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Progress Highlights
This report summarizes the progress of the project “homogeneous combustion catalysts for efficiency improvements and emission reductions in diesel engines” in the past three months from March 2011 to June 2011. 
In order to understand the mechanisms of the working of the homogeneous combustion catalysts in diesel engines and devise new catalysts with respect to the fuel savings and emissions reduction potential, research work has focused on the following two aspects: single diesel droplets combustion and laboratory diesel engine emissions tests. Results from single diesel droplets combustion indicates that the use of the homogeneous combustion catalyst in the diesel fuel reduced the ignition time and total burnout time while the peak flame temperature and the average evaporation rate of the single diesel droplets were increased. By the employment of new AVL Digas 4000 gas analyser, the reductions of gaseous emissions with the addition of FTC/FPC catalyst were systematically studied and quantified. Under the tested conditions, FTC-3 catalyst was tested to effectively reduce CO, HC, CO2 and smoke emissions with the highest rate of 19.1%, 12.9%, 9.4% and 32.0% respectively, while FPC-2 combustion catalyst was tested to be able to reduce CO, HC, CO2 and smoke emissions up to 16.3%, 13.9%, 12.3% and 36.2% respectively. 
Results, findings and discussions

Combustion of Single diesel droplets 
The experiments of single diesel droplet ignition and combustion were carried out in the apparatus as illustrated in Fig.1. The experimental setup consists of a horizontal tube furnace with a temperature controller for providing a hot air environment, a droplet suspension system, a step motor for delivering the droplets into the furnace and a CCD camera for measuring the ignition time, total burnout time and flame temperature. Caltex No.2 diesel oil, with and without being dosed with the catalyst, was used for experimentation. The specifications of the base diesel oil and the catalyst are listed in table 1. The catalyst was added into the base diesel fuel at dosing ratios of1:6400, 1:3200, 1:1600, 1:400 (by volume), respectively. 
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Figure 1 a schematic diagram of experimental apparatus

The tube furnace was used to generate the hot ambient air at temperatures between 923 and 1073K into which the diesel droplets were ignited and combusted. The temperature was regulated by a temperature controller with accuracy of ±1K. A droplet was produced by a micro-syringe of 10µL in volume and deposited on the tip of a quartz fibre of approximately 200±10µm in diameter. From the constant fuel volume, V, taken by the micro-syringe, the initial droplet diameter is defined as:
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In the present studies, the initial droplet size was from 1.1mm to1.5mm. 

The droplet suspended on the fiber was delivered into the centre of the furnace with the assistance of a step motor. The velocity of the step motor was set to 1m/s, which allows about 0.15s to insert the droplet from the entrance to the furnace centre. A high speed CCD camera was used to capture the images of the process from the moment when the droplet entered the furnace until it burned out. The frame rate of the camera was set to 200f/s to enable accurate determination of the ignition time and total burnout time. The camera also allowed the observation of the features of the micro-explosion during diesel droplet combustion. A personal computer was used to operate the step motor and the CCD camera.
With the assistance of the video images taken by the CCD camera, we can calculate the ignition time, total combustion time and the flame temperature. Ignition time (ti) was defined as the time period between the moment when the droplet passed through the entrance of the furnace and the moment when the first visible flame was observed. The total combustion time (tc) was the time period between the instance when the droplet passed through the entrance of the furnace and the instance when the burning finishes. With knowing the droplet size and the total combustion time, we can define the average evaporation rate of the droplet kc: 
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The flame temperature was determined through the two-color pyrometry using the optical spectra from the visual thermal imaging taken by CCD camera. This method has been recently adopted to calculate the temperature of sooty flame using the pixel intensity of the images taken by a CCD camera. 
Results and Discussions
General observations of typical droplets combustion processes

When a fuel droplet is exposed to a hot oxidizing environment, it absorbs heat and vaporises. The fuel vapour rapidly mixes with the hot air and, if the temperature is high enough, ignition occurs and the flame of the burning of the vapour establishes. The combustion of the fuel vapour continues until the fuel in the droplet is completed.

