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Organic Rankine Cycle – Pinch Point

Pinch Point
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Presentation Notes
Our focus is binary cycles.  In the ORC, liquid refrigerant is pumped (1-2), vaporized (2-3), expanded through a turbine (3-4), and condensed (4-1). The problem with this cycle is when a sensible heat source is combined with the latent heat of refrigerant vaporization the result is a pinch point.  This limits the return temperature leading to decreased geothermal utilization.



Kalina Cycle
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Presenter
Presentation Notes
The Kalina cycle was invented by Dr. Alexander Kalina.  It is a method to extract more heat from the geothermal resource by lowering the return temperature.  Replacing the organic working fluid of the ORC is a mixture of ammonia and steam.  The mixture is non-azeotropic, which results in variable temperature boiling within the vaporizer.  A fraction of the flow is not vaporized and the heat is recovered in the recuperator.  The variable temperature boiling reduces the effect of the pinch point, allowing for a lower return temperature.  KCS34g



Euler Turbine – PRV Replacement

Presenter
Presentation Notes
A radial outflow turbine, called the Euler turbine, was developed for the target market of steam PRV, or pressure reducing valve, replacement. The Microsteam Power System uses an Euler turbine to convert this previously wasted energy into power.  The highest measured shaft efficiency of the Euler turbine is over 80%.  More than a dozen units are located in hospitals, commercial buildings, and universities.



Euler Turbine – Radial Outflow
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Presentation Notes
The radial outflow design of the Euler turbine gives it high efficiency and ruggedness.  Due to the geometry, the optimum speed of a radial outflow turbine is about half that of a comparably sized radial inflow turbine. Steam enters the turbine axially and is turned radially outward before the nozzle row.  In the nozzles, the steam accelerates as the pressure is reduced to an intermediate pressure.  Because the steam is typically saturated at the inlet, moisture forms during the expansion.  At the nozzle-rotor interface, the pressure gradient forces moisture droplets and particulate through the rotor and out of the turbine.  This is contrasted with a radial inflow turbine where recirculation in this region can cause heavier particles to repeatedly impact the rotor blades leading to erosion.



• A steam turbine for PRV replacement has to tolerate 
moisture formation during the expansion

• District steam systems often deliver “dirty” steam

Euler Turbine – Erosion Resistance
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Presentation Notes
In addition to the flow path advantage, the Euler turbine is constructed from Titanium Alloy. These factors make the Euler turbine incredibly erosion resistant.  This was inadvertently demonstrated by a third party installer on one of the Microsteam Power Systems.  A steam blow was not performed to remove the weld slag from the upstream piping and, upon startup, slag made its way through the turbine.  These particular pieces were too large to pass through the nozzle vanes.  Inspection of the turbine found no damage and the unit was reassembled and operation resumed.



• 27,800 rpm single stage gearbox
• Moisture resistant saturated vapor inlet
• 2-D titanium blades rugged and corrosion resistant
• Efficient 82%

Euler Turbine – 600 kW Kalina Cycle

Presenter
Presentation Notes
Euler turbine technology was applied to a 600 kW Kalina cycle in Germany.  The turbine rotates at 28,000 rpm, allowing for a single stage gearbox.  The optimum speed of a radial inflow turbine would have required a two-stage gearbox.  The Kalina cycle provides the turbine inlet with saturated vapor, so moisture resistance is important.  The 2D titanium blades are rugged and corrosion resistant.  And, at 82% shaft efficiency, the turbine has performance comparable with radial inflow turbines studied for this application.  The turbine-generator system was factory tested at part load using a pressurized nitrogen system, 50 Hz diesel generator, and load bank for reduced installation time. The unit is installed onsite, but unfortunately they had problems with their hot water system, delaying startup.  Performance results will be released once the commissioning is complete.



We are currently building a 90 kW Kalina turbine using a 
scaled down version of the Bruchsal project.
The unit will be installed near Nagano, Japan.

Euler Turbine – 90 kW Kalina Cycle

Presenter
Presentation Notes
For a site in Japan Energent is supplying a 90 kW unit using the Euler turbine technology with a high speed generator.  The length is 2.5 feet.  The rotor is 4.6” in diameter and weighs a little over a pound.  The Euler turbine technology can also be applied to ORCs, replacing the radial inflow turbine.



Variable Phase Cycle
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Presentation Notes
In addition to the Kalina cycle, another thermodynamic cycle shows advantage over the ORC.  The Variable Phase cycle (VPC) was devised to eliminate the pinch point.  Liquid refrigerant is pumped (1-2), heated to boiling in a liquid-liquid heat exchanger (2-3), put through a two-phase expander (3-4), and condensed (4-1).  The separator vessel as well as the preheater are eliminated.  The necessary component to allow use of the VPC is an expander that can handle two-phase flow.



