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Abstract

AEROMAG Corporation of Prescott Valley, AZ requires a working model of a Lakota Compressed Air Energy Turbine (CAET).  The Lakota is an existing wind turbine, which was retrofitted to power an air compressor. This prototype is the integration of an air compressor and the existing Lakota wind turbine.  Lakota CAET facilitates compressed air energy storage for a variety of applications.  

The design and implementation of Lakota CAET addresses several issues.  A mechanical link is required to join the shaft output of the turbine with the mechanical input shaft of the compressor.  The compressor selected is capable of producing compressed air over a wide range of turbine speeds.  Lakota CAET maximizes the use of existing components to facilitate rapid and cost effective production.

Several components of the existing Lakota were redesigned in order to facilitate the implementation of the compressor.  The yaw housing was redesigned so that it could be utilized as a pressure vessel.  This allowed compressed air to be transported through the housing to a storage tank at ground level.  A bench test apparatus was designed that allowed for testing of the prototype.  Data gathered from the bench test could then be used to optimize the performance of the prototype.   

Introduction

Renewable energy has become a topic of great importance in the last twenty years, especially in the Southwestern United States.  Urbanization of the Southwest, as well as fluctuating gas prices has motivated consumers to search for alternative methods to power their homes and fuel their automobiles.  One type of renewable energy that is becoming increasingly popular in the Southwest is wind energy.  Using wind turbines to harness the energy from the wind is a very efficient and economically viable way to extract power from an essentially inexhaustible source.  Because of this increasing demand for gathering power from the wind, renewable companies have made significant advances in wind turbine technology.  

Antiquated 19th century windmill designs have made way for highly advanced models that are much more efficient and reliable.  One company that is at the forefront of this wind turbine technology is AEROMAG Corporation of Prescott Valley, Arizona.2  Their Lakota and OB1 models are two of the most advanced wind turbines in the small wind turbine industry.  However, the vision of AEROMAG goes beyond using wind energy to produce electricity.  There are dozens of applications in which a wind turbine that produces compressed air is needed.  Soil sparging37, water pumping14, and pond aeration22 are just a few examples that the utilization of compressed air from a wind turbine would be ideal.  AEROMAG Corporation developed the concept of a wind turbine named Lakota CAET, which harnesses the energy from the wind and stores this energy in the form of compressed air.  AEROMAG Corp. challenged Lakota CAET Team to design and build a Lakota CAET prototype in order to assess its viability both from a design and economic viewpoint.  The assignment was to design and build this prototype, and report the findings to AEROMAG Corp.

One inherent use for Lakota CAET is soil sparging.  It is a relatively simple process that physically separates contaminants from soil or ground water by saturating it with air.  Soil sparging systems are designed to remove contaminants that have a tendency to volatilize or evaporate easily.  By applying pressure through a system of underground wells and process piping, contaminants can be extracted from the soil.  The advantage of having Lakota CAET as the source of power when sparging soil is that the system can basically be operated without any supervision.   An environmental cleanup in a remote area can be set up and run for the life of the Lakota CAET without the need of onsite personnel.

Another application suitable for Lakota CAET is a source of air for pond aeration.  The main purpose of pond aeration is to improve water quality by maintaining dissolved oxygen levels.  Addition of air to water results in an increase of its dissolved oxygen level. In wastewater treatment, aeration is used to maintain an appropriate oxygen concentration in the wastewater in order to promote biological oxidation and to keep the activated sludge in suspension.  By pumping compressed air into a pond or lake bed aerator the rising air bubbles bring bottom water to the surface where it is exposed to the atmosphere. Large volumes of water will then lose bad gasses to the atmosphere and the water picks up even more oxygen while on the surface.  Aeration speeds up this process of oxidizing pollution. In fact, if there is sufficient aeration, fish will be able to survive in water that contains relatively high amounts of pollution.  

Lakota CAET is also suited to power an airlift water pump.  An airlift water pump is a type of deep well pump, sometimes used to remove water from mines.  It can also be used to pump a slurry of sand and water or other gritty solutions.  In its most basic form this pump has no moving parts, other than the air compressor.  Compressed air is piped down a shaft and then returns up a discharge pipe carrying water with it.  The pump works by "aerating" the water in the discharge pipe.  The added air lowers the specific gravity of the fluid mixture. Because this solution is lighter than the surrounding water, it is pushed upwards.  This type of pump can lift 20 to 2000 gallons per minute from depths up to about 750 feet.  