Figure 3 shows a set of time-sequenced images of the flame of the combustion process observed in two typical experimental runs for the pure diesel and the diesel dosed with the catalyst at 1:3200 ratio, respectively. The droplet diameter was 1.1mm. It can be seen that ignition occurred at the position just below the droplet (Image 1) and then moved upwards (Image 2) and finally formed an envelope flame surrounding the droplet (Image 3). The flame shape was not spherical due to the weak convective effect under the normal gravity condition (buoyancy) but still exhibited a high degree of spherical symmetry. The outer region of the flame is a bright yellow ring, which presents the primary reaction zone of fuel vapour (flame zone). There was an orange-coloured luminous core between the droplet and the flame zone, which means that the temperature was lower than the temperature in the flame zone. The flame size rapidly enlarged at early of burning but stabilized lately until the burning finishes. Figure 2 also shows the micro-explosion phenomena (Image 4) during the droplet combustion process. Diesel fuel is composed of many constituents with variable volatilities and boiling points. The micro-explosion occurrence involves the superheating of higher volatility components trapped within the droplet interior. These components would consequently explode as the vapour pressure builds up. In the present study, it was found that the micro-explosion was stronger at higher air temperatures and for larger droplet sizes. 
With the catalyst working in the diesel combustion process, it was seen that the ignition time and the total burnout time were shortened. Looking at the Images 3 and 4, it was apparent that the flame was brighter of the catalyst dosed diesel droplet than that of the pure diesel droplet. The micro-explosion phenomenon was observed during the combustion process of both the pure diesel droplet and the droplet dosed with the catalyst (Image 4). However, the micro-explosion time and intensity for both pure diesel and diesel dosed with the catalyst showed no significant difference, which implies that the possible mechanisms with the working of the catalyst in diesel combustion process may not be associated with the micro-explosion under the tested conditions. 
The ignition time, total combustion time, average evaporation rate and the flame temperature varying with the droplet size, air temperature and the catalyst dosing ratio will be reported as below. All reported results were based on more than five measurements.
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Figure 2 Typical sequential images of combustion flames for pure diesel and diesel dosed with the catalyst at 1:3200 ratio
Ignition time

The variation of the ignition time with the droplet size, air temperature and the catalyst dosing ratio are revealed in Figure 3 – Figure 5. Fig. 3 shows that the ignition time increased as the droplet size increased from 1.1mm to 1.42mm. This is due to the fact that large droplets have a large heat capacity and need longer times for the droplets to evaporate. Fig. 4 shows that the ignition time deceased with increasing the air temperature.

It is also evident that the ignition time was reduced with the addition of the catalyst in the diesel fuel. Fig.3 shows that at the tested droplet sizes at the air temperature of 973K, the use of the catalyst reduced the ignition time regardless of the tested droplet size. At the catalyst dosing ratio of 1:3200, the reduction in the ignition time was around 20ms. Fig.4 indicates that the effect of the catalyst on the ignition time was more significant at lower air temperature. For instance, at the catalyst dosing ratio of 1:3200, the reduction in the ignition time was 0.3s at the air temperature of 923K, which is almost ten times greater than that at 1073K. As seen in Fig. 5, the ignition time was reduced with increasing the catalyst dosing ratio but this reduction was not linearly. When the catalyst dosing ratio was greater than 1:1600, the ignition time did not change significantly anymore.
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Figure 3 Effect of droplet diameter on ignition time at air temperature 973K
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Figure 4 Effect of air temperature on ignition time at droplet size 1.1mm
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Figure 5 Effect of the catalyst dosing ratio on ignition time at air temperature 973K
Average evaporation rate and total burnout time
Figures 6 – 8 show the effect of the droplet size, air temperature and the catalyst dosing ratio on the total combustion time and the average evaporation rate. Figure.6 shows that the total burnout time and the average evaporation rate increased as the droplet size increased under the tested conditions. In the present studies, the micro-explosion was much stronger for a larger droplet and the effect of the natural convection increased with increasing droplet size, which may suggest that the heat transfer from the flame to the droplet surface was enhanced with increasing the droplet size. As expected, the total burnout time decreased and the average evaporation rate increased as the air temperature increased as shown in Figure.7.

