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[bookmark: _Toc321434197]Abstract
General Electric currently has equipment to fully diagnose their customers’ natural gas High Speed Reciprocating (HSR) compressors in cases when they develop issues.  However, this equipment is bulky, extremely expensive to travel with, and requires the compressor to be powered down to set up instrumentation.  In order to more efficiently diagnose a problematic natural gas compressor, GE wishes to develop a simpler, cheaper, and easier-to-transport instrument to measure their flow characteristics.  They would prefer the engineer to bring minimal equipment that can be mounted quickly and will take measurements unintrusively, and operate it using a mobile phone application.  The most proven method to date to make these measurements is via the transit time method of fluid velocity measurement using ultrasonic transducers.  Using a set of these transducers, a single-board PC can be used to generate the necessary signal and send data wirelessly, and an Android phone application can be created to receive data, run the necessary calculations, and display desired parameters.  After proving the feasibility of using this method with worst-case conditions of a real-world application, a test apparatus – tailored to the set of borrowed transducers – was designed and fabricated for development and calibration of the data acquisition system.  Most of the development of the signal generation and reception was completed when a small malfunction in the circuitry set the project back a longer period of time than the project permitted.  Many raw, undocumented aspects of this type of measurement were discovered and overcome, and a strong foundation has been laid for a future project to refine and solidify the method into something that has potential to be a very powerful tool.
[bookmark: _Toc321434198]Introduction
[bookmark: _Toc321434199]Overview
The purpose of this report is to re-introduce the problem statement and customer needs, and describe the methodology followed in selecting our equipment, choosing features included in the Android mobile phone application, deriving calculations, and fabrication of modifications to existing instrumentation.  Each aspect will be described in detail, geared toward solving the needs set forth by the customer, prioritized as prescribed by our project sponsor.
[bookmark: _Toc321434200]Problem Description
GE Oil & Gas is a leading producer of natural gas compressors, and as such, an appreciable amount of time is spent supporting their customers with diagnosis of the inevitible problems that follow persistently-running High Speed Reciprocating (HSR) compressors.  Currently when an engineer is sent to diagnose a potentially ill-performing compressor, he/she must use a cumbersome, full data acquisition system.  While this is a comprehensive system that will extract every bit of data that could possibly be desired, it requires the customer to power down their compressor so the GE engineer can install the necessary instrumentation – which can take a matter of hours in itself – and the unit is very expensive with which to travel due to its bulk and the airliners’ necessity to thoroughly scan it as if it is a bomb.
[bookmark: _Toc321434201]Needs Assessment
In the interest of saving time and capital for GE, and preventing the customer from requiring them to seize operations, a simple unintrusive measurement system is desired for the ability to take preliminary measurements, in the case that the problem is minor and would not require in-depth diagnosis.  A very convenient operating device today is a smartphone, and so a mobile phone application is desired to operate the measurement instrumentation.  A setup time of five minutes or less is desired, and the system must be capable of measuring volumetric flow rate and generating a P-V plot of the compressor stage.  Additionally, since the compressor will continue operation during measurement, the engineer needs to be removed from the harsh environment in which it runs.  Thus, the phone must be capable of wirelessly connecting to the instrumentation to gather data and run the application.
[bookmark: _Toc321434202]Functional Diagram
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[bookmark: _Toc321434258]Figure 1 – Functional Diagram

[bookmark: _Toc321434203]QFD Chart

[bookmark: _Toc321434259]Table 1: QFD Chart
	
	Engineering Requirements
	Benchmarks

	
	Weight
	Cost
	Yield Strength
	Mounting time
	HTTPops
	SPECint_rate95
	Clock Rate
	Power Supply
	Sampling Rate
	System Interconnect
	RECIP-TRAP 9260
	Windrock’s Model 6320

	Customer Requirements
	Transfer Data Wirelessly
	
	X
	
	
	X
	X
	X
	
	X
	XX
	
	

	
	Short Mounting Time
	X
	X
	X
	X
	
	
	
	
	
	
	
	

	
	Non-intrusive
	X
	X
	X
	X
	
	
	
	
	
	
	
	

	
	Collect, store and Display Data
	
	X
	
	
	X
	X
	X
	X
	X
	X
	O
	O

	
	Working Demo
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	O
	O

	
	Units
	lbs
	$
	psi
	sec
	
	
	Mhz
	W
	khz
	Raptor Protocol
	

	
	10
	2000
	30,000
	300
	38,000
	35.5
	500
	4
	60
	
	

	
	Engineering Target
	















[bookmark: _Toc321434204]Project Plan
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[bookmark: _Toc321434260]Figure 2 -  Project Plan
[bookmark: _Toc321434205]Concept Generation
[bookmark: _Toc321434206]Pressure, Flow, and Compressor Concepts
One of the most useful tools used when diagnosing a potentially-problematic HSR compressor is a P-V diagram.  This diagram shows the relationship of the pressure versus the volume in the cylinder, and it can unveil various problems that would contribute to the compressor failing to achieve its specified flow characteristics, including problematic valves, worn compression rings, etc.  Figure 2 shows the various stages in compressor operation on a P-V diagram.  

