to 
reduce the PM emission14–19). Moreover, water content 

boosts the concentration of OH radicals, which consumes 
soot precursors by oxidation13).  

Previous studies, listed in Table 1, unanimously 
concluded that the PM emission could be substantially 
reduced by using emulsion fuel. Mazlan et al. from the 
AVS laboratory used a non-surfactant WD system (NWD) 
on a lorry, and observed a notable reduction in the 
produced NOx and smoke20). Sugeng et al. also employed 
an alternative NWD and gained a reduction on the NOx 
and PM reduction11).  

There are two types of measurements which can be 
indicative for PM or smoke intensity. Firstly, a Bosch type 
smoke meter (Bosch) or the Legal Particulate Sampling 
(LPS) captures the PM by trapping the particulates on a 
filter. With Bosch, the radiant flux of light reflected off the 
stained filter is measured at a scale of 0 to 10 by a portable, 
battery-powered photoelectric device21). With LPS, the 
difference of the filter before and after the particulate 
capture is compared. The disadvantages of both Bosch and 
LPS are that they are lengthy and arduous, yet offer only 
cumulative results. Secondly, smoke opacity is measured 
using an opacimeter, which indicates the reduction of a 
beam of light when passed through a gaseous medium. 
This measurement provides results in a real-time, simpler 
and continuous manner. 

LPS and opacimeter results do correlate proportionally, 
which means lower PM results in lower smoke opacity22–

25). Kihara from Horiba, offered the Equation (1) to 
calculate smoke opacity (k in m-1) from PM concentration 
(𝜌𝜌𝑃𝑃𝑃𝑃  in  kg/m3)26). In Equation (1), ṁ is the collected 
PM mass over the sampling duration (kg/s), C the 
conversion coefficient (m), and 𝜙𝜙𝑒𝑒𝑒𝑒 the flow rate of the 
exhaust gas (m3/s). 

�̇�𝑚 = 𝐶𝐶.𝜌𝜌𝑃𝑃𝑃𝑃 .𝑘𝑘.𝜙𝜙𝑒𝑒𝑒𝑒 (1) 

However, no study has been found that presents any 
experimental data to confirm the conversion method. Thus, 
it was the objective of this study to provide empirical data 
to see whether an opacimeter can be used for the purpose 
of predicting the PM reduction in an emulsion fuel. 

2. Methodology

The smoke opacity and particulate matter (PM) were
measured under various loading conditions. The tests 
were performed on a Yanmar stationary diesel engine with 
the specifications listed in Table 2.  

Table 2. Diesel engines specifications 

No. of cylinders 1 
Brand Yanmar 
Cylinder broke x stroke, mm 85 x 87 
Displacement, l 0.493 
Cooling system Radiator 
Continuous rated output, kW 6.3 
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Rated engine speed, rpm 2400 
Operating speed during tests 2000 
Compression ratio 1:18 

The engine was fuelled with two types of fuel: 
Malaysian EURO2 diesel (D2M) as a baseline, and E10: 
an emulsified D2M with 10 vol% water and 3 vol% 
sorbitan monooleate (SM) of Sigma–Aldrich (SPAN80) 
as a surfactant19,27,28). The properties of D2M are listed in 
Table 3.  

The loads were delivered by a 10 kW KLAM eddy-
current dynamometer. The KLAM delivered a braking 
torque (T) to the engine shaft. When the dyno was set to a 
specific load, some slip was observed. The measurements 
were initiated when the drop in the torque grip had 
somewhat stabilised. The actual torque was averaged 
between the maximum and minimum values during each 
measurement. Before the measurement was repeated, the 
torque was readjusted. The procedure was repeated 4 
times, and the loads were calculated with engine speed (n) 
of 2000 rpm with Equation (2): 

𝑃𝑃 =
2𝜋𝜋𝜋𝜋𝜋𝜋

60
(2) 

Fig. 1: Dilution tunnel schematics11) 

The measurement of PM, schematised in Fig. 1, was 
performed by the Legal Particulate Sampling (LPS) using 
a custom-built dilution tunnel equipped with a Constant 
Volume Sampler (CVS). A desiccated MILLIPORE 
FHLP04700 Teflon filter (pore size 0.45 μm, diameter 47 
mm) trapped the PM. Loads were delivered incrementally 
from 1 to 5 kW. The exhaust gas was diluted with ambient 
air. 200 litre of the diluted exhaust gas was led through the 
filter. The filter was desiccated again after the procedure. 
The difference between its weight before and after was 
assumed as PM.    

The Horiba MEXA-600S is a light-transmitting type 
opacimeter that evaluates smoke concentration based on 
the intensity of the absorbed and scattered light when the 
light is aimed directly on the exhaust gas. The light 
transmission method has high sensitivity concerning blue 
and white smoke26). The specifications of the MEXA-
600S are listed in Table 4. 

Table 3. Malaysian EURO 2 Diesel (D2M) characteristics 

Properties Unit Value 

Calorific Value MJ/kg 45.28 

Density @15°C kg/L 0.8538 

Total Sulphur mass % 0.28 

Maximum methyl-esther content mass % 5 

Viscosity cSt 7.6 @20°C 
5.1 @40°C 
4.0 @60°C 

Distillation Temperature, 90% recovery °C 367.9 

Flashpoint °C 93.0 

Pour Point °C 12 

Cetane Number 54.6 

Carbon wt % 84.1 

Hydrogen wt % 12.8 

Sulphur wt % 0.2 

Nitrogen wt % <0.1 

Oxygen wt % 3.9 

Two types of tests were performed with the MEXA: 
rapid/free acceleration tests (FAT) and loaded steady-state 
(LST)29). Before the procedure were started, the engine 
was warmed up until 40°C to avoid unnecessary white 
smoke. Firstly, the FATs were performed under no-load 
condition by manually controlling the throttle handle. The 
engine was kept at idle speed of 600 rpm for 5 seconds 
and then rapidly accelerated to the maximum speed of 
2400 rpm. After 5 seconds at maximum speed, the throttle 
was released back to the original position. This cycle was 
repeated 10 times for each test, and the procedure was 
repeated 4 times. The values were then averaged as 
opacity k in m-1. Secondly, the LSTs were executed at a 
constant speed of 2000 rpm at loads from 1 to 5kW. The 
opacity was then measured 4 times at each load.  