Two-Phase Nozzles

Enthalpy Two-Phase Kinetic Energy

• Pressure reduction liquid flash
• Vapor shear stress breaks up the liquid phase into small droplets
• Vapor transfers momentum to the droplets

Small droplets close-coupling of the gas and liquid phases efficient acceleration

High Velocity
Two‐Phase JetHigh Pressure Liquid

or Two‐Phase Flow
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The two-phase expansion can be accomplished using a two-phase nozzle as the thermodynamic energy conversion element.
As the pressure is reduced in the nozzle, the liquid begins to flash, forming vapor. 
The accelerating vapor shears the liquid into small droplets and transfers momentum to the liquid.
Because of the low surface tension and high vapor density of typical working fluids, the droplets are very small, resulting in a close-coupling of the vapor and liquid phases.  Thus the stream is efficiently accelerated into a high velocity two-phase jet.
A benefit of having discrete converging-diverging nozzles is that the pressure ratio is not limited.
The two-phase nozzle equations were derived and experimentally tested at JPL. Computer prediction programs were developed to design and optimize the nozzles.



Early Two-Phase Separating Turbine

Presenter
Presentation Notes
This is an early two-phase separating turbine utilizing a two-phase nozzle and rotary separator.  The high centrifugal force separates the two phases and efficiently transfers momentum to the separator wall.



890 kW Two-Phase Geothermal Turbine Installed in Mexico

TWO-PHASE TURBINE

GENERATOR

Demonstration of 890 kW, Wellhead Pressure Controlled to +0/-10 psia
Well Flow – 290,000 lb/h @ 612 psia, 488F, 32% Inlet Vapor Quality 
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Presentation Notes
The two-phase separating turbine technology was used to replace the well-head flash in a geothermal field in Mexico.  It generated 890 kW that were previously lost in the flash valve and performed separation of the brine and steam.



Axial Impulse Turbine

Two-Phase Kinetic Energy Shaft Power

Impulse Turbine – No reaction or pressure drop
• Low operating speed  
• Low runaway speed
• Low axial thrust

TWO-PHASE JET FROM NOZZLE
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Presentation Notes
The kinetic energy from the two-phase nozzle jet can be efficiently converted to shaft power by reversing the flow in an axial impulse turbine. 
The operating speed of the unit is low because of the relatively low two-phase jet velocity. This allows the unit to run at synchronous speeds (3600 or 1800 rpm) while maintaining reasonable rotor sizes. The jet velocity is low, and well below the erosion threshold, due to the high momentum of the liquid working fluid.  
Due to the lack of reaction within the rotor, runaway speed is limited to the jet velocity, which is two times the operational speed.
Axial thrust is minimized because there is no pressure gradient across the rotor.  The only force is due to the small change in axial momentum the stream undergoes.
The rotor is designed with a special blade contour that minimizes liquid momentum and friction losses
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Measured Power vs. Predicted for Two-Phase Turbines
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Energent staff has considerable experience with two-phase nozzles and turbines.  The nozzle and rotor programs have been successful in accurately predicting a wide range of working fluids, including liquid nitrogen, R134a, R245fa, and two-phase geothermal brine, as well as a wide range of power levels, from 1.5 kW to 1.5 MW.



Carrier 19 XRT Chiller – Variable Phase Turbine

Two-Phase Turbine

75 Units in Operation for 10+ Years, with Absolutely No Turbine Problems

Presenter
Presentation Notes
The Variable Phase Turbine, or VPT, combines the two-phase nozzle and axial impulse turbine technologies.  Its first commercial application was in a 500 ton electric chiller.  In a vapor compression cycle, the expansion valve can be replaced with a two-phase turbine.  The rotor is placed on the motor shaft to reduce the compressor load.  The system efficiency gain is 7-8%. 75 units have been in successful operation for over 10 years with absolutely no turbine problems.



Variable Phase Turbine – LNG J-T replacement

LNG INLET PLENUM

VPT NOZZLE
(1 of 10)

VPT TURBINE ROTOR

GENERATOR

LNG FLOW

Presenter
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This cross-section shows the configuration of the VPT nozzles and rotor.  Up to 12 discrete nozzle inserts are spaced around the rotor, allowing for modularity and the ability to adjust to changing resource conditions.  The application of this VPT is liquid J-T valve replacement in an LNG plant.  The generator is submerged in the process LNG, eliminating the shaft seal.  We have an agreement with an Oil and Gas major to develop the turbine as it will improve their plants’ outputs by up to 3%.



Variable Phase Cycle – with VPT
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Utilizing the Variable Phase Turbine, the VPC is much simpler than the ORC.  The gearbox is eliminated because the axial impulse turbine spins at synchronous speeds (3600 or 1800 rpm).  The turbine rotor is overhung on the generator bearings, eliminating the coupling and associated field alignment.  The generator can be submerged in the liquid refrigerant for cooling and lubrication of the bearings, eliminating the shaft seal.  The working fluid is typically the same as that of the ORC.  In these T-H diagrams, R134a was used.



