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In thermal energy power conversion, continuous-flow engines such as turbines offer several advantages. These include a high level of power output for small size and weight (specific volume as specific mass) as well as extended engine longevity due to a virtually absence of internal mechanical friction. When built to small physical sizes and operated at low levels of power output, the overall thermal efficiency level of conventional turbine engines is very low.  Whereas physically large radial-flow turbines have wheel (isentropic) efficiency levels of 80% and axial-flow turbines can achieve levels of 98% wheel efficiency per stage, microturbine engines typically have turbine isentropic (blade or wheel) efficiency levels closer to 65%. 

When built to a small size, positive-displacement engines such as the quasiturbine rotary engine (http://quasiturbine.promci.qc.ca) can operate at low levels of power output and deliver equivalent levels of engine isentropic efficiency as large turbine engines.  At higher engine rotational speeds, the Quasiturbine engine www.quasiturbine.com can behavior like a continuous-flow engine and be adapted to operate as a scaled-down Ocean Thermal Energy Conversion technology (see webpage http://www.otecnews.org/whatisotec.html ), except that it will operates on land during cold winter months, by accessing low-grade geothermal heat. In tropical areas, a temperature difference of 20-degrees C (36-degrees F) between the ocean surface and 1,000-m below the ocean surface enables electric power to be generated from OTEC technology.

Heat Sources for Land-based OTEC technology:

Across Canada, deep level ground water temperatures have been recorded to be above the freezing point, despite deep sub-freezing mid-winter air temperatures above ground level. In the town of Springfield (Nova Scotia), the temperature of the ground water that flooded into an abandoned coal mine remained at a steady 26-degrees C (78-degrees F) throughout the winter, despite a nearby industrial building accessing this heat to maintain interior building temperature levels. Abandoned mines that either are flooded with ground water or can be flooded, do exist across Canada. As well, subterranean caves and caverns able to store water do exist in the bedrock across Canada.

Oil and gas exploration companies have drilled over 100,000-bore holes to a depth of 1500 to 1700-metres and a diameter of 5-cm to 8-cm (2 to 3-inches), across Alberta and Saskatchewan since 1946. Non-producing bore holes were originally capped and over time, became flooded with ground water and with temperatures near the bottom reaching 35-degrees C (95-degrees F). A few boreholes were actually drilled into subterranean caverns located in the bedrock. Drilling and exploration companies have developed techniques to locate underground gas reservoirs, oil deposits, as well as cavities and caverns in the bedrock.

While the surface levels of Canadian wetlands, bogs and swamps may freeze during winter months, ground water located at deeper subterranean levels may remain well above the freezing point. Pockets of subterranean ground water can also be found in numerous other locations, above the bedrock. In areas already served by a municipal water supply, the deep-level ground water located below private property may be used as a source of low-grade geothermal heat. Many buildings across Canada are already heated during winter, by heat-pumping low-grade geothermal heat to a higher temperature. 

Accessing the Low-Grade Geothermal Heat:

During winter months, ground water may be pumped from an underground reservoir by using a source pipe, flowed through heat exchangers to access the heat, and then returned to the earth using a return pipe. At Springfield (Nova Scotia), water is drawn in from one location of the mine, passed through a heat exchanger before being returned slightly cooler (by 2-degrees C) to another location of the same mine. This same approach of accessing low-grade geothermal heat from underground reservoirs may be used to generate electric power during winter months. 

Drilling companies are enable to drill water wells of between 6-inches and 24-inches (15-cm to 0.6-metres) diameter, to depths exceeding 1000-feet to access water pockets underground. Bore holes originally drilled for oil exploration may be redrilled to increase the diameter of the source and return pipes, so as to increase the mass flow rate of groundwater being re-circulated between the underground reservoir and above-ground heat-exchanger(s). Multiple source and return pipes may need to be used in order to enable a sufficient water volume to be flowed through the heat exchanger(s) in order to generate power. 

