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Abstract

The EPA’s 2007 imposition of diesel fuel emission regulations has set the precedent for a 90% reduction of solid particulate matter (PM).  A common method of capturing such particulate matter involves the use of ceramic honeycomb filters.  These filters require an integrated system for particulate incineration and complete regeneration.  A previous Northeastern Capstone team focused their efforts on the design and fabrication of a direct burner system capable of incinerating the diesel particulate captured by these filters.  While the direct burner and filtration components have been scrutinized and tested at length, a fully integrated system incorporating the burner and filtration components with a functional engine has yet to be implemented at Northeastern University.  Continuing the work of previous Northeastern Capstone and graduate students, this project incorporates the design, construction, and optimization of a system of thermally and aerodynamically regenerated filters for the collection and oxidation of diesel particulate. 
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The Need for Project
	Integration of a direct diesel burner greatly improves upon energy consumption over previous thermal methods.

	A fully functional diesel particulate filtration system, incorporating a direct diesel burner, reduces energy consumption and is a more efficient method of thermal particulate oxidation than previous electric burner solutions.  The shorter thermal regeneration time and more efficient means of reaching the necessary combustion temperature lead to a significantly improved diesel particulate solution.  The optimization, implementation, and integration of the previously developed diesel particulate components into an improved filtration solution significantly increase energy efficiency and solution feasibility.  



The Design Project Objectives and Requirements 

	Design and construction of a functional diesel particulate filtration system utilizing thermally and aerodynamically regenerated filters.
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	Design Objectives
The primary objective of this project is to construct a fully operational diesel particulate filtration system in the Northeastern Capstone laboratory.  Previous Northeastern Capstone and graduate work has produced a direct-burner method for oxidizing captured particulate matter.  Incorporation and optimization of this oxidizing particulate burner with a system of thermally and aerodynamically regenerated particulate traps has been the primary focus of this Capstone design project.  The scope of this project also includes the identification of component and system requirements for scaling the laboratory test assembly into Northeastern’s 1.6 liter VW Rabbit vehicle. 

Design Requirements
The fundamental design requirements of this project are dictated by the need to minimize energy consumption.  The diesel burner has been proven to be the most energy efficient method of thermal particulate oxidation.  The optimization of this burner with an operational engine and filtration system requires that the design meets or improves upon the previous Capstone’s fuel consumption rate of 2.79 [ml/min].  To improve upon previous Northeastern graduate work, the scaling of the laboratory system into Northeastern’s 1.6 liter VW Rabbit requires the loss in fuel efficiency be less than 16%. 




Design Concepts Considered 

	Alternate design concepts included different fuel pump, diesel evaporation, and flame solutions.
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	The projects first design concern involved the selection of an auxiliary fuel pump to supply the direct diesel burner. After initial issues with a piston pump, due to the inconsistent pulsing of the flame, research into an alternative was conducted.  A syringe pump was selected for its ability to produce an easily regulated and consistent fuel flow within a laboratory setting.
The other laboratory design aspects that required reevaluation dealt with the issues of diesel evaporation and engine exhaust temperature.  An accurate representation of engine exhaust temperature was imperative to the evaporation of the diesel burner’s fuel supply and the measurement of overall fuel consumption.  The initial test array utilized engine exhaust to heat the air around the diesel burner supply line and evaporate fuel within the burner housing.  As a result, the flow of engine exhaust directly filled the burner housing and decreased flame efficiency.     Considerations for a viable commercial design lead instead to the implementation of a simple evaporative heat exchanger for the vaporization of diesel fuel.  This method of fuel vaporization allows for the burner to operate without the direct flow of exhaust gas in a much more fuel efficient and oxygen rich environment.  

The engine utilized in testing did not provide realistic exhaust heat, so an exterior heat gun was piped into the system.  With the flow of engine exhaust no longer passing through the burner, the heat gun also served as a source of burner carrier air.  The addition of the heat gun allowed for the variation of both temperature and air flow that was not previously available with the use of engine exhaust.  This variation lead to the optimization of the burner flame’s air and fuel supplies.


	
	


Recommended Design Concept 

	The diesel particulate filtration system includes an aerodynamically regenerated primary filter, and a smaller secondary filter regenerated by a diesel burner which incinerates particulate at 600°C.