Table 4. Horiba MEXA-600S opacimeter specifications 

Measuring principle Opaque method 
(partial flow sampling) 

Light absorption coefficient (K) 0.000 m-1 ~ 9.999 m-1 

Additional features Oil temperature and engine speed 
measurement 

3. Results and discussion

The actual loads calculated with Equation (2) were
recorded, and the results are tabulated in Table 5. The 
torque was set to 23.84 Nm to produce a power of 5 kW 
at 2000 rpm. Because of the magnitude, the current that 
runs through the stators became substantial and generated 
excessive heat, which the cooling fan could not 
compensate. The heat caused the dyno to trip and 
inoperable until it cooled down. Hence, the measurements 
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were only performed up to 4 kW. 

Table 5. Set and actual torque/loads at 2000 rpm 

Set 
value 

(kW) 

Torque 
(set) 
(Nm) 

Actual 
torque 

(Nm) 

Actual 
load (kW) 

1 4.7746 4.6403 0.9719 
2 9.5493 9.7165 2.0350 
3 14.3239 14.3223 2.9997 
4 19.0986 19.1633 4.0136 
5 23.8372 - - 

The actual torques and loads were averaged, and the 
standard deviations were calculated. The results are 
depicted in Fig. 2. It can be observed that the error was 
minimal, indicating a reproducible load during all the 4 
load tests. 

The results of LPS are represented in Fig. 3, where it 
can be observed for each fuel, that the PM concentrations 
decreased notably with increasing load. Compared to 
D2M, E10 showed a reduction between 13 to 20%. 
According to Black et al.22), we would expect the smoke 
opacity also to be reduced.  

Fig. 3: PM measurements results 

The results of the FAT with E10 and D2M are given in 
Fig. 4. The average D2M’s opacity was somewhat lower 
than E10, which is contradicting the lower value of E10’s 
PM. However, the standard deviation spread renders these 
results inconclusive. The spread might be caused by the 
inconsistencies during the FAT accelerating cycles. The 
MEXA manual suggested that the acceleration to the 
maximum engine speed is executed within 2 seconds. Still, 
since the operation was manually performed, the 
acceleration rise might also vary for each cycle. It should 
be noted that during the transient FAT runs with E10; the 
smoke was notably whitish. 

Fig. 4: Transient FAT results 

LST tests yielded more resounding results in Fig. 5, 
with the overall higher smoke opacity of E10 compared to 
D2M. Again, these results contradicted the lower E10’s 
LPS results. Each fuel showed increasing opacity values 
across the increasing loads. With the LST runs, the white 
smoke was not as apparent but could play some role in 
heightening the opacity of the smoke. 

Figure 5 shows the opacity measurement results of LST, 
which are more resounding than the FAT results. The 
maximum measured smoke opacity from the LST tests is 
substantially lower than the minimum opacity of the FAT 
test (0.14  m-1 vs 5.43 m-1).  We can observe on each 
used fuel that with each increasing load, the average 
smoke opacity also increases. The smoke opacity at 4 kW 
shows an aggressive increase in smoke opacity for both 
fuels. The smoke opacity averages show that with the LST, 
E10 emitted 65 to 200% more smoke than D2M. This is 
most probably caused by the white smoke produced by the 
water vapour and incomplete combustion of E10. 

Fig. 5: Loaded steady-state (LST) smoke opacity 

Fig. 2: Set and actual brake power at 2000 rpm 
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When the PM measurements were processed with 
Equation (1), the opacity k could then be compared and 
displayed in Fig. 6. Firstly, the calculated opacity (D2Mc) 
at lower loads up to 3 kW showed close approximations 
with the measured opacity of D2M (D2Mm). However, at 
the higher load of 4 kW, D2Mm jumped and differed 
significantly than D2Mc. The jump was most probably 
caused by incomplete combustion of D2M at high loads.  

Secondly, D2Mc shows overall higher values than 

E10’s calculated value (E10c). E10 showed a wide gap 
between measured value (E10m) and E10c. The big 
difference between E10m and E10c might be caused by the 
presence of opaque water vapour. Excessive white smoke 
emission was also a side product incomplete combustion 
due to the reduction of the E10’s combustion temperatures. 
In LPS, the water mass was undetected because most of it 
was eliminated by desiccation. 

In contrast with E10 and D2M, other studies on the 
emulsion of biodiesel, such as wood-pyrolysis oil30), 
jatropha methyl esters30,31), lemongrass oil32) reported 
lower opacities of their smoke compared to their 
respective base fuel. These results could be attributed to 
the fact that the biofuels are oxygenated enough to 
compensate for the incomplete combustion observed in 
D2M.  

4. Conclusion

This study collected and compared the results of Legal
Particulate Sampling and an opacimeter. Overall, the 
opacimeter is more convenient to use than LPS.  
However, analysis of the results showed that the opacities 
of D2M and E10 did not correlate with PM. Although E10 
generated lower PM than D2M, the smoke opacity of E10 
are generally higher. The white smoke generated due to 
the water content in E10 contributed to the opacity of the 
exhaust gas, causing a large gap between the measured 
and calculated values.  
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