The low water pressure that will exist between the subterranean reservoir and the surface would result in mainly laminar (or transitional) flow. Water pumps may need to be installed deep in the source holes, in order to assure sufficient water flow rate through the heat exchanger. Similarly, multiple source and return pipes would need to be drilled deep into the earth at some bogs and swamps, to enable a large volume of water to be flowed through the heat exchanger(s), to and from the deep levels above the bedrock. 

Generating Power:

To generate electric power from low-grade geothermal energy, a low boiling point working fluid such as ammonia or a water-ammonia mixture would need to be used in the engine. Other potential fluids that may have future use in low-grade energy conversion may be available at a later date from the Genetron Division of Honeywell (USA). There are 2-methods by which energy may be generated from small temperatures differences: one is the phase-change or Rankine system (like a steam turbine engine) while the other is the single-phase or closed-cycle Brayton system (like a closed-cycle heat-exchange gas turbine). The pump in the Rankine system pumps a liquid, allowing a water pump capable of raising fluid pressure to 200-psia (14-bar) to be used. In a Brayton layout, a radial-flow compressor that pumps gas replaces the liquid pump. For low levels of power output (a few kilowatts), the Quasiturbine engine can be used as the expander in a Rankine system.

The engine that would be used in low-grade thermal power conversion would need to process a large mass flow rate of working fluid, making a continuous-flow engine like at turbine highly desirable. At higher rotational speeds, the quasiturbine engine can process a large mass flow rate of working fluid in a similar manner to a conventional turbine engine. Generating power from low-grade geothermal energy would ultimately depend on the mass flow rate of water that can be achieved in the source pipe and return pipes. The water flow through the counter flow heat exchanger would most likely be either in the turbulent region, potentially raising its effectiveness in transferring heat to the working fluid.

               For power to be generated from low-grade geothermal heat using modified O.T.E.C. (Ocean Thermal Energy Conversion) technology, a temperature difference of 36-degrees F (20-degrees C) would be needed. Such a temperature difference does exist between the deep-level ground water and the air temperature, during Canadian/Northern USA winters. During summer months, such a temperature difference exists between low-grade concentrated solar thermal heat and deep-level ground water, allowing the subterranean reservoirs to be used as a heat sink during summer months, while electric power is being generated.

Engine Operation:

The quasiturbine engine can operate with inlet and exhaust ports, or it may use engine valves under certain conditions. When operating in low-grade geothermal energy conversion, the quasiturbine will operate in the same mode as a steam piston engine. Inlet port operation would be arranged so that after admission, the heated gas would expand over a 2 to 1 pressure ratio. For ammonia with k=1.304, this means that the gas admission would occur over 37% of maximum usable volume, yielding an expansion volume ratio of 1.7. This arrangement would work under the following conditions. 

	  Superheated Ammonia
	   Saturated   Ammonia

	Pressure
	Temperature
	Pressure
	Temperature

	120-psia
	70-degrees F
	60-psia
	30.21-deg F

	140-psia
	80-degrees F
	70-psia
	37.32-deg F

	160-psia
	90-degrees F
	80-psia
	44.40-deg F


The Quasiturbine could also be built with control valves in either the inlet or exhaust port, to enable the expansion pressure ratio to be adjusted above or below the nominal 2 to 1 level. A lower expansion pressure ratio would enable the engine to operate during early winter and late winter, when ambient air temperatures would be above the freezing point. When mid-winter temperatures drop to well below the freezing point, the expansion pressure ratio may be increased, so as to marginally raise overall engine thermal efficiency and extract more power from a greater difference in temperatures.

The following table shows how expansion ratios may vary with a maximum pressure of 120-psia and fluid temperatures of 70-degrees F and 80-degrees F:

	Temperatures
	Cut-Off Ratio
	Press. Ratio
	Peak Effic.
	80% Isen Eff

	Peak
	Exhaust
	Ambient
	
	
	
	