Practical Example of Low Temperature Resource

• 1060 gpm geothermal resource @ 164°F, 40°F cooling water

• A specific ORC produces 400 kW net

• A VPC could produce 715 kW net 80% more power

– VPT rotor is 28” OD, 1800 rpm

Variable Phase Cycle

Practical Example of Moderate Temperature Resource

• 450 gpm geothermal resource @ 300°F

• A specific ORC produces 675 kW net (170°F return)

• VPC: 1292 kW net (105°F return) 
or 923 kW net (170°F return) 

– VPT rotor is 2’ OD, 3600 rpm

Presenter
Presentation Notes
Consider a low temperature geothermal resource with these conditions. A specific ORC produces 400 kW net.  The VPC can produce 715 kW net; 80% more power from the same resource.
Consider a medium temperature geothermal resource with these conditions. A specific ORC produces 675 kW net.  The VPC can produce 1292 kW net; 90% more power from the same resource.
(Used 70°F cooling water and 85°F condensing temperature)



R134a Performance vs Geothermal Return Temperature
97% Gen, 98% Gear, 77% Pump, 95% Motor, 80 °F Tcond, 100 MMBTU/hr @ 250 °F inlet, 160 °F return
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ORC vs. VPC – Parametric Study

Calculated78-85%VPT rotor efficiency
Calculated92-97%VPT nozzle efficiency

82%ORC expander shaft efficiency
°F10Heat Exchanger Pinch Point
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Presentation Notes
A parametric study was conducted with these component efficiencies and conditions.  The optimum cycle performance was calculated for the ORC and VPC as a function of return temperature.  As the return temperature is dropped, the VPC produces more power and the ORC peaks and drops off.  The potential power advantage for the VPC under these conditions is 18%.



ORC vs. VPC Comparison (90 °F Condensing Temperature)
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VPC Performance Advantage

Presenter
Presentation Notes
The study was conducted for both R134a and R245fa across a wide range of brine temperatures.  This chart shows the relative net power produced for both the ORC and VPC as compared to the better of the R134a and R245fa ORCs.  The VPC shows a clear advantage across the board.  Results are similar when using isobutane or pentane as the working fluid.



A 10 kW VPC test skid was built for validation of performance predictions. 

Variable Phase Cycle – Pilot Plant

Presenter
Presentation Notes
Energent built a 10 kW pilot plant to validate the performance predictions.  It is a self-contained, closed-loop VPC that utilizes an electric heater to simulate the heat source.  Because of the low flow rates, we used a single nozzle with the VPT.  We have tested with R245fa and R227ea, a refrigerant similar to R134a.



Test results have been exceeding expectations

Variable Phase Cycle – Pilot Plant

R245fa Off-Design: Performance vs. Prediction
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Presentation Notes
The system has performed as predicted, and even marginally better, validating the analytical model.  Tests are ongoing.



1 MW VPC Geothermal Plant
• Designed for DOE/Coso Geothermal

• Target: $2,000/kW installed

VPC Projects

Presenter
Presentation Notes
A DOE program has been awarded for a 1 MW VPC to be installed at the Coso Geothermal plant.  The heat source is 225 °F brine separated from the flash.  Due to the high TDS, the heat exchanger will be a shell-and-tube type.  The target price for the system is competitive with ORC systems.  For the first unit, we will use a standard generator and a shaft seal although future units can be hermetic.



Variable Phase Cycle Advantage

Thermodynamics
• More power from geothermal resource better project economics

– Eliminates separator/preheater simplified control/start-up

Synchronous speed (3600 rpm or 1800 rpm)
– Eliminates gearbox eliminates lube oil system

• Can eliminate shaft seal hermetic turbine/generator with zero leakage
• Overhung rotor eliminates coupling/field alignment

– Modularity Family of designs

Discrete Nozzles
– Unlimited Pressure Ratio
– Increased turn-down
– Adjustability to changing resource conditions

Relatively Low Jet Velocity well below erosion threshold
Impulse Turbine

– Low runaway speed
– Low thrust load
– Shaft seal against low pressure
– No close clearances with rotor

Presenter
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To summarize the advantages of the VPC over the ORC:�More power is generated from the geothermal resource, strongly benefiting project economics.�A liquid-to-liquid heat exchanger is utilized, eliminating the separator and preheater which reduces cost and simplifies control and start-up.�The turbine rotor spins at synchronous speed, eliminating the gearbox and associated lube oil system.  This allows for the elimination of the shaft seal lending to a hermetic, no leakage design.  Also, the rotor is overhung on the generator bearings, eliminating the coupling and field alignment.  Because units for differing resource temperatures and flows spin at the same speed, a family of designs can easily be created.�Discrete converging-diverging nozzles allow for an unlimited pressure ratio in a single turbine stage.  Also, the unit can maintain a high efficiency at flow rates as little as 10% design flow.  This, along with changeable nozzle inserts, gives full adjustability to changing well conditions.�Having a relatively low jet velocity gives high erosion resistance.�The impulse turbine has a low runaway speed, increasing safety.  The low thrust load eliminates the need for pressure balancing or thrust bearings.  Because the turbine rotor is at the condenser pressure, the shaft seal has a much cooler, lower pressure fluid to seal against.  Also, because there is no reaction, close clearances or seals are not required between the rotor and the casing.
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That concludes Energent’s overview of these two new turbine technologies, the Euler turbine and the Variable Phase Turbine, which will enable the efficient use of the Kalina cycle and Variable Phase cycle in geothermal binary plants, increasing resource utilization.