It was found that the addition of the catalyst in diesel fuel shortened the total burnout time and improved the average evaporation rate as shown in Figure 8. Under the tested conditions, the average evaporation rate was improved by about 0.01-0.02mm2/s at the catalyst dosing ratio of 1:3200. It was also found that the total burnout time was shortened and the average evaporation rate was enhanced with an increase in the catalyst dosing ratio in the diesel fuel but this effect levelled off when the catalyst dosing ratio was greater than 1:1600.

[image: image17.png]29

- | —l— Pure diesel
2.8 | —@— Diesel with catalyst concentration 1:3200
- | —#&— Diesel with catalyst concentration 1:400

= 2.6 |-
5
=25
E
224
Q
2231
S
S22

2.1 -

2.0
1.05 1.10 1.15 120 1.25 130 1.35 140 145

Droplet diameter (mm)

—_
S

’/s)

L — @ e
o) N oo N

o
W

Average evaporation rate (mm




Figure 6 Effect of the droplet size on average evaporation rate and total combustion time at air temperature 973K
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Figure 7 Effect of the ambient temperature on the average evaporation rate and total combustion time at droplet size 1.1mm
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Figure 8 Effect of the catalyst dosing ratio on the average evaporation rate and total combustion time at ambient temperature 973K 
Flame temperature

Figures 9 shows the measured instantaneous peak flame temperatures, as a function of time, for the pure diesel and diesel dosed with the catalysts at 1:3200 and 1:400 ratios and at air temperatures of 973K. It is seen that the flame temperature reached almost 2400K just after the ignition and then decreased sharply, stayed at a constant level and then gradually decreased towards the end of the combustion process. This corresponds to the two phases of the droplet combustion, which are premixed ignition and diffusion combustion. The temperature at each point in the following diagrams was based on more than five measurements. Figure 10 shows that the flame temperature increased with increasing the air temperature from 923K to 1073K. Raising the ambient air temperature increases the enthalpy of the air and fuel that react in the flame zone, leading to a higher flame temperature. It is seen that in Figure.11 the flame temperature slightly dropped as the droplet size increased. This may due to the fact the heat loss from the flame front to the ambient through convection and radiation increased as the droplet size increased.

The effect of the catalyst on the peak flame temperature was also revealed in Figures. 9 – 11. It is seen that the flame temperature of the droplet dosed with the catalyst is higher than that of the pure diesel. From Figures 11 and 12, the flame temperature rose about 50K with the catalyst dosing ratio of 1:3200 and 70K with the catalyst dosing ratio of 1:400. As illustrated in Figs. 10 and 11, at the catalyst dosing ratio of 1:3200 in the diesel fuel, the flame temperature increased with the surrounding air temperature and slightly fell as the droplet size increased. Meanwhile, the temperature difference between flames with and without the catalyst reaches about 40-60K in tested air temperature and droplet sizes.
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Figure 9 Peak flame temperature of droplets at initial diameter of 1.1mm as a function of time at air temperature 973K
[image: image21.png]—l— Pure diesel
2150 | | —®— Diesel with catalyst dosing ratio 1:3200

(\®)

[u—

-]

-]
|

o

-

N

-
|

2000 -

Peak flame temperature (K)

1950 -

| | | | | | |
920 940 960 980 1000 1020 1040 1060 1080
Air temperature (K)