[image: ][image: ][image: ][image: ]
[bookmark: _Toc321434261]Figure 3 - P-V Curve of Typical Compressor
The incoming gas is pulled into the cylinder through its vacuum-operated valve from the suction pipe by the vacuum created from the piston’s downward movement (toward Bottom Dead Center – BDC – point C in Fig. 1), where it is then compressed by the piston’s upward movement (toward Top Dead Center – TDC – point A) until a pressure-operated discharge valve opens at point D and allows the compressed gas to escape through the discharge pipe.  A quick process of re-expansion occurs as the piston begins its motion back down from TDC while both valves are closed, until the suction valve opens again at point B, at which point the cycle repeats.

Our task is to generate a P-V diagram and measure volumetric flow rate unintrusively, and currently the only feasible method to do this is by measuring the velocity of the fluid in the suction and discharge pipes via an ultrasonic method.  If velocity of the fluid is measured, the dynamic pressure can be calculated using:

[bookmark: _Toc321434262]Eq. 1

The relationship of density (ρ) of air with respect to temperature and pressure is well established and can be found in a lookup chart, and since the properties of natural gas are very similar to that of air, those values could be used here if measured.  Since air is a compressible fluid, its density will change after being pumped through the compressor.  The action of compressing the air will increase its temperature, and since the temperature rise is due to nothing more than this compression, the relationship between densities can be considered:

[bookmark: _Toc321434263]Eq. 2

Where ρs and ρd are air densities in the suction and discharge pipes, respectively, Ts and Td are temperatures of the air in the suction and discharge pipes, respectively, and γ is the compressibility of air.  This relationship clearly shows the importance of temperature measurements of the suction and discharge gases in order to accurately measure the dynamic pressure.   This can be done unintrusively either by use of a thermocouple taped to the pipe, which would have the Application automatically calculate parameters that are based on temperature, or via handheld infrared thermometer and having the user input temperatures into the program.  For simplicity, lower cost, and considering the steady-state nature of a running compressor, this system will rely on the latter method.

To use the dynamic pressure to model the P-V curve, we can consider Bernoulli’s Equation, expressing equal total pressure on both sides of the compressor stage:

[bookmark: _Toc321434264]Eq. 3
Bernoulli’s Equation

So, it follows that:

[bookmark: _Toc321434265]Eq. 4

Where P is static pressure, q is dynamic pressure, and Δp is the static pressure drop from the measurement location to the valve.  It becomes evident that one static pressure measurement will be necessary for a calculation with any level of accuracy.  Some of the customers’ compressors have pressure gauges installed in some locations, but not between each stage in every compressor, and there is a chance that compressors without any pressure gauges at all will need to be diagnosed at some point.  In this case, an accurate P-V diagram will not be able to be plotted, unless a somewhat-reliable static suction pressure can be assumed. However, since the issues that our tool will be attempting to uncover stem from insufficient flow, any discrepancies in volumetric flow rate are the objects of higher interest.  While this case would not completely fulfill the customer’s desires, the scope of this preliminary diagnostic tool is to quickly detect an appreciative deviation from normal operational flow rates, and measuring only the fluid velocities will easily achieve this task.

[bookmark: _Toc321434266]Eq. 5
Volumetric Flow Rate

In the case that one static pressure measurement can be taken – anywhere in the system, be it suction or discharge, before or after all stages, or between stages – a P-V diagram can be plotted.  Given the fact that the presence of a pressure gauge is questionable, its location relative to the valve is even more so.  Some units could have the gauge a few inches away from the valve; some could be multiple feet.  Across a distance of this magnitude, the static pressure drop due to frictional losses cannot be neglected.  Since the sizes and locations of bends in each pipe will likely vary between each compressor and each facility, resulting in unpredictable distances of the pressure gauge from the valve, a method of normalizing the pressure readings to comparable values from compressor to compressor needs to be established.  This can be done simply by accounting for the frictional losses in the pipe, which is expressed as:

[bookmark: _Toc321434267]Eq. 6

This considers the distance between the pressure gauge and the valve (L), hydraulic diameter of the pipe (D) and the Darcy friction factor (f).  The former two are easily measured, and the latter is dependent on the flow being turbulent or laminar.  In checking if the flow is turbulent or laminar, the Reynolds number needs to be calculated:

[bookmark: _Toc321434268]Eq. 7
Using the properties of air and measured temperature, the density (ρ) and dynamic viscosity (µ) are known, the hydraulic diameter is measured, and the fluid velocity is measured by our ultrasonic instrumentation.  Over the given range of fluid velocities that are expected, flow is actually found to be turbulent.  This creates a problem for operational convenience since a Moody diagram would need to be employed to accurately determine the Darcy friction factor.  However, once again considering the scope of this tool’s use, a hard pressure value is not necessary; it is mostly the change in flow that is of interest.  So since we are only using the pressure drop to normalize for differences in pressure gauge locations, we can model it using the assumption for laminar flow for simplified calculation and operation.  Assuming laminar flow in this case is just a simpler method to achieve the same goal of normalizing flow measurements to comparable values at any pipe lengths from the valve.  Thus, for laminar flow:


[bookmark: _Toc321434269]Eq. 8


Resolving pressure drop in the pipe:

[bookmark: _Toc321434270]Eq. 9

Using Bernoulli’s principal, total suction pressure will equal total discharge pressure, and static pressure in the discharge pipe will resolve to the general equation:

[bookmark: _Toc321434271]Eq. 10

However, when generating qualification and demonstration data based on data gathered from a real compressor, an unexplainable error occurred, where an unrealistically large suction velocity and flow rate were required to achieve static discharge pressure near the value that it should be.  It could still be estimated with this method even with this problem, but a better method exists.