There are several compressed air turbine designs that are currently in production.  One model is the Rancher V4, produced by Bowjon Company.​5  The Rancher utilizes a windmill style fan blade to harness energy from the wind.  This implies that the Rancher uses drag as a means of gathering wind energy, where the Lakota blades use lift and drag.  The compressor is mounted on the tower behind the blade set.  Some other features of the Rancher are:
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Another compressed air turbine that is in production is produced by Airlift Technologies.6  This model has the compressor mounted behind the blade set as well.  It utilizes windmill blades like the Bowjon Rancher V4 to harness wind energy.  Some other listed features are: 





Design Philosophy

Lakota CAET Team followed several guidelines during the design process.  Many of these guidelines came about as a result of consulting AEROMAG prior to the design process.  The most important aspect of the design philosophy was to implement design solutions that are economically viable. Keeping Lakota CAET cost-effective is key to AEROMAG Corporation’s marketability.  The primary method to keep Lakota CAET economical was to minimize the redesign of existing parts while keeping the design concepts simple. A robust design was also important due to the considerably length service life needed for Lakota CAET. Components of the design need to withstand loads from adverse mechanical, vibration, thermal, and weather conditions. To enhance Lakota CAET’s marketability, it is important that the design has aesthetic appeal.

Design Challenges

Retrofitting the Lakota Turbine for the purpose of driving an air compressor presents several design challenges. Some of the major design challenges were compressor selection, compressed air transport, and component redesign. 

The selected compressor must be compatible with the dynamic working range of the Lakota blade array.  A compressor that is compatible with the Lakota blade array must have a working range of zero to approximately 2000 revolutions per minute (rpm). In addition, the compressor torque requirements must be less than or equal to the torque that the Lakota blades can supply. If the input torque requirement of the compressor is too great the compressor will simply not turn and compressed air will not be generated at reasonable wind speeds. In order to minimize maintenance interactions an oil-less compressor is preferred. The compressor selected must also be capable of operating in adverse conditions such as high temperature and humidity. The geometry of the selected compressor must be compatible with the size constraints imposed by the Lakota castings. If the compressor is too long it will interfere with the furling feature of the Lakota CAET. Ultimately the performance capabilities of Lakota CAET will need to be verified with a bench test in order to optimize it’s performance for production.

Lakota CAET will be mounted on a tower approximately 50 feet tall. With the compressor located at the top of the tower and the pressure vessel located on the ground the necessity for designing a fluid transport system for the compressed air becomes obvious. The most difficult part of this design is transporting the air through the yaw assembly. A solution must be obtained that allows for 360 degrees of rotation of the Lakota CAET about its vertical axis without significant resistance. 

These design challenges involve modification of the original Lakota castings and components. Throughout the design process, consideration was given to deriving solutions that incorporate a minimum of redesign and maximized the use of original castings and component hardware.   

Deliverables

There were several deliverables agreed upon between Lakota CAET Team and AEROMAG Corporation.  These deliverables include selection of a suitable compressor, a solution to the compressed air transport systems, redesign of existing Lakota components, detailed AutoCAD R14 drawings of the Lakota CAET components, load analysis of compressor housing and yaw assembly, and performance analysis of the prototype.  The redesign of the Lakota components must allow for the implementation of the compressor and compressed air transport systems.
In the proposal phase of the project the compressor selection strategy was to acquire several compressors and perform bench testing to determine the optimum compressor. After researching different compressor configurations and associated costs it was determined that obtaining multiple compressors would be too burdening on the budget and require too much bench test time. As a result of budget and schedule considerations, compressor selection was accomplished by comparing Lakota performance data to compressor performance data. The performance data used for the compressor selection were torque and power characteristics at various rpm. The selected compressor can then be bench tested to validate manufacturer data to allow for the further optimization of Lakota CAET.

Two proposed solutions to the design challenge of the compressed air transport system were delivered to AEROMAG Corporation. The possible solutions to facilitate the compressed air transport system were a rotating union and a rotational shaft seal. After consulting with AEROMAG Corporation it was determined to proceed with the rotational shaft seal design due to design simplicity and budget considerations.  

In order to be consistent with AEROMAG Corporation’s current software, Lakota CAET Team submitted new casting, component, and machining drawings in AutoCAD R14.  Justification of component changes and new component selection were provided and delivered in accordance with the schedule in Appendix I.