Figure 10 Effect of air temperature on the peak flame temperature at droplet diameter 1.1mm
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Figure 11 Effect of droplet size on the peak flame temperature at air temperature 1073K
From the above observations of diesel droplet combustion and the effect of the catalyst on the ignition time and the average evaporation rate and the flame temperature, it is considered that the homogeneous combustion catalyst transports into the flame zone and promote the reaction rate between the fuel vapor and the ambient gas. This results in an increase in the flame temperature of catalyst dosed droplet. Consequently, the mass and heat transfer to the burning droplet was enhanced by the higher flame temperature, resulting in a higher average combustion rate.
Laboratory diesel engine emissions tests

Test Engine and Fuel
The diesel engine employed in this project is an air-cooled, four-stroke, direct-injection, single cylinder diesel engine (AET Ltd.), which was connected to a 15HP eddy-current dynamometer. Ultra low sulfur diesel (sulfur content<15ppm) was used as baseline diesel. Analyses of fuel physical properties have been carried out prior to engine tests. As shown in Table 1, it was found that there were no significant variations on fuel properties with the addition of FTC/FPC catalysts, including density, viscosity, flash point, distillation temperature, cetane number, and etc. This ensures that FTC/FPC catalysts are ready to use with no requirements on engine modifications and have no adverse effects on the whole engine system. 

Table 1 Fuel Physical Properties

	Parameters
	Baseline Diesel
	FPC+ diesel

(1:10 000)
	FTC + diesel

(1:3 200)
	Analytical Method

	Viscosity,(cSt @40 ◦C)
	2.03
	2.02
	1.98
	ASTM D445

	Density, (g/ml @15◦C)
	0.845
	0.846
	0.847
	ASTM D1298

	Flash Point, (◦C)
	80
	81
	78
	ASTM D93

	Pour Point, (◦C)
	-9
	-10
	-8
	ASTM D97

	Distillation Range, (◦C)
	
	
	
	

	IBP
	180
	177
	175
	ASTM D86

	10%
	208
	211
	209
	ASTM D86

	50%
	271
	272
	269
	ASTM D86

	90%
	329
	330
	328
	ASTM D86

	FBP
	360
	361
	357
	ASTM D86

	Calculated Cetane Index (CCI)
	48.7
	48.8
	48.5
	ASTM D4737


Engine Testing Procedures

The tests started with baseline diesel and the test engine was operated from low, medium to high speeds and loads, to simulate different driving conditions. After baseline testing completed, the engine was fuelled with FTC/FPC catalysts treated diesel and run a period of time (break-in period) to eliminate any effects of previous fuel carryover on engine performance. Considering the small cylinder size of the test engine, timeframe for each cycle was depicted as following diagram:
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Figure 12 Overall testing flow chat (per speed)

AVL Digas 4000 analyser (AVL Pty.) was applied to measure the concentration of regular gas emissions, i.e. carbon monoxide (CO), carbon dioxide (CO2), total unburned hydrocarbon (HC) and nitric oxides (NOx). The soot emission was tested by monitoring the smoke opacity with Bosch BEA-RTM 430 infrared opacimeter (Bosch Pty.Ltd.). Two instruments were calibrated prior to each cycle test. Data acquisition and accuracy were tabulated in Table 2.

Table 2 Exhaust Measurement System Specifications

	Parameter
	Measurement Range
	Measurement Principle
	Accuracy
	Measurement Frequency
	Data Quality Control

	CO
	0-10% by vol.
	Infrared measurement
	0.01% 
	1s interval for 5min
	Analyser zero and span prior to test.

Analyser calibration before and after each cycle test. 

	CO2
	0-20% by vol.
	
	0.1%
	
	

	HC
	0-20 000 ppmv
	
	1ppm
	
	

	O2
	0-4% by vol.
	Electrochemical measurement
	0.01%
	
	

	
	4-22% by vol.
	
	0.1%
	
	

	NOx
	0-4000 ppmv
	
	1ppm
	
	

	Smoke opacity
	0-100%
	Optical LED measurement
	0.1%
	10s interval for two separate 5min intervals
	Smoke meter zero and span prior to each test.