Diesel Burner Assembly
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Diesel Burner Temperature
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	Design Description

The recommended design includes a large silicon carbide primary filter, compressed air tank, smaller secondary filter, and direct diesel burner.  Diesel engine exhaust is initially passed through the primary ceramic filter where particulate is captured and prevented from entering the atmosphere.  When the primary filter approaches its maximum loaded pressure, a series of manual ball valves are opened, causing compressed air to carry captured particulate into the secondary filter.  The engine exhaust, while momentarily diverted for aerodynamic regeneration, is directed back through the large primary filter and particulate collection continues.   

The diesel burner’s fuel flow is then initiated and pumped along the exterior of the vehicles exhaust line.  This allows the fuel to be vaporized without additional power consumption.  Upon fuel vaporization, the burner’s carrier and flame air are both introduced.  A hot-surface igniter (HSI) is used to initiate the burner’s flame.  Temperature rapidly increases within the burner until reaching the particulate’s “light-off temperature”.  At approximately 600°C the particulate contained within the burner begins to combust in an exothermic reaction.  The additional release of heat allows the burner’s fuel flow rate to be reduced until thermal generation in completed.  The entire process is continually cycled at a frequency that is dictated by the engine’s size and flow rate.    

The burner assembly consists of a diesel evaporator tube, flame air, carrier air, and hot-surface igniter. Vaporized diesel fuel enters the burner housing and is released into the copper flame tube.  The mixture of air and diesel vapor is then directly ignited by the HSI.  External carrier air helps to sustain the flame and pass combustion byproducts through the ceramic filter for complete thermal regeneration.    
Analytical Investigations

Air and fuel flow rates were calculated to oxidize particulate matter on a per-gram basis.  The heat required to vaporize diesel fuel from the exterior of the exhaust pipe and the necessary line length were also calculated. The temperature needed to combust particulate was investigated and analyzed.  Engine output, power, flow rate, and loading were all calculated from laboratory testing.  System scalability and required flow rates were all analytically determined.  
Experimental Investigations

Extensive experimental investigations were conducted to test the integration of the secondary burner/filter assembly into the full engine/exhaust system. Pressure gauges and thermocouples were installed before and after the primary and secondary filters to observe the loading and combustion of soot.  A Labview and DAQ setup was created to record temperature readings from multiple thermocouple locations within the secondary burner and engine’s exhaust.
Flame conditions and sustainability issues were extensively investigated in a fume hood.  Fuel and air flow rates were calculated, as well as varied, in a significant series of tests.  A piston pump was thoroughly evaluated before the introduction of a metered syringe pump.  Diesel fuel evaporation techniques were also scrutinized and tested.  Hot air and hot surface evaporation methods were both investigated and proven in the laboratory.  A combustion analyzer was connected to the outlet of the secondary burner to examine the byproducts of particulate incineration.  Regenerative air requirements and engine loading were also experimentally investigated.   
Key Advantages of Recommended Concept 
The recommended concept does not require the use of added chemicals (Urea) or a fuel source not already found in a diesel car. The design does not require additional scheduled maintenance and would go unnoticed by consumers.  The test assembly has proven that a direct burner regenerative system is significantly more fuel efficient then the use of an electrical thermal regenerator.

	
	


Financial Issues 
	Previously published SAE findings determined the cost of this system with an electrical burner to be approximately $3,300.

	The lab test assembly contains a large number of components that would need to be automated and controlled to functionally operate in a diesel vehicle.  The current setup also uses a metered syringe pump, which is more precise and expensive then commercial designs would dictate.  While a complex cost analysis has not yet been conducted for the pricing of all system components, it is believed that the cost would remain similar to previous electrical solutions while significantly improving energy consumption.



Recommended Improvements 
	Filters need to be appropriately sized and fuel delivery methods should be optimization.
	The final Capstone lab design implemented filters that were disproportionally sized for the system. A configuration with appropriately proportioned components could provide a greater improvement in fuel efficiency.  Size optimization of the fuel delivery system would also decrease regeneration times and fuel consumption.
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Burner required 2 min and 25 sec to reach 600oC with a fuel consumption of 5.44 [ml].
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