The analysis of the compressor housing and yaw assembly consisted of a mechanical design analysis of various components that were impacted by design changes.  Finite element analysis was performed with I-DEAS 9 software where deemed necessary.

A bench test apparatus was designed to establish performance parameters of the selected compressor. The bench test apparatus was designed such that the compressor, faceplate, and compressor housing can be tested as one unit. This will give an accurate representation of the power necessary to turn the compressor due to energy losses associated with friction in the bearings mounted in the faceplate and compressor housing. The collected data can be used to generate plots of torque versus angular velocity at various system pressures. This performance data can be used for design optimization by matching the Lakota blade characteristics to the performance data. 

Compressor Selection

Several key features were considered throughout the search for a compressor.  It was necessary to utilize the existing rotor shaft as the drive for the compressor in order to minimize the redesign of the existing Lakota parts.  Due to AEROMAG Corporation’s requirements the compressor should not require any more than one maintenance action within a five-year interval.   With this in mind the search was restricted our to oil-less compressors due to their low maintenance requirements.  Since the Lakota CAET will be susceptible to a variety of environments, a durable, corrosion resistant compressor was needed.  Another compressor feature that was imperative was an overall length of no more than six inches.  This dimension was determined from the space that the existing Lakota requires to furl out of the wind. The compressor must be capable of operating from zero to approximately 2000 rpm.  This is the current operational range of the Lakota wind turbine. The most important feature in regards to the compressor was availability. The availability of the compressor is important in the event that AEROMAG decides to start mass production with the selected compressor.

The initial compressor search was limited to compressors with a power rating of less than 2 Hp in order to remain within the size constraints.  Several potential compressors resulted from the initial search.  Data sheets on these compressors can be seen in Appendix II.
An attempt to obtain several compressors for the bench-testing phase was performed in the initial stages of the project.  Through bench testing each compressor, performance data would be analyzed and used to choose the compressor that best fits the application.  Specifically, the torque versus rpm curves of the compressor would be compared to the existing Lakota array data to create the most efficient system. 

The difficulty in obtaining multiple compressors for testing and the approaching compressor selection deadline prompted us to select a compressor based on approximate Lakota performance data. A very conservative sized compressor was chosen to insure that the Lakota blade array would supply sufficient torque to drive the compressor. A consensus was made between AEROMAG and the Lakota CAET Team that the Gast 1534 compressor would be used for the prototype.  Specifications of the Gast 1534 compressor can be viewed in Appendix III. 

The features of the Gast 1534 compressor are as follows: 

· Oil-less, pulse free operation

· Rotary vane

· Mechanically driven

· 0.4 CFM @ 2000  RPM

· Operating range up to 5000 RPM

· Rugged construction/low maintenance (design life approximately 10,000 hrs)

· Dimensions:  4.05inL x 3.52inH x 3.62inW

· Counter-Clockwise rotation

· 3 lbs

The rotary vane compressor feature of low start up torque is excellent when a low cut-in speed for the wind turbine is desired.  With the compressor operation range of up to 5000 rpm, a large operating range is feasible for the Lakota CAET.  The compact size minimizes the redesign of the existing Lakota parts.  The counter-clockwise rotation is opposing to the existing Lakota rotation.  Since the blades for the Lakota will need to be matched to the Gast 1534 compressor using torque versus rpm data, inverting the twist of the Lakota CAET blades to correspond to the compressor rotation will be possible.  The Gast 1534 compressor was purchased by AEROMAG in February of 2002 through Mark Steffens of Brenner Fiedler.4  See Appendix IV for contact information.  

Compressor Mounting

The rotor shaft was redesigned in order to couple it to the Gast 1534 compressor.  In order to minimize any load applied to the compressor shaft an additional bearing was implemented into the compressor housing to support the rotor shaft.  A setscrew is used to couple the rotor shaft to the compressor.  Detailed drawings of the rotor shaft can be viewed in Appendix V, drawing number 007-0010x.