Using only static pressure, suction and discharge temperatures, and the compressibility of air, the static pressure in the discharge pipe can be calculated:

[bookmark: _Toc321434272]Eq. 11

As previously stated, the temperature rise is only due to compression in the stage, thus this is a valid calculation to use (see Appendix for sample calculations and comparison between methods).  It is also much simpler than the method using Bernoulli’s equation, with less than half as many variables, and will therefore contain less stacked error.

The method we are using to measure these pressures will not facilitate a comprehensive generation of every point on the P-V curve; rather we are measuring and plotting the pressure during only the gas intake and gas discharge phases, separately.  The operator will attach the ultrasonic sensors to the suction pipe, take measurements, then remove them and repeat the process for the discharge pipe in order to obtain one complete P-V curve for that particular compressor stage.  Figure 2 partially shows how the pressures will be plotted – suction pressure will be the horizontal line through points B and C, and discharge pressure will be a horizontal line through points D and A.
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[bookmark: _Toc321434273]Figure 4 – Constant-Pressure Phases Plotted
These measurements can be compared with the ideal suction and discharge flow rates for each compressor stage to determine a rough approximate efficiency:

[bookmark: _Toc321434274]Eq. 12

Resolving to common units:

[bookmark: _Toc321434275]Eq. 13

Where bore and stroke are in inches, rotational speed is in RPM, and 
 is in .

Also, the volumes in the graph can be found using the displacement and compression ratio of that compressor stage:

[bookmark: _Toc321434276]Eq. 14


[bookmark: _Toc321434277]Eq. 15


[bookmark: _Toc321434278]Eq. 16

Points A and C will not change, as they are direct inputs of compressor dimensions, but points B and D would ideally be plotted live.  To find the volume at point D in Figure 3, we can use the measured volumetric flow rate in the discharge pipe and the operating speed of the compressor.  The horizontal distance between points A and D on the graph indicate the volume of gas being pumped out of the compressor every individual cycle, so:

[bookmark: _Toc321434279]Eq. 17
And so, volume at point D:

[bookmark: _Toc321434280]Eq. 18

Point B should be able to be calculated in a similar fashion in theory, using the volumetric flow rate in the suction pipe and the speed of the compressor.  However, this goes back to the aforementioned calculation error that is still unexplained, and so we will not calculate it in the same manner here.  Also, the re-expansion slope does not match that of the compression phase, most likely because of the difference in density.  More research can be done to define this parameter if it is later found to be necessary, but the main focus of this tool is the discharge flow rate, since it indicates the work that is being done by the compressor, thus the output it delivers its customer.  In that light, a simple ratio seems to graphically appear close to the real value, and should suffice since this is not yet a critical parameter in the development of this tool:



[bookmark: _Toc321434281]Eq. 19

Where a nominal specified flow rate is input for .
[bookmark: _Toc184929883][bookmark: _Toc321434207]Ultrasonic Transducers
The principle we are using for our non-intrusive flow measurement technique takes advantage of ultrasonic sensors, or ultrasonic transducers when they both send and receive information.  Piezoelectric crystals in the sensor change size with an applied voltage, so by applying an alternating current (AC) they induce high frequency vibrations.  The frequency at which the sensors vibrate can be tuned by the manufacturers, most of which are intended for hobbyists and are tuned to 40 kHz.  They are available in analog and digital circuitry, the main difference being the information sent to and received by the sensors. Digital sensors will have onboard computation to change the analog data measured from the environment into 1’s and 0’s.  This onboard calculation is useful for simple distance acquisition but in the case of flow velocity measurement the analysis must be done elsewhere.

[image: ]
[bookmark: _Toc321434282]Figure 5 – Example Ultrasonic Flow Meter w/ Transducers

We will be using analog ultrasonic transducers, located proximal to each other on an adjustable track to compensate for differences in pipe diameter.  This adjustable track will then be attached to our clamping mechanism which is described later on in detail.   During our experimental data acquisition it became apparent that the distance the ultrasonic transducers are spaced has a great impact on the measured velocity of the fluid.  This is because ultrasonic sensors generate a sound pressure field, or an area where their vibration is radiated.  The location at which a transducer focuses the sound can be determined by the active transducer area and shape, the ultrasound frequency, and the sound velocity of the propagation medium.  The operation manual for the FUJI Portaflow X ultrasonic flow manual dictates a transducer spacing length equal to the pipe diameter.