	70-F
	30.21-F
	20-F
	36%
	2 to 1
	6.6%
	5.3%

	70-F
	11.66-F
	0-F
	29%
	3 to 1
	9.8%
	7.9%

	80-F
	30.21-F
	20-F
	28%
	2 to 1
	6.8%
	5.4%

	80-F
	11.66-F
	0-F
	28%
	3 to 1
	11.8%
	9.5%

	80-F*
	40-F
	30-F
	37%
	1.9 to 1
	6.3%
	5%

	80-F*
	5.89-F
	-10-F
	23%
	4 to 1
	12.18%
	9.7%

	80-F*
	-3.4-F
	-15-F
	20%
	5 to 1
	13.7%
	10.9%


*Peak pressure @ 140-psia, "pressure" ratio = inlet/exhaust pressure. 
Ambient air temperature is a minimum of 10-degrees F below exhaust temperature. 
The actual in-service engine thermal efficiency would be between 60% to 70% the value 
of the 80% isentropic efficiency (power would be consumed by pump and exhaust cooling fan).

The ammonia working fluid is heated by groundwater flowing through a liquid to liquid heat counter flow heat exchanger. If the water flows at 1-ft/second in a 6"-diameter pipe (44,000-lbs/hour) and is cooled from 25-degrees C to 22-degrees C (77-degrees F to 72-degrees F), the maximum heat being transferred is 44,000 x (77 - 72) = 220,000-BTU per hour., or 220,000/2545 = 86.67-Hp (64.57-Kw). An engine efficiency of 5% would yield a peak engine output 3.22-Kw. The engine pump will typically consume about 5% of engine power, while the exhaust cooling fan could consume up to 20% of output, giving a net output of 2.4-Kw. If the water flowed through the access and return pipes at 3-ft/sec, the net power output would be increased to 7.2-Kw per pipe. A large installation involving 100-access and return pipes could deliver 720-Kw of power.

As the difference between ground water temperature and mid-winter ambient outside air temperature increases, the Quasiturbine inlet ports can be adjusted to a shorter inlet cut-off ratio to increase engine efficiency. This could raise power output of a single 6"-diameter access pipe to near 15-Kw (water flow speed at 3-ft/sec). At installations in Alberta and Saskatchewan where deep level ground water temperatures exceed 90-degrees F, peak theoretical engine efficiency levels could be raised to over 12%. Single access pipe installations extracting energy from bore wells originally drilled for oil and gas exploration, could deliver some 5-Kw of power during mid-winter. Private property owners interested in going off-grid may wish to consider having deep bore wells drilled on their property, to access low-grade geothermal energy.

Warm Weather Power generation:

During the spring months, the difference in temperatures between ground water and ambient air temperature would be insufficient to allow for low-grade geothermal energy conversion. The changed angle of the sun over the northern latitudes would allow for the installation to operate on low-grade solar thermal energy. In this latter case, the heat exchanger would operate like a condenser while the deep level ground water and its surrounding bedrock could serve as a heat sink into which rejected engine heat would be deposited. 

The Genetron division of the Honeywell Corp is presently researching and developing refrigerants that could be used as a working fluid in low-grade solar thermal energy conversion (pressures of 120 to 180-psia, temperatures of 60 to 120-degrees C or 140 to 250-degrees F). Solar thermal collectors that serve low-grade solar thermal energy conversion during the spring months can be used for high-grade solar thermal energy conversion during warmer summer months. During winter, the solar thermal collectors may be used to heat water for use by occupants of buildings.

The engine efficiency levels of low-grade solar thermal energy conversion may be little different to low-grade geothermal energy conversion. The Genetron refrigerant may be (super) heated to over 100-degrees C (220-degrees F) while deep-level ground water temperatures hover near 20 to 25-degrees C (68 to 77-degrees F), a sufficient difference to enable low-level power generation. The same heat exchanger that was used for low-grade geothermal energy transfer would serve as a condenser, transforming the working fluid back to its liquid state while depositing engine reject heat into the deep level ground water and bedrock. 

Mid-summer Power generation:

 During summer, water (steam) may be used as the working fluid in higher-grade solar thermal energy conversion (steam pressures of 150 to 200-psia and temperatures of 210 to 260-degrees C or 410 to 500-degrees F). The same quasiturbine that was used for geothermal energy conversion may also be adapted to operate on low-grade solar thermal energy conversion as well as higher-grade solar thermal energy conversion. Conversely, the solar-heated steam may be superheated using biofuel combustion, to increase engine efficiency and power output. 