The dimensions of the Gast 1534 will not allow it to fit into the existing generator housing.  Because of this constraint a compressor housing design was necessary.  The compressor housing mounts to the existing faceplate just as the existing Lakota generator housing.  The torque of the compressor will create a shear stress in the face-plate bolts.  The factor of safety with respect to bolt shear is 11.5.  The detailed analysis of the bolt shear can be viewed in Appendix IV.   The compressor is fastened to the compressor housing by bolting the foot of the compressor to the compressor housing.  Detailed drawings of the compressor housing can be viewed in Appendix V; drawing numbers 007-0004xa and 007-0004xb.
The existing Lakota stops furling when the rubber bumper on the generator housing impacts the back of the yaw housing.  The elimination of the existing generator housing requires a modification to the existing furling mechanism to prevent the compressor from impacting the yaw housing. This was accomplished by implementing 1/8-inch diameter steel cables inside the furling springs. These cables will have specific lengths of (257mm) so that furling will stop at the appropriate angle.  Figures 1, 2 illustrate the Lakota CAET assembly in standard operating position and furled position respectively. 
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Figure 1.  The Lakota CAET assembly in standard operating position.
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Figure 2.  The Lakota CAET assembly in furled position.
Compressed Air Transport

Because the compressor is located behind the hub of the wind turbine blade array, approximately 50 feet above the ground, a design is needed to pass compressed air through the yaw housing and yaw shaft, down the tower, and into a storage tank located at ground level.  The design must allow the turbine to freely rotate 360 degrees while allowing compressed air to pass through the system.  The first design for transporting the compressed air was through a swivel union, as shown below in Figure 3.  A swivel union allows compressed air to be transported while rotating freely, which could be implemented into the yaw shaft.    However, a swivel union will not function correctly under a bending stress, as it would see in this application.  The budget and modifications necessary to implement a swivel union into the yaw assembly were not feasible. 


Figure 3.  Basic schematic of a swivel union.

An alternative to using the swivel union as the means of transporting compressed air through the yaw assembly is to utilize the yaw housing as a pressure vessel.  By using the yaw housing as a pressure vessel the compressed air will pass through the existing yaw shaft into the tower.  In order for this design to work the sealed bearings would be required to hold compressed air.  Even though the Gast 1534 compressor outputs a maximum of 10 psi it was decided to design the Lakota CAET for a pressure system of 100 psi for potential future applications.  It was decided to assemble the yaw housing and pressurize the unit to see what pressure, if any, the bearings would hold.  The bearing was tested and failed at an internal pressure of less than 10 psi.  This test concluded that the bearing would not work for the application. 

A design was required that would seal the yaw shaft so that the yaw housing could be used as a pressure vessel while still being capable of rotating 360 degrees.  This method of sealing the yaw assembly requires the addition of a rotational shaft seal.  By using the yaw housing as a pressure vessel there is no need for the electrical access panel located on the existing Lakota yaw housing.  To eliminate the panel the casting of the yaw housing needs to be changed.  Due to time constraints, this part of the project will not be implemented in the prototype of the Lakota CAET.  For the proof of the concept, a flange along with an o-ring will be bolted over the access panel to seal the yaw housing.  

The standard rotational shaft seal dimensions available are not compatible with the existing casting. American High Performance Seals3 is capable of fabricating a custom seal for the application.  The seal data sheet can be viewed in Appendix III.

The features of the American High Performance Rotary Seal are as follows:

· Nylon casing

· NBR (Nitrile Rubber) seal

· Dimensions:  35 mm ID x 62 mm OD x 10 mm H

· 100 psi pressure rating

This seal will work well for the Lakota CAET application. The seal has a pressure rating of 100 psi, which is equivalent to the designed maximum pressure of the Lakota CAET yaw housing.  The seal was purchased by AEROMAG in February of 2002 through David Townley, of American High Performance Seal; see Appendix IV for contact information.

A redesign of the castings is needed in order to incorporate the rotational shaft seal and the bearing into the yaw assembly. The bottom of the yaw housing was extended to accommodate the seal and bearing, as shown in Figure 4.  The location of the bearing and the seal in the yaw housing can be seen in Figure 5.  The yaw shaft was also lengthened in order to accommodate the addition of the rotational shaft seal.  A stainless steel sleeve has been implemented to insure that the seal will operate effectively with the yaw shaft. Figure 6 show the incorporation of the stainless steel sleeve into the sealing interface between the yaw shaft and the seal. Fabrication of the stainless steel sleeve is possible and will become an in house part fabricated by AEROMAG. The implementation of this sleeve requires a machining modification to the yaw shaft. The lower bearing interface will be machined to a slightly smaller diameter; see Appendix V, drawing 007-0018x.  

[image: image3.png]



Figure 4. Modified Yaw Housing Casting
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Figure 5. Bearing and rotational shaft seal locations within the yaw housing.
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Figure 6. Modified Yaw Shaft with the stainless steel bushing.