[bookmark: _Toc321434283]Eq. 20
This gives a semi-accurate representation of the location of the signal inflection point, but more can be done to improve accuracy and reduce the error given by incorrect transducer placement.  By giving the transducer surface a spherical curvature, the sound pressure field can be greatly decreased.  Fig. 4 is an illustration of the sound pressure field generated by an ultrasonic sensor in water.  Fig. 5 is of the same sensor in the same medium with an affixed spherical curvature on the transducer head.
[image: ]
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[bookmark: _Toc321434284]Figure 6 - Non-Focused and Focused Sound Pressure Field (top to bottom)
Adjusting the transducer surface curvature is out of the scope of our project, but should be a consideration for future GE design teams.

[bookmark: _Toc184929884][bookmark: _Toc321434208]Transit Time Flow Analysis
There are several methods of obtaining fluid velocity with ultrasonic transducers.  Several of these methods have a minimum particulate size restriction, usually around 100 PPM or 100 microns in size.  Since we are measuring the velocity of natural gas there will be no particulate in the flow (natural gas is a ‘clean’ fluid).  Others require that your fluid have a higher density than that of natural gas.  Transit time flow analysis has no density requirement and works with clean fluids, as it doesn’t require particles to reflect vibrations into the receiver.   Looking at Fig. 6, ultrasonic vibrations are sent from transducer A., the signal bounces off the inflection point located on the inside of the rear of the pipe and into transducer B and the transit time is recorded.  The same process is repeated, sending signal from transducer B to transducer A and the transit time is again recorded.  The theory states that the transit time from the signal sent opposite of the direction of flow is longer than that of the direction of the flow.  This Δt is directly proportional to fluid velocity (eq.1). 
[image: ]
[bookmark: _Toc321434285][bookmark: _Toc184929885]Figure 7 – Transducer Setup on Pipe

[bookmark: _Toc321434209]Transit Time Analysis Calculations


[bookmark: _Toc321434286]Eq. 21
		Where:
		
		

		
		
		
		


[bookmark: _Toc184929886][bookmark: _Toc321434210]Signal Burst Method
Transit time flow analysis explains how we derive the flow velocity, but it does not explicitly govern the method of transducer signal generation to deduce transit time.  There are several considerations to be made in regards to signal generation, most notably is controller hardware which will be later discussed in further detail.  Among the options, signal burst generation had the most ideal combination of characteristics that allowed us to maintain a moderate bitrate for our A/D converter and provide a high level of accuracy.  We experimentally found that flow meters on the market also generate their signal using a burst method, which gave us confidence to continue with this signal generation method.

Signal burst generation is accomplished by sending a short period square wave from a function generator to a transducer.  The transducer generates the frequency at which it is tuned for a period equivalent to that of the function generator.  The microprocessor timestamps when the signal is sent, and again when the signal is first read by the opposite transducer.  This method eliminates the need for waveform reconstruction and analysis to deduce the transit time, and greatly simplifies the required hardware, which will be highlighted in further detail.  Fig. 4 illustrates the error vs. sampling rate at a sample frequency of 150 kHz.  Because of the simplicity of sample burst generation we were able to implement some circuitry that will greatly simplify the sampling process.  We will go into further detail in a later section.
[image: ]
[bookmark: _Toc321434287]Figure 8 – Sampling Rate VS % Error

In order to justify using the signal burst method it needed to be verified that the transit time difference was large enough that digital equipment could realistically time stamp and calculate.  The difference in upstream and downstream transit times will be smallest in the case where fluid velocity is closest to zero, which will be true when using the largest diameter pipe, lowest flow rate, and highest speed of sound (which is due to a higher temperature).  This combination will never happen because the temperature will be lower where the flow rate is lowest, so this is quite a conservative calculated verification.  The length between the transducers is recommended by the manufacturer to be the same as the outer pipe diameter, so L = D and the incident angle is 63.435°.

Volumetric Flow Rate:

[bookmark: _Toc321434288]Eq. 22

[bookmark: _Toc321434289]Eq. 23

[bookmark: _Toc321434290]Eq. 24

[bookmark: _Toc321434291]Eq. 25

[image: ]
[bookmark: _Toc321434292]Figure 9 - Pipe Dimensions
Speed of Sound in Air at 400°F:

[bookmark: _Toc321434293]Eq. 26
Transit Time:


[bookmark: _Toc321434294]Eq. 27

[bookmark: _Toc321434295]Eq. 28


[bookmark: _Toc321434296]Eq. 29

So, difference in transit time:


With this worst case difference in transit time, the hardware that is planned to be used will be sufficient in precisely time stamping since it has nanosecond precision.

