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Summary

The QT compound concept engine is just one of the growing family of possible Quasiturbine systems www.quasiturbine.com . The engine’s primary application is intended to be one where a combustible, gaseous fuel is readily available and where waste heat can be profitably used to increase overall CHP efficiency. The market for DPG applications is continually expanding and the QT compound concept engine is intended to meet that demand.

State-of-the-Art Technical Background

Distributed power generation (DPG) refers to the sitting of small scale electrical power generating units (usually less than 1 MW) at strategic locations either to supplement base load electric power provided by centralized power plants to the grid or to provide uninterruptible power supplies to critical facilities. When used in a combined heat and power (CHP) mode, DPG also has the potential to increase fuel efficiencies, decrease fuel costs and reduce atmospheric emissions. Utilities find DPG to be an extremely attractive, cost-effective alternative to building additional centralized power plants (and associated high voltage transmission lines and substations) because capital investment can be minimized. DPG units are modular. They can be added when necessary at locations which are most advantageous for meeting load demand and minimizing transmission line losses. In the CHP mode, waste heat from the DPG electric power units can be used to supply hot water for heating or other purposes to an adjacent customer facility. CHP operation is extremely fuel efficient, normally 80% or more, due to waste heat recovery. Because of DPG’s unique features, state and federally funded programs are on-going to identify and commercialize cost-effective DPG units.1 

The types of DPG units currently under consideration will utilize the existing natural gas infrastructure as the fuel supply for the near and medium term. The principal systems under study include fuel cells, internal combustion generator sets (IC gensets) and microturbines. Each system, however, has certain disadvantages which must be overcome before DPG can achieve widespread commercial acceptance. Fuel cells are quite costly at present (~$2500/kW) and require high purity hydrogen as the fuel. Steam-reforming is the generally accepted method to produce hydrogen of sufficient purity from natural gas for fuel cell use. The fuel cell can be operated at 50% electrical efficiency. However, because steam-reforming is only 70% efficient, the net electrical efficiency of the fuel cell stack will only be about 35%.2  Microturbines are far less  costly (~$500/kW); however, the peak electrical efficiency of these simple open cycle gas turbine units is presently limited to about 27%.3 An advanced, natural gas-fueled IC genset is under development as part of the ARES program.4 The goal of the program is to develop internal combustion piston engines which will have fuel efficiencies in excess of 44% and NOx emissions of 0.1 gbhp-hr or less. The ARES concept engine would use: (1) stoichiometric mixtures of fuel and air; (2) exhaust gas recirculation to minimize NOx emissions; (3) a three-way catalyst to reduce CO and non-methane hydrocarbon emissions, as well as NOx; and (4) an exhaust after-cooler for CHP operation. Because the ARES engine is a reciprocating piston engine, routine maintenance would occur at much more frequent intervals than for a microturbine and its expected useful life will be shorter. Stirling engines offer another possible option for DPG and units that are 30% electrically efficient are commercially available.5 

By comparison to existing and proposed state-of-the-art DPG units, a utility-grade, combined cycle gas turbine power plant is about 55% electrically efficient and has a useful life of decades. Therefore, to successfully compete with centralized power plants, a DPG system should meet most, and preferably all, of the following criteria:

· High electrical efficiency (greater than 40%)

· Low capital cost (less than $500/kW)

· Low NOx emissions with natural gas as the fuel (~0.1 gbhp-hr)

· Low unburned hydrocarbon and methane emissions

· High reliability

· Low routine maintenance and manpower requirements

· Long useful life

· Sitting near a customer facility for CHP operation

The Quasiturbine (QT) concept engine is intended to meet these basic criteria for DPG commercialization. It is important to understand that the QT is not a rotary piston engine (like the Wankel engine) nor is it an aerodynamic turbine (like the typical gas turbine expander). The QT is perhaps best viewed as an engine that “bridges” technologies. The QT forms a “bridge”, which links Otto / Beau de Rochas cycle piston engine technology with Brayton cycle turbine technology. It draws upon principles, which are fundamental to both technologies, but applies them in a unique fashion. For these reasons, it is aptly named a “quasi” turbine.