If high-pressure (300-psia) superheated steam (260 to 320-degrees C or 500 to 600-degrees F) is generated, or extremely short inlet valve cut-off ratios are required, two Quasiturbines may operate as a re-superheated compound-expansion engine. Steam heated to 400-degrees F (205-degrees C) may enter the engine at 120-psia. The inlet port may be set at a cut-off ratio of 18%. Saturated exhaust steam would leave the engine at a pressure of 20-psia and 228-degrees F, yielding a direct peak theoretical engine efficiency of 13.5%. This would be reduced to 9% given an engine isentropic efficiency of 80% and power demands for pump and heat exchanger amounting to 15% of total output (13.5% x 80% x 85%).

For steam pressure of 200-psia and 450-degrees F, a 12% inlet cut-off ratio would yield an exhaust of 20-psia and 228-degrees F and a direct peak theoretical engine thermal efficiency of 17%. After pump, heat exchanger and an isentropic efficiency of 80% are compensated for; the net peak engine efficiency would be 11.5%. When a 12% cut-off ratio is used in quasiturbine operation, a reheat compound-expansion engine layout may be preferred. When steam pressure is raised to 300-psia and 500-degrees F, a 9% inlet cut-off ratio and 80% isentropic efficiency would result in a net engine thermal efficiency of 13.6% after water pump and heat exchanger (condenser) fan power demands.

Heat Return:

Heat removed from the deep level ground during cold weather water may be restricted to a temperature reduction of 5-degrees F (source pipe vs. return pipe). During summer time operation, the temperature of engine exhaust heat could exceed the boiling point of water at atmospheric pressure. An engine exhaust temperature of 228-degrees F does allow for a bottom-cycle engine to operate, using the temperature difference between the deep-level ground water and the exhaust heat. Refrigerants presently under development at Genetron make this a future possibility. 

While the water temperature being accessed in the source pipe during summer may be 20 to 25-degrees C (68 to 77-degrees F), the water temperature in the return pipes may go as high as 98-degrees C (210-degrees F). If the subterranean heat sink (thermal battery) is of sufficient capacity, this high-level of reject heat may be deposited in the underground thermal repository over a period of several months, with very little change in the source pipe temperature. This would be an advantage at installations without a bottom-cycle engine operating off reject/exhaust engine heat. 

If water is flowing down a 6"-diameter return pipe at 3-ft/sec (132,323.88-lb/hr), with a temperature increase from 75-degrees F to 205-degrees F, the energy being deposited would be over 17,000,000-BTU/hr or over 6,700-Hp in thermal energy. Even a small installation using a water flow speed of 1-ft/sec would send over 2,200-Hp per hour into the subterranean repository. For an engine thermal efficiency of 9%, this means that some 200-Hp (150-Kw) would be accessible for use during daylight hours. In some parts of Canada during summer, the sun rises at 4:00AM and sets at 10:00PM, allowing some form of solar thermal energy conversion to electric power to prevail during warmer weather. 

Large amounts of reject heat from this energy conversion can be stored in deep level subterranean storage chambers, for use generating electricity or heating buildings during winter months. In locations where subterranean thermal storage capacity is restricted, bottom-cycle thermal energy conversion may prevail during summer months, reducing the sheer quantity of thermal energy that could otherwise be sent into storage for winter use. Such locations include bogs and swamps, where temperature increases near the bedrock may be kept to more moderate levels.

Market Use:

Renewable thermal energy power conversion that includes low-grade geothermal energy and low-grade solar thermal energy conversion, would need to involve a great multitude of small installations (under 1,000 Kw). Most will be generating less than 10-Kw, mainly for residential use. At this power level, the quasiturbine would be an extremely competitive engine, especially since its inlet and exhaust operate on the uniflow system. Most of the over 100,000 deep bore holes located across Alberta and Saskatchewan can be used for renewable energy purposes, as can disused and abandoned mines, flooded underground caves as well as swamps and bogs. As oil and natural gas prices remain high over the long term, renewable thermal energy sources may gain more widespread acceptance and application. 
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