This is an image of the signal sent from a flow meter to the input of an ultrasonic transducer.  It is a square wave with peak to peak voltage amplitude of 5V and 1.5 MHz frequency.
[image: ]
[bookmark: _Toc321434297]Figure 10 – Signal Sent From Fuji FLC-s1012 Meter
This signal activates the piezoelectric crystals in the transducer and it in turn sends out a signal.  It is interpreted on the other end by the receiving transducer and it is pictured below.  This image verifies that the signal sent from the flow meter is in burst form, visible by the period of the high frequency signal. 
[image: ]
[bookmark: _Toc321434298]Figure 11 – Signal Received From Fuji Transducer

[bookmark: _Toc321434211]Data Acquisition Unit
The following concepts were generated without knowledge of what sensors were going to be available.  The selection of our data processing unit is dependent upon what type of signal will be coming from the sensor/meter selected.
[bookmark: _Toc321434212]Single Board PC
If the sensor selected already has a meter that can communicate with a PC via RS-232 serial or USB, a single-board PC would be preferable.  The single-board PC can have an operating system such as Windows installed and easily communicate with the sensor/meter in order to receive data and send out to the phone.
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) (
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) (
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[bookmark: _Toc321434299]Figure 12 – SBPC Communications

Pros
· Software is already provided to take in the data.
· Setting up a connection with the phone will be made easier since an operating system is in use.
· Has a lot of I/O ports, allows for more features to be added down the road.
· Powerful system, capable of doing anything most cheap laptops do.
· Most boards have available add-ons that allow for external I/O interfacing such as Analog to Digital Conversion.

Cons
· Costly in comparison to a normal Micro-Controller Unit (Including price of OS if Windows is used)

[image: ][image: http://dlnmh9ip6v2uc.cloudfront.net/images/products/09444-02.jpg]
[bookmark: _Toc321434300]                                                               Figure 13 - Advantech PCM-3363 & TI BeagleBoard (left to right)
[bookmark: _Toc321434213]Micro-Controller Unit
If the sensor selected outputs an analog signal that needs to be processed, a MCU (Micro-Controller Unit) is preferable.  Most MCU’s have built in analog to digital converters that can take in the analog signal, convert it to a digital signal then that digital signal can be sent to the phone.
 (
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) (
Communicate out to phone
 (Explained 
in
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 to Phone
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) (
Micro-Controller
) (
Compressor
)






[bookmark: _Toc321434301]Figure 14 – MCU Communications





Pros
· Cheap in comparison to Single-Board PC.
· Uses little power.

Cons
· Conversion from analog signal to measurable metric may be very complicated for Ultra-sonic measurements.
· Harder to communicate to phone since there is no operating system already handling that.

[image: http://www.instructables.com/image/FCNM73ZFU0HZ7ZZ/Parts-needed.jpg][image: http://hackadaycom.files.wordpress.com/2010/06/launchpad-board1.jpg?w=470&h=314]
[bookmark: _Toc321434302]Figure 15 - Arduino Uno & Texas Instruments MSP430 (left to right)

[bookmark: _Toc321434214]Communication to Phone
Once the data processing unit converts the data to a readable metric, it will need to be sent out to the phone.  This can be done a number of ways depending on the environment and what features are desired.

[bookmark: _Toc321434215]Communicate Through a Server
If a router and internet is available, this is a viable option.  This option will have the data processing unit upload the data to a server located on the internet.  The phone application will then retrieve data from the server.
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[bookmark: _Toc321434303]Figure 16 – Server Communication
Pros
· Phone can access data from anywhere in the world as long as it has internet access
· Large amounts of data can be stored on the server

Cons
· A router and internet will need to be available where compressor is at
· Server adds more cost
· Can have a large latency so the data being viewed on the phone may be a bit delayed
[bookmark: _Toc321434216]Communicate Direct Wi-Fi to Wi-Fi
This option will have the phone communicate directly to the data processing unit without the need of any access point.  This will be done via the Wi-Fi modules on the phone and data processing unit.
 (
Wi-
Fi to Wi-Fi
)[image: http://img.cellular-news.com/story/36092/Vodafone_Shows_Off_Latest_Google_Phone_1.jpg] (
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)


[bookmark: _Toc321350005] (
Phone
)
[bookmark: _Toc321434304]Figure 17 – Direct WiFi Communication

Pros
· No need for the internet or an access point
· Reduced latency since distance is small, seeing instantaneous data

Cons
· Data will need to be stored on the phone, limited amount of space available
· Phone will need to be within the range Wi-Fi module (Approximately 100 meters, 10x larger than Bluetooth)
[bookmark: _Toc321434217]Communicate via Bluetooth
Bluetooth is commonly used in today’s world whether it’s for phone headsets, gaming consoles or connecting IO devices.  This is a viable option since all android phones have a built-in Bluetooth module
.
 (
Data Processing Unit
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[bookmark: _Toc321434305]Figure 18 – Bluetooth Communication
Pros
· Easily configured
· No need for internet or an access point
· Reduced latency since distance is small, seeing instantaneous data displayed on phone

Cons
· Data will need to be stored on the phone, limited amount of space available
· Phone will need to be within range of Bluetooth module (Approximately 10 meters, 10x smaller than Wi-Fi)
[bookmark: _Toc321434218]Mounting System
In order to satisfy GE’s requirement to install the diagnostic system on the inlet and outlet pipe within a five minute time frame, a mounting system was developed to lessen the current mounting time of fifth teen minutes.  The mounting system developed to accomplish this customer’s need is composed of two different operations: measuring and attaching. 

The measuring operation involves determining where each sensor is placed on the pipe to obtain proper readings. It is suggested that sensors are placed a distance that is equal to the pipe’s diameter. In order to accomplish this operation, the sensors will be placed on a track that has a ruler on it. The sensors will be locked in place when they are properly displaced from each other on the track. The current set of transducers being used for testing already features this design aspect as seen in figure 19.