A casting modification is not feasible, therefore the bearing has been replaced by a nylon bushing in order to allow room for the seal in the existing yaw housing casting, as shown in Figure 7.  The bushing will become an in house part fabricated by AEROMAG. The maximum force applied to the bushing is when the turbine is in the furled position.  The resulting factor of safety is 296.  The detailed analysis of the bushing can be viewed in Appendix VII.  Detailed drawings of the bushing can be viewed in Appendix V, drawing number 007-0017ax.
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Figure 7.  Bushing and seal location within the yaw housing.

The flange used to seal the access panel will be used for proof of concept only.  The o-ring (1/8in x 2 1/4in) used with the flange is available from local hardware supply stores. A casting modification to the yaw housing can be made to eliminate the flange in future prototypes.  The factor of safety due to bolt failure is 10.6, while the factor of safety due to joint separation is 16.3 with an internal pressure of 100 psi applied to the yaw housing.  The detailed analysis of the flange can be viewed in Appendix VIII. Drawings of the flange can be viewed in Appendix V, drawing number 007-0017ax.  

The design for the compressed air to pass from the yaw shaft to a storage vessel on ground level is relatively simple. A one-way valve will be implemented at the bottom of the yaw shaft so that the compressed air does not leak back through the yaw housing while the compressor is not operating during periods of no wind.  An air-line will be attached to the one-way valve that will run down the tower and couple to a storage tank on the ground.  

Because the yaw housing is being used as a pressure vessel, an analysis to determine internal stresses was necessary.  Finite element analysis was used to analyze the yaw housing.  Modeled with an internal pressure of 100 psi to include the possible future application of a high-pressure system, the maximum Von Mises stress obtained was 14.5 MPa.  This gives a factor of safety with respect to yielding of 12.  The details of the finite element analysis can be seen in Appendix VIIII.

Bench Test

The purpose of bench-testing the prototype is to gather performance data. More specifically, measurements of the torque (lbf-ft) required to drive the compressor shaft at various angular velocities (RPM) is required.  These torque vs. RPM curves will be generated at various system pressures (psi).  This data will be used to generate performance curves similar to Figure 8. These performance curves could then be used to optimize wind turbine blades to increase the efficiency in future Lakota CAET models.  


Figure 8.  An example of torque (ft-lbf) versus angular velocity (rpm) curves for a compressor.
Collecting RPM and system pressure data is a relatively simple. A hand held digital tachometer could be used to directly measure shaft angular velocity (rpm).  A 50 ft. air-line will be used that attaches the compressor output to a pressure vessel.  Because performance curves at constant system pressures are desirable, an adjustable pressure relief valve will be installed on the storage tank to ensure constant system pressure.  A Bourdon tube pressure gauge could be used to measure system pressure.  The torque data can be gathered by coupling the compressor to a cradled DC Motor.  The motor is attached to a digital scale with a fixed moment arm.  Because the force measurement is at a fixed moment arm the corresponding torque can be calculated using Equation 1. A schematic of the bench test is given in Figure 9.


Torque = [Force (lb)] * [moment arm (ft)]
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Figure 9. Bench test schematic

Project Status 

As of May 2002 the project is still incomplete. All the deliverables as stated at the onset of the project have been completed with the exceptions of building and testing the Lakota CAET prototype.

A GAST 1534 rotary vane compressor has been selected. The compressor has been ordered and received by AEROMAG Corporation. The selected compressor is most suited to low pressure and high volumetric flow rate applications.  The compressor housing is a new component that has been designed to support the compressor. The existing shaft that links the blade array to the generator has also been modified. The shaft has been redesigned to drive the input shaft of the air compressor. 

A compressed air transport system has been designed which implements a pressurized yaw housing. The compressed air transport system involves machining and casting changes to the yaw housing as well as machining changes to the yaw shaft. In addition to the casting modifications, several new components have been specified. The new components include a rotational shaft seal, a nylon bushing, a stainless steel sleeve, and a flange. The seal has been ordered and received by AEROMAG Corporation. A flange and o-ring have been implemented to temporarily seal the access panel of the yaw housing for prototype testing. Casting changes can be used to eliminate the flange and o-ring in future prototypes at AEROMAG’s discretion. 