Quasiturbine Fundamentals

The QT serves as both a compressor and an expander. In that limited sense, it is similar to a reciprocating piston engine and unlike a gas turbine. A reciprocating piston engine performs both compression and expansion functions during alternate sweeps of the piston in the cylinder. In contrast, a gas turbine engine separates the compression and expansion functions between a positive displacement air compressor and an aerodynamic, bladed, turbine expander. A combustor is interposed between the compressor and the expander in the gas turbine engine.
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One of the Quasiturbine design possibilities
The QT performs all of the functions of a positive displacement air compressor and of a static pressure turbine during the four strokes of the engine: air intake, compression, expansion and exhaust. The four strokes occur during each revolution of the shaft and each of the four chambers completes the four strokes during that revolution. However, the QT’s rotor segments are free-spinning, like the expander of a gas turbine. There is a very slight air gap between the rotor segments and the face plates and stator of the engine. Consequently, there are no “necessary needs” for piston rings or seals, as is the case with rotary piston engines and reciprocating piston engines. Friction and wear are thereby reduced in the QT in a manner similar to a gas turbine expander.

However, the QT is not an aerodynamic, constant pressure engine like the gas turbine.  In the gas turbine, the combusted gases are directed through nozzles against the blading of the turbine rotor and are expanded to atmospheric pressure. The amount of work derived from the gas turbine engine is the difference between the work required to compress the air and the work obtained from the turbine. In the QT, there are no turbine blades. Instead, the high pressure of the combusted gases during the power stroke forces each rotor segment in the direction of rotation (“static pressure expansion”). Thus, the QT is a static pressure engine, not an aerodynamic, constant pressure engine. Moreover, the combusted gases do not “necessarily” expand to atmospheric pressure in the QT. Rather, the combusted gases only expand until the pressure at the exhaust port equals (or exceeds) the pressure of the compressed air charge at top dead center (TDC). Because the QT is a constant volume, static pressure engine, it can operate at pressures that exceed those which are normally practical for gas turbine engines and can reduce the work associated with air compression in a gas turbine because less air is required by the QT’s combustion process. Higher operating pressures and less negative compression work imply that the QT can, in principle, achieve efficiencies greater than those possible in a comparable gas turbine, if the combusted gases are ultimately expanded to atmospheric pressure.

The Concept Quasiturbine DPG Engine

The concept QT DPG engine uses natural gas (or other combustible gas) as the fuel. The concept engine consists of three subsystems: a Holzwarth combustion subsystem, the QT compression/expansion subsystem, and compound expansion subsystem. Each subsystem is discussed in detail below.

Holzwarth Combustion Subsystem

Hans Holzwarth of Germany began a long series of experiments in 1905 with respect to the "explosion turbine". His turbine consisted of a constant-volume combustion chamber into which a charge of fuel and air was introduced under pressure. The Holzwarth combustion chamber was located external to the turbine.  Following spark ignition, the pressure was increased to about 4 1/2 times the original value. This pressure increase caused a spring-loaded valve to open, admitting gases to a nozzle directed against the blading of the turbine. The engine was arranged so that the valve remained open until the combustion chamber pressure equalized with atmospheric pressure, after which the valve would close and a new fuel/air charge was introduced. Although an air compressor was employed in the Holzwarth turbine, the efficiency of the compressor was not extremely important because the air could be supplied at a pressure of only about one-fourth that ultimately achieved during combustion and also because only enough air was required to furnish oxygen for combustion (i.e., a stoichiometric fuel/air mixture). A variation of the Holzwarth combustion chamber is used in the QT concept engine.

In the QT concept engine, compressed air from the QT is admitted to a combustion chamber, which is located outside of the main QT body. There is no cooling system. The combustion chamber has three valves: compressed air intake valve; exhaust valve and combusted charge exhaust valve. There is also a fuel injector and a spark plug. 
See below the 
Schematic Diagram of the concept engine.

At the end of the prior power stroke, the combusted charge exhaust valve (at the bottom of the Diagram’s combustion chamber), which supplies high pressure, combusted gases for the power stroke, has closed. A portion of the combusted charge from the prior power stroke remains in the combustion chamber. The pressure of the remaining combusted charge is greater than 9.5 atmospheres. Then, the combustion chamber exhaust valve opens, most of the combusted charge in the combustion chamber is vented to the regenerator and the pressure in the combustion chamber is reduced to about 1 atmosphere. The combustion chamber exhaust valve closes. Fuel is then injected into the combustion chamber. The amount of fuel injected is sufficient to form a stoichiometric mixture with the quantity of air that will be added in the next step. The fuel heats up, due to the hot exhaust remaining in the combustion chamber, but does not ignite because there is no air.