The second operation is attachment, which involves attaching the lubricated, premeasured sensors on the pipe. In figure 19, starting from the upper left quadrant, moving clockwise, are the four concepts generated and analyzed for attaching the sensor to the inlet and outlet pipes: Velcro bands, quick release hose clamps, Nylon interlocking clamps and magnetics. 

[image: ]
[bookmark: _Toc321434306]Figure 19: Mounting System Concepts

Using the design features that were created based on customer needs, an Analytical Hierarchy Process (AHP) was conducted to determine the importance ratings. Definitions for these design features are provided in table 2.

[bookmark: _Toc321434307]Table 2: Design Features Definitions for Mounting System
	Design Feature
	Definition

	Cost
	The amount of capital need to implement the mounting system

	Lead Time
	Time required to get components

	Installation Time
	Time required to complete installation of sensors

	Functionality
	How well a method attaches and stay attach

	Usability
	The ease of use and learn ability of a human-made object.



The design features were evaluated against how important they are against other design features on a scale of one through nine in odd increments. One meaning that the design feature is equally as important and nine meaning that the design feature is significantly more important, the process can be seen in table 3. After the importance ratings were determined for each design feature, a Pugh matrix was used to determine which attachment concept will be best fitted for the project. 

[bookmark: _Toc321434308]Table 3: AHP for Mounting System
	Analytical Hierarchy Process for Clamping System

	Design Feature
	Cost
	Lead Time
	Installation Time
	Functionality
	Usability
	Importance Rating

	Cost
	1
	3
	1/7
	1/9
	1/5
	4.45

	Lead Time
	1/3
	1
	1/9
	1/7
	1/7
	1.73

	Installation Time
	7
	9
	1
	1
	1/3
	18.33

	Functionality
	9
	7
	1
	1
	1
	19.00

	Usability
	5
	7
	3
	1
	1
	17.00



As seen in table 4, quick release hose clamps have the highest weighted total. Therefore, the design use quick release hose clamps for attaching the mechanism.

[bookmark: _Toc321434309]Table 4: Pugh Matrix for Mounting System
	Push Matrix for Clamping System

	Design Features
	Current Methods
	Velcro Bands
	Quick Release Clamps
	Interlocking Clamps
	Magnetics
	Importance Rating

	Cost
	0
	-1
	-2
	-3
	-3
	4.45

	Lead Time
	0
	1
	-1
	-2
	-1
	1.73

	Installation Time
	0
	-1
	2
	-2
	3
	18.33

	Functionality
	0
	3
	2
	-1
	-3
	19.00

	Usability
	0
	1
	1
	-1
	2
	17.00

	Sum
	0
	3
	2
	-9
	-2
	 

	Total
	0
	52.94
	81.02
	-89.48
	16.90
	 



[bookmark: _Toc321434219]Housing Unit
The intended usage for the set of transducers that are used for project does not include any of the electronics that are used to receive, transmit and store data. Therefore, removable modifications were created to satisfy GE’s requirement for transferring data wirelessly. These alterations include the previous discussed mounting system and the topic of this section, the housing unit. Due to presence of the sensors in between the tracks and the narrow width of the tracks, attaching the housing to the bottom of the tracks was not an option, nor was attaching it to the top. As a result, all concepts that were generated to attach the housing unit to the track uses the sides and slot in the middle of each of the track.

Depicted in figure 20 from left to right, are the three main concepts generated to attach the housing unit to the transducers: spring loaded clips, vise attachment and key attachment.

[image: ]
[bookmark: _Toc321434310]Figure 20: Housing Unit Concepts
 These initial designs were evaluated using the same methods as the mounting system. Definitions for the housing unit’s AHP are provided in table 5, and the AHP is provided in table 6.








[bookmark: _Toc321434311]Table 5: Design Features Definitions for Housing Unit
	Design Feature
	Definition

	Manufacturability
	The extent to which the housing can be manufactured with relative ease at minimum cost and maximum reliability.

	Practicality
	The aspects of a situation that involve the actual doing or experience of something rather than theories or ideas.

	Cost
	Cost for supplies and to manufacture

	Functionality
	The purpose that something is designed or expected to fulfill. How well a method attaches and stay attach



[bookmark: _Toc321434312]Table 6: AHP for Housing Unit
	Analytical Hierarchy Process

	 
	Manufacturability
	Practicality
	Cost
	Functionality
	Importance Rating

	Manufacturability
	1    
	1    
	3    
	 1/3
	5.33

	Practicality
	1    
	1    
	5    
	1    
	8.00

	Cost
	 1/3
	 1/5
	1    
	 1/5
	1.73

	Functionality
	3    
	1    
	3    
	1    
	8.00



Using the AHP, a Pugh matrix was created and the key attachment design was selected. In the Pugh matrix, the spring loaded clip was the base design and the other two designs were compared to it, since there is no current housing unit.