Due to budget constraints, the machining of the Lakota CAET components and the bench test phase of the project were not completed.  The bench test apparatus has been designed. A cradled DC motor would drive the Lakota CAET prototype. A digital scale along with a hand held digital tachometer would be used to gather the required data to generate torque vs. rpm plots. The bench test phase will be completed by AEROMAG Corporation at a later date if AEROMAG proceeds with the Lakota CAET project.

An estimate for the out of house components for the Lakota CAET project is given in Appendix I. This estimate contains the purchase of the compressor, seal, and components necessary for the bench testing and data collection phase. The project schedule is given in Appendix I. The schedule has been amended to reflect component delivery times and unanticipated design challenges, completed tasks are in black and incomplete tasks are in red. The Lakota CAET Team Capstone Design presentation is shown in Appendix X.
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Out of House Components

	Item
	Unit Cost
	Quantity
	Total Cost

	 
	 
	 
	 

	ARRM Nylon Rotary Seal
	$25.00
	1
	$25.00

	Gast 1534 Compressor
	$208.30
	1
	$208.30

	Digital Scale
	$22.00
	1
	$22.00

	Pressure Relief Valve
	$35.00
	1
	$35.00

	Fittings (ball Valve, couplings, etc.)
	$50.00
	1
	$50.00

	Miscellaneous
	-
	 
	$50.00

	Printing Cost
	$0.10/page
	750
	$75.00

	Total
	 
	 
	$465.30
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Out of House Components

	Item
	Unit Cost
	Quantity
	Total Cost

	 
	 
	 
	 

	ARRM Nylon Rotary Seal
	$25.00
	1
	$25.00

	Gast 1534 Compressor
	$208.30
	1
	$208.30

	Digital Scale
	$22.00
	1
	$22.00

	Pressure Relief Valve
	$35.00
	1
	$35.00

	Fittings (ball Valve, couplings, etc.)
	$50.00
	1
	$50.00

	Miscellaneous
	-
	 
	$50.00

	Printing Cost
	$0.10/page
	750
	$75.00

	Total
	 
	 
	$465.30
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Date: Tuesday, January 29, 2002
To: AERO MAG
BRANDON GERBER
Phone: 928-523-8685
Fax: 928-523-2300
From: American High Performance Seals, Inc.

David C. Townley
Phone: 412-788-8815
Fax: 412-788-8816

Pages: 1

Subject: Rotary Seal
Hi Branden:
Regarding the shaft and bore for this application:
1. The 20 Rockwell C shaft would require a speedi-sleeve, which I can provide for you if you wish.
2. Standard machining tolerances would apply, typically as follows:
Bore: +/-.003”
Shaft: +/-.003"
Height/Depth: +.005/-0.000"

Let me know if you would like me to provide the speedi-sleeve. Please do not hesitate to call if you
should have any questions and have a great day.

Regards,

ANzt

David Townley
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American High Performance Seals Quote

Pgh Internaticnal Ind Park
408 High Tech Dr
Oakdale, PA 15071

Phone: 412-788-8815
Fax :412-788-8816
Phone: 800-283-7140

Quote No.. 6838
Customer No.:  AERO-86002
(928) 523-2300

Ship To: AERO MAG

BOX 22223 BOX 22223
FLAGSTAFF, AZ 86002 FLAGSTAFF, AZ 86002
Date Attention FOB __° Terms
02/14/02 Brandon Pittsburgh COD,Net 30after creditapproval

Purchase Order Number

g:;ﬁ?é’{, Product Code
2 ARMM
11 ARMM

e K/

(

Sales Person Fax To
David Townle (928) 523-2300

‘l

Description Unit Price ' Amount

ROTARY SEAL 27.27 54.54
35mm x 62mm x 8/10mm
F7/S6: Nylon /NBR

ROTARY SEAL 23.86 262.46
35mm x 62mm x 8/10mm
F7/S6 : Nylon/NBR

Std. delivery is 3 - 4 days.
Confirmation of price quoted
on the telephone.

Thanks for the opporunity -
David Townley

Quote subtotal 317.00

Quote total 317.00

%ﬁ ﬁ/ /WM7




Appendix IV

Contact Information

Gast 1534 Compressor:

Mark Steffens

Brenner Fiedler & Associates, Inc.