The compressed air intake valve opens. The fuel and air are mixed by convection. As the pressure equalizes in the combustion chamber, the compressed air intake valve closes. The fuel/air charge ignites when all three valves are closed. If a high-octane fuel, like natural gas, is used, a spark plug initiates combustion. After ignition, there is a high pressure, combusted gas charge in the combustion chamber. The combusted charge exhaust valve opens and the combusted gas re-enters the main body of the QT, but at the point where the rotor is beginning its power stroke. Thus, the timing of this concept engine is controlled by the opening and closing of the combusted gas exhaust valve, not the combustion event itself. The timing of combusted gas exhaust valve’s opening may be manipulated to assure nearly complete combustion of the stoichiometric fuel/air mixture.

The pressure of the combusted charge exceeds the pressure in the QT chamber into which the combusted charge is released. The combusted charge pressure forces the rotor in the direction of rotation and turns the shaft. The power stroke ends when the chamber reaches maximum volume. The combusted charge exhaust valve closes. At the end of the power stroke, the combusted charge pressure in the QT chamber must exceed 9.5 atmospheres (the pressure of the compressed air charge at TDC, as discussed in the next section) in order for the rotor to be able to continue to turn. There must be at least two combustion chambers to alternately provide a combusted charge to each rotating QT chamber as the cycle progresses.

Quasiturbine Compression/Expansion Subsystem
Air Compression
In this concept engine, the QT is the positive displacement compressor and the high pressure turbine. The QT has a 10:1 compression ratio. The QT is comprised of a high temperature ceramic material with excellent insulating capacity, such as silicon nitride. The QT in this engine has four ports: air intake; compressed air outlet; combusted charge inlet and exhaust.  Air enters the QT air intake port at atmospheric pressure. The intake air is, therefore, at 1 atmosphere (14.6 psi absolute) when the intake port is closed. If there were no compressed air outlet port, the intake air would then compressed to a pressure of 25 atmospheres at TDC.6 However, the Holzwarth combustion subsystem is external to the QT, so a portion of the compressed air leaves the QT main body at the compressed air outlet port via a valve. Assuming that half of the intake air volume leaves the QT main body and half remains in the chamber, the pressure in the QT chamber is now about 9.5 atmospheres.7
The other half of the intake air has been vented via a valve in the compressed air outlet port into a pressurized air tank. The pressure in the tank is slightly less than 9.5 atmospheres when the valve opens. The additional volume of air raises the pressure to 9.5 atmospheres in the tank. When the pressure in the QT chamber and the pressure in the tank equalize, the valve closes. The QT has acted as a positive displacement air compressor and has provided the compressed air necessary for the Holzwarth combustion subsystem. The QT chamber is now ready to accept the high pressure combustion gases from the combustion chamber for the power stroke expansion. Because the QT has rotor segments, rather than turbine blades, the engine is able to tolerate higher temperatures and pressures than a gas turbine expander.

In this example, half of the intake air is diverted to the combustion chamber and heated with a stoichiometric amount of natural gas fuel and the combustion pressure rises to about 33 atmospheres.8 The other half of the air remains in the QT chamber and is only heated when the combusted charge is released by the opening of the combusted charge exhaust valve. 

Compound Gas Turbine Expansion Subsystem 

The compound expansion subsystem consists of a gas turbine and an after-cooler/heat exchanger. The high pressure (more than 9.5 atmospheres), high temperature exhaust is vented from the QT’s exhaust port to the gas turbine. There is still significant pressure in the exhaust at the gas turbine inlet. The gas turbine is the concept engine’s low pressure turbine (the QT is the high pressure turbine). The shaft of the gas turbine is connected to the QT's shaft with a continuous variable transmission (CVT). If turbocharging is desired, turbocompounding hardware for diesel engines, such as that manufactured by Holset, may be used in the concept engine. The after-cooler/heat exchanger provides hot water for CHP operation. Overall system efficiency is therefore about 80%, as in other CHP systems. However, electrical efficiency should be significantly higher than in simple open cycle microturbine CHP systems.

After the exhaust leaves the compounded gas turbine at one atmosphere of pressure, it should be relatively cool. The combustion charge will have produced work on the QT, the QT's load (i.e., an electric generator) and the turbine (connected to the QT's shaft by the CVT) and residual exhaust heat will have been used either in the regenerator or in the after-cooler/heat exchanger.