[bookmark: _Toc321434313]Table 7: Pugh Matrix for Housing Unit
	Pugh Matrix for Housing Unit

	Design Features
	Spring loaded clip
	Vise Attachment
	Key Attachment
	Importance Rating

	Manufacturability
	0
	1
	-1
	5.33

	Practicality
	0
	3
	5
	8.00

	Cost 
	0
	-1
	1
	1.73

	Functionality 
	0
	5
	5
	8.00

	Sum
	0
	8
	10
	 


[bookmark: _Toc321434220]Final Concept
[bookmark: _Toc321434221]Transit Time, Pressure, and Flow Equations Implemented
The following describes the variables gathered from user input and from the Single Board PC, and the equations implemented into the application to calculate flow rate, pressure, and volume as necessary:
User Inputs:
· Sch.40 Nominal Pipe Size [from lookup chart]
1. OD (in)
2. ID (in)
· Type of Fluid (only air for this project)
1. µs [from relationship with temperature] (lbf*s/ft2)
2. ρs [from lookup chart  - temp and static pressure] (lbm/ft3)
3. γ = 1.4
· Suction Temperature, Ts (°F)
· Discharge Temperature, Td (°F)
· Static Suction Pressure, P0s (psiG)
· Length from static pressure gauge to suction valve, Ls (in)
Constants:
· Incident angle, α = 63.435° = 1.010rad
Parameters Received from Single Board PC:
· tup (s)
· tdown (s)

Calculations, resolved for specified units with above-stated input units:
1. Velocity (ft/s)

[bookmark: _Toc321434314]Eq. 30
2. Flow Rate
      (In MMscfd)
[bookmark: _Toc321434315]Eq. 31

      (In CFM)
[bookmark: _Toc321434316]Eq. 32
3. Suction Pressure to be Plotted (psiG)

[bookmark: _Toc321434317]Eq. 33

4. Discharge Pressure to be Plotted (psiG)

[bookmark: _Toc321434318]Eq. 34

[bookmark: _Toc321434222]Sensor/Transducer
The following sensor was made available to us thanks to Dr. Hovsapian and the Center for Advanced Power Systems:
[image: ]
[bookmark: _Toc321434319]Figure 21 – Fuji FLD22 Transducer
This sensor contains two transducers that can send and receive ultrasonic waves when properly mounted to a metal pipe.  It is designed for measuring water through a pipe.  While the goal is to measure air velocity through a compressor, measuring water through a pipe would still prove the concept of the overall design.  This sensor was coupled along with the following meter:

[image: http://www.detectionsolutions.com.au/media/Fuji%20Portaflow%20X%20-%201.jpg]
[bookmark: _Toc321434320]Figure 22 – Fuji Portaflow X Ultrasonic Flow Meter
While the meter could be used for reference and calibration purposes, it was well out of the budget to be used in the main design of the system.  A custom made meter that mimicked what the Portaflow X would be made instead.
Since companies such as Fuji want you to buy their meter, they do not provide any data to make use of the FLD22 transducer alone.  The only data available was that the FLD22 operated with 2 MHz signals being sent to it.
[bookmark: _Toc321434223]Data Acquisition Unit/Meter
The following section will lay out the design of the custom meter that interfaces with the FLD22 transducers in order to obtain flow velocity through a pipe.
[bookmark: _Toc321434224]Hardware
Below is the system level design of the circuit that will be interfaced with the transducers and microprocessor.  Note that there are two of these circuits that each interface with the single microprocessor, one for each transducer.
[image: D:\CollegeWork\SR Design\systemlevel.jpg]
[bookmark: _Toc321434321]Figure 23 – System Level Design

Firstly a signal needs to be generated that can excite the transducers enough to be sent through the pipe and received.  Below is the scope shot obtained from the output of the FUJI Portaflow X meter that will need to be reproduced.

[image: ]
[bookmark: _Toc321434322]Figure 24 – Signal Sent From Fuji Meter

While this scope shot shows about 1.56 MHz, 2 MHz will still be the desired frequency since that is what the transducers are rated at.  In order to reproduce this signal, a 555 timer and some sort of amplifier is used.  The TS555 was selected in order to generate the square wave.  Figure 25 is the circuit setup for the TS555 in astable operation.  In order for it to burst, the reset pin is connected to a GPIO (General Purpose Input Output) pin on the microprocessor to quickly turn on and off for bursting.
[image: ]
[bookmark: _Toc321434323]Figure 25 – TS555 in Astable Operation
Equation 1 is used in order to calculate the proper values needed for the desired frequency of 2 MHz.
[image: ]
[bookmark: _Toc321434324]Equation 35

The following values were used for our design:
f=2 MHz
Vcc=5V
Ra=75 ohms
Rb=10 ohms
C=7500 pF

The output of the TS555 is a 5V square wave.  This needs to be amplified to at least 50V in order to excite the transducers properly.  A basic NMOS inverter circuit (figure 26) is used in order to achieve this.  The MOSFET used must be able to handle that high of voltage supply and that switch quick enough to handle a 2 MHz signal.  A Vishay IRLZ14PBF power MOSFET is used along with a 20 ohm 60W resistor.
[image: http://people.cs.umass.edu/~weems/CmpSci635A/Lecture2/image9.gif]
[bookmark: _Toc321434325]Figure 26 – NMOS Inverter



In figure 23 there are two switches that are used in order to switch between sending a receiving a signal.  When sending, the left switch is closed while the right switch is open and vice versa for receiving.  The following switch is used in order to achieve this:

· [image: ]44 V Supply Maximum Ratings
· Low On Resistance (<35 V)
· Ultralow Power Dissipation (<35 mW)
· tON (160 ns max)
· [bookmark: _Toc321434326]tOFF (100 ns max)					          Figure 27 – Analog Switch

This switch is plenty quick enough to switch between sending/receiving and will be controlled by the microprocessor through use of GPIO pins.