Results and Discussions 

All the emission data were collected by a computer connected to AVL gas analyser in order to quantitatively reveal the effectiveness of FTC/FPC catalysts on emission reductions in the tested engine. Results were discussed as follows:
Carbon monoxide (CO) emissions

Figure 13 shows CO emissions for neat diesel, diesel with FTC-3 at dosage ratio of 1:3200, diesel with FPC-2 at dosage ratio of 1:10000 when engine was running at the speed of 2800rpm and various loads. For internal combustion engines, CO emissions are primarily controlled by the air/fuel equivalence ratio. From plot (a), it can be seen that CO emission is increasing with increasing the load (plotted as brake mean effective pressure-BMEP). As in the theory, much richer fuel-air mixture is burned at higher engine load and consequently more CO is produced. The reductions of the air/fuel ratio under high load conditions are also testified by the decreasing excess O2 emissions in plot (b). 
 SHAPE  \* MERGEFORMAT 



Since the excess O2 emissions are varying under tested conditions, which may slightly dilute the exhaust emissions, all the emission data were processed based on 1% excess O2. In Figure 13, plot(c) shows the calculated CO emission per 1% excess O2, it is clearly seen that CO emitted by the FTC/FPC treated diesel is much lower than that for the corresponding baseline diesel, which is quantitatively certified that the addition of FTC/FPC catalysts can significantly reduce the CO emissions. The same CO reduction trend was found when engine was running under high speed of 3600rpm, as in Figure 14. The highest CO reduction ratios of 19.1% for FTC-3 catalyst treated diesel and 16.3% for FPC-2 catalyst treated diesel were achieved under tested conditions.
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Figure 14 CO emissions per 1% O2 for three fuels at engine speed of 3600rpm and various loads
Unburned Hydrocarbon (HC) emission

The HC emissions per 1% excess O2 from neat diesel, FTC-3 treated diesel at dosage ratio of 1:3200, FPC-2 treated diesel at dosage ratio of 1:10000 are depicted in Figure 15, at various engine loads, low (2800rpm) and high (3600) engine speeds. Similar to CO emission, the unburned HC emissions shown in the plot are increasing with increasing the load typically because fuel-rich combustion in high loads leads to more incomplete combustion products (e.g HC, CO). Both low and high speed emission plots show that the HC emissions of FTC/FPC treated diesel are much lower than that of baseline diesel under all load conditions. A maximum reduction of 12.9% for FTC-3 treated diesel is obtained at high engine load and 13.9% for FPC-2 treated diesel at same engine condition. It is also observed that higher HC reduction ratio by FTC/FPC catalysts was achieved under higher load engine conditions when HC emission is severe, which may indicate the fuel combustion is more complete by the catalytic effects of FTC/FPC catalysts at these conditions. 
 SHAPE  \* MERGEFORMAT 


Carbon dioxide (CO2) emissions

Figure 16 shows the results of CO2 emissions per 1% O2 from the engine tests fuelled with the three different fuels. Accordingly, the CO2 emissions of FTC/FPC treated diesel fuels are found to be lower compared to neat diesel fuel at all engine conditions. The maximum reduction of 9.4% and 12.3% for FTC-diesel and FPC-diesel blends were achieved respectively under high engine load conditions. The reduction in CO2 emissions are presumably attributed to more complete combustion and less fuel consumption with the addition of FTC/FPC catalysts in diesel fuel. It is also observed that higher CO2 reduction ratio by the addition of FTC/FPC catalysts was achieved under higher load engine conditions, a fact collectively attributed to the possible FTC/FPC catalytic combustion effects.
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Smoke emissions
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Particulate emissions from diesel engines were evaluated by smoke meter, which is one of the particulate measurement techniques by measuring the relative quantity of light that passing through the collected particulates from diesel exhausts. As shown in Figure 17, the smoke emissions for tested fuels were collected under low and high engine speeds. It is observed that the smoke emissions from FTC/FPC- diesel blends are much lower than that from baseline diesel fuel at all engine conditions, with the maximum reduction of 32.0% for FTC-3 1:3200 dosed diesel and 36.2% for FPC-2 1:10000 dosed diesel, separately. This again confirms that FTC/FPC catalyst does significantly improve combustion and dramatically reduce particulate emissions.