Turbine Efficiency

There are three basic ways in which the efficiency of a simple open cycle gas turbine (such as a microturbine) can be increased. These are: (1) to increase the work output of the turbine; (2) to decrease the work input to the compressor; and (3) to decrease the amount of heat added by the fuel. The QT concept engine conforms to all three turbine efficiency principles, although not in the conventional turbine manner.

The first objective may be realized by increasing the expansion ratio beyond that normally allowable for static pressure, rotary engines. The QT is the high pressure turbine and the compounded gas turbine is the low pressure turbine. At the QT exhaust port, the pressure of the exhaust is 9.5 atmospheres or more. At the gas turbine outlet, the pressure of the exhaust has been reduced to one atmosphere and more work has been performed by the expanding combustion charge. In addition, work output can be increased if the temperature of the combusted gases is raised. In aerodynamic gas turbines, increased temperatures can cause stress damage to the turbine blades. The QT concept engine has no turbine blades; it has rotor segments. By employing high temperature-tolerant ceramic materials, such as silicon nitride, the QT’s rotor segments should be uniquely capable of tolerating the high temperature, high pressure combustion gases supplied from the Holwarth combustion chamber. 

The second objective may be realized by reducing the compression work. This is accomplished by dividing the intake air between the combustion subsystem and the QT subsystem and by using the constant volume Otto / Beau de Rochas cycle instead of the constant pressure Brayton cycle. Less air is therefore required to be compressed in order to obtain comparable combustion pressures.

The third objective may be realized by the division of the intake air as well. Only one half the stoichiometric quantity of fuel is used to heat all of the air. In addition, a regenerator can be used to further heat the compressed air prior to its entry into the combustion chamber. The heat for the regenerator is supplied by the combustion chamber’s exhaust at the end of the QT’s power stroke.

The heat remaining in the exhaust from the compounded gas turbine can be diverted through an after-cooler to provide hot water for CHP purposes. 

Emissions

There are several strategies, which will be employed in the QT concept engine, to minimize emissions. With respect to unburned hydrocarbons and methane, the engine’s power stroke is subject to the timing of the opening of the combustion chamber exhaust valve, not a crankshaft. In principle, it should be possible to extend the time of the combustion event by the extra few milliseconds needed to achieve nearly complete combustion of the stoichiometric fuel/air charge, thereby minimizing unburned hydrocarbons or methane emissions.

Because a stoichiometric fuel/air charge is being combusted, there is little or no excess oxygen available for NOx formation during the combustion event. When the combusted charge is released into the QT for the power stroke, the QT chamber’s rapid expansion characteristics will minimize the time available for NOx formation as the air in the QT chamber is heated by the combusted charge from the combustion chamber. It should also be noted that some of the combusted gas remains in the combustion chamber, which will provide a type of exhaust gas recirculation effect in this engine. In effect, the concept engine is a “lean” combustion engine, but without the NOx production which normally accompanies lean combustion. A three-way catalyst may also be interposed before the after-cooler to further minimize emissions if required.

Footnotes

1 See, http://www.eere.energy.gov/de/microturbines/
2 See, Dincer, International Journal of Hydrogen Energy 27 (2002) pp. 265-285        (Table at p. 284)

3 See, http://www.mariahenergy.com. 

Also, http://www.epa.gov/etvprgrm/pdfs/vrvs/03_vr_mariah.pdf at p. 35. 

4 See, http://www.eere.energy.gov/de/pdfs/conf-03_der_pr/gerber.pdf#search='ARES%20program%20caterpillar'   

5 See, http://www.stmpower.com
6 When the air is compressed to 10 atmospheres by virtue of the QT’s positive displacement action, the air temperature also rises from ambient temperature to 748 K during compression, assuming perfect insulation. The temperature rise increases the pressure further, in accordance with Boyle’s law, to 25 atmospheres in this example. The Power Cycle On-Line Analysis Calculator was used for these derivations. 
See, http://members.aol.com/engware/calc3.htm.  
7 In this example, the air is compressed to 5 atmospheres by virtue of the QT’s positive displacement action and the air temperature rises to 567 K, assuming perfect insulation. The temperature rise increases the compression pressure from 5 atmospheres to 9.5 atmospheres.                                                                                                                            8 It is assumed that the stoichiometric fuel/air mixture in the combustion chamber will have a combustion temperature value of ~2000K.
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Schematic Diagram of the Concept Quasiturbine Compound Engine
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