2117 S. 48th St. #102

Tempe, AZ 85282

Phone (800) 638-0394

Phone (602) 628-4643

Fax (602) 438-2763

American High Performance ARMM Nylon Rotary Seal:

David Townley

American High Performance Seals

Pgh International Ind. Park

408 High Tech Dr. 

Oakdale, PA 15071

Phone (412) 788-8815

Phone (800) 283-7140

Fax (412) 788-8816
Appendix VI
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Figure 4: The location of faceplate bolts with associated torque and force.

To determine if the bolts in the face plate will shear:

The compressor is rated at .18 horsepower, which converts to 134.23 Watts.

To acquire the maximum torque assume a rotational speed of 10 rpm.


[image: image21.wmf]W

134.23

watt

.

rpm

10

T

9.55

W

.

rpm

T

128.2

N

.

m

.



[image: image22.png]



Figure 5:  The cross-sectional view of the faceplate bolt in shear.


[image: image23.wmf]F = force in bolt

A = cross section of bolt (Table 8.1, Shigley and Mischke, 1989)
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 = stress due to shear in bolt
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 = factor of safety

r = radius of bolt centers from point of applied torque, see Figure 5
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Grade 4.6 bolt has a minimum proof strength of 225 MPa (Table 8.6, Shigley and Mischke, 1989)
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[image: image24.wmf]Rearranging the moment equtaion, 
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Now we can use the equation for a moment to find 

the max force that can be applied to the bushing 

Mmax = Fmaxd

where d is the moment arm, 19.68 cm

Fmax = 16,510 Newtons

The next step was to go measure how long the spring deflected on the Lakota.

By knowing this value and applying the equation (1) derived earlier, we can compare

the two forces and come up with a factor of safety

k = 2.466 N/mm

(supplied by manufacturer)

Fx = .254887kx

1

(

)

spring deflection measured

at maximum furling position

x = 88.9 mm

Fx = 55.88 Newtons

Factor of Safety = FS = 

F

max

F

x

=

16510

55.88

295.455

=

We have a factory of safety of roughly 295.  This implies that the bushing will not

deform more than .1mm, therefore the seal will not fail due to a moment applied 

by the furled turbine. 
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Figure 1:  Relevant geometry of yaw flange for frustum calculations to determine joint


    Strength (Figure 8-18, Shigley and Michke, 1989). 


[image: image26.wmf]The joint, in Figure 1, is subjected to a maximum internal  pressure of 100 psi. 

Multiplying this pressure to the area of the access panel (2 sq. in.) corresponds to a 

maximum force of 200 lb = 890 N.
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Figure 2:  The location of the four frustum used in calculations.
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Figure 3:  The frustum angle and location of variables (x & h) used in calculations.
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[image: image32.wmf]from equation 8-14 (Shigley and Mischke, 1989):
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[image: image34.wmf]putting these 4 stiffnesses together using equation 8-12 (Shigley and Mischke, 1989):
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from equation 8-10 and At and E from Table 8-2 

(Shigley and Mischke, 1989):
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[image: image35.wmf]for bolt preload using equation 8-25 (Shigley and Mischke, 1989):
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[image: image36.wmf]load factor (n) from equation 8-23 (Shigley and Mischke, 1989):
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from equation 8-24 (Shigley and Mischke, 1989):
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Appendix VIIII

Finite Element Analysis of Yaw Housing

The pressurization of the yaw housing was modeled with Finite Element Analysis in IDEAS-9 software. The yaw housing is sand cast from aluminum 356.0-T6. The material properties used for the analysis are given in Table 1.  The applied loading was an internal gauge pressure of 100psi or 689.5kPa. The yaw housing was reduced with planar symmetry because the yaw geometry is symmetric about a vertical plane along its centerline. The model geometry, meshing, and Von Mises stress contours are illustrated in Figures 1,2.

Table 1.  Material Properties used for Finite Element Analysis.

	Material Properties
	SI Units
	English Units

	Tensile Strength, Ultimate
	228 MPa
	33100 psi

	Tensile Strength, Yield
	165 MPa
	23900 psi

	Modulus of Elasticity
	72.4 GPa
	10500 ksi

	Poisson’s Ratio
	0.33
	0.33


The resulting maximum Von Mises stress obtained for the model is 14.5MPa. This maximum stress gives a factor of safety with respect to yielding of approximately 11.4.   This relatively high factor of safety indicates that the Lakota geometry and material combination can be safely pressurized. 
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Figure 1. Outside view of yaw housing with Finite Element Mesh and Von Mises stress contours.
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Figure 2. Inside view of yaw housing with Finite Element Mesh and Von Mises stress contours.
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