Nitrogen oxide (NOx) emission
Figure 18 and Figure 19 illustrate NOx emissions versus CO and smoke emissions from neat diesel, FTC-3 treated diesel at the dosage ratio of 1:3200, FPC-2 treated diesel at the dosage ratio of 1:10000. Theoretically, there exists a trade-off effect between NOx and particulate emissions in a conventional diesel engine. With minor engine modification, it is difficult to achieve simultaneous reduction of both NOx and particulate pollutants. As we can see from the two figures, with the addition of FTC/FPC catalyst, CO and smoke does move to lower emission area, while NOx emission seems to be slightly increased, but further convincing evidence is still under investigation.
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Conclusions

Based on the diesel droplet combustion results and laboratory diesel engine emission results, we can draw the following conclusions: 
1. The use of the homogeneous combustion catalyst in the diesel fuel shortened the ignition time. It was also found that the effect of the homogeneous combustion catalyst on the ignition time was more significant at lower air temperature;
2. The use of the homogeneous combustion catalyst in the diesel fuel shortened the total burnout time and improved the average evaporation rate. Such effect increased with increasing the catalyst dosing ratio but levelled off when the catalyst dosing ratio was greater than 1:1600;
3. The use of the homogeneous combustion catalyst in the diesel fuel increased the peak flame temperature of diesel droplets combustion. At the catalyst dosing ratio of 1:3200 in the diesel fuel, the flame temperatures of the catalyst dosed droplets were about 40K-70K higher than those of the pure diesel droplets;
4. It was considered that the reaction rate in the flame zone was enhanced with the presence of the homogeneous combustion catalyst, resulting in a higher peak flame temperature. Consequently, the heat transfer between the flame front and the droplet surface and the average evaporation rate were improved;
5. The highest reduction ratios of CO, HC, CO2 and smoke emissions were achieved with 19.1%, 12.9%, 9.4% and 32.0% respectively for FTC-3 catalyst treated diesel fuel, under tested engine conditions;
6. The highest reduction ratios of CO, HC, CO2 and smoke emissions were achieved with 16.3%, 13.9%, 12.3% and 36.2% respectively for FPC-2 catalyst treated diesel fuel, under tested engine conditions.
Plans for the Next Quarter

Based on current experimental results, the work we are planning to undertake in the next quarter is described as follows:
· Diesel engine tests

Performance of FTC/FPC combustion catalysts on laboratory diesel engine running with biodiesel with respect to fuel consumptions and smoke & gas emissions will be studied.
· Diesel droplets combustion

Spectroscopy studies on single diesel droplets dosed with FTC/FPC catalysts will be performed in order to understand the mechanisms of the catalyst in diesel combustion process.
· Size and morphology study of soot emissions
Transmission electron microscopy (TEM) analysis will be carried out to study the size distribution, microstructure and morphology of soot emissions by the addition of FTC/FPC combustion catalysts, aiming to understand the effects of homogeneous combustion catalyst on nano scale particles. Another objective is to help observe the morphology and formation of metal iron after the combustion process.
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Figure 18 NOx emissions versus CO emission from three fuels
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Figure 19 NOx emissions versus smoke emissions from three fuels
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Figure 17 Smoke emissions from three diesel fuels versus various loads 


at low and high engine speeds
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Figure 16 CO2 emissions per 1% O2 from three diesel fuels versus various loads 


at low and high engine speeds
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Figure 15 HC emissions per 1% O2 from three diesel fuels versus various loads 


at low and high engine speeds
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Figure 13 CO emissions at engine speed of 2800rpm and various loads (a) CO emission for three fuels (b) Excess O2 emission in exhaust for three fuels (c) CO emission per 1% O2 for three fuels
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