The signal from power MOSFET is then sent through the transducer which sends the ultrasonic pulse through the pipe and is received by the other transducer.  This signal will now need to be filtered and amplified in order to be properly detected.  Below is the circuit used in order to filter the signal:
[image: ]
[bookmark: _Toc321434327]Figure 28 – Band Pass Filter for Single Supply

This circuit is simply a high pass filter and a low pass filter combined together.  The desired frequency passed for our design is from 1.5 MHz to 2.5 MHz.  For the high pass section of the circuit, the following equations and values were used:

[image: ]
[bookmark: _Toc321434328]Equation 36

[image: ]
[bookmark: _Toc321434329]Equation 37


C1=C2=100pF
R1=1.5 kOhms
R2=750 Ohms

For the low pass section the following equations and values were used:
[image: ]
[bookmark: _Toc321434330]Equation 38

[image: ]
[bookmark: _Toc321434331]Equation 39
					
C2=2*C1=220pF
R1=R2=470 Ohms
Cout=0.1uF

The signal now needs to be amplified to at least a few volts in order to properly detect it.  The signal received as you can see in Figure 32, is around 200mV.  It would be preferable to amplify that back up to about 3V so a gain of approximately 15 is needed.  This can be achieved using a simple non-inverting op-amp circuit with an operational amplifier that has at least 30 MHz gain bandwidth.  The following op-amp was chosen:
[image: ]
[bookmark: _Toc321434332]Figure 29 – OPA2350 Operation Amplifier

The OPA2350 allows for single supply operation and has a gain bandwidth ratio of 38 MHz.  This operational amplifier is also used in the bandpass filter circuit as shown in figure 28.  Below is the circuit used to amplify the small signal up to 3V along with the values used:

[image: ]











R1=68 kOhms
R2=5k Ohms
[bookmark: _Toc321434333]Figure 30 – Non-Inverting Op-Amp Circuit





The signal is now filtered and amplified and just needs to be detected in order to send an interrupt to the microprocessor.  A simple comparator can be used in order to achieve this.  The following comparator was chosen:
· [image: ]7 ns Propagation Delay at 5 V
· Single Supply Operation: 3 V to 10 V
· Low Power

[bookmark: _Toc321434334]                                                                                        Figure 31 – AD8561 Ultrafast Comparator

A voltage of 2.5V is sent to the –IN pin with the output of figure 31 sent to the +IN pin.  When the voltage level of +IN rises above 2.5V, 5V will be sent to the OUT pin which is connected to a GPIO port on the microprocessor.  The GPIO port used is configured to a certain IRQ (Interrupt Request) on the microprocessor’s operating system, more details about the interrupt is discussed in the software section.  

Below is an example of what is seen downstream and upstream.  The yellow signal is what is sent through the pipe and the blue signal is what is received.  Both of these time differences will be used in order to calculate the flow velocity.  As you can see the time difference is very minimal, in the nanosecond range.  Very high speed equipment will need to be used for accurate time stamping.




[image: D:\CollegeWork\SR Design\downstream.jpg][image: D:\CollegeWork\SR Design\upstream.jpg]
[bookmark: _Toc321434335]Figure 32 – Downstream and Upstream Scope Shots
The board chosen to handle controlling the circuit, time stamping and sending data out is the Technologic Systems 7800:
· [image: ]ARM9 CPU
· Internal PCI bus, PC/104 connector
· 12,000 LUT programmable FPGA
· 128MB DDR-RAM
· 512MB NAND Flash, high-speed (17MB/s)
· 2 USB 2.0 480Mbps host/slave ports
· 5 10-bit ADC channels
·  (
Figure 33 – TS 7800 Single Board PC
)Fanless: -20° to +70°C
· Low power 4W@5V
· Optional 8-30V input voltage range (default is 5V)
· runs Kernel 2.6 and Debian Linux by default
This board runs off a 5V power supply which will also power most of the circuitry already discussed.  
[image: Penguin Wireless N USB Adapter for GNU / Linux]One of the USB slots will be used to host a Wi-Fi module.  The following Wi-Fi module was chosen:
· Chipset Atheros -  AR9170
· Standard - IEEE 802.11b/g/n(draft)
· Interface - USB 2.0 Hi-speed
·  (
Figure 34 – 
ThinkPenguin
 Wireless N USB Adapter
)Antenna Type -  Internal Omni-directional Antennas
· Frequency -  2.4~2.4835Ghz
· Modulation Type  -  OFDM/CCK/16-QAM/64-QAM
· Data Transfer Rate -  Up to 300Mbps
· Security - WEP, WPA. WPA2, WPA-PSK/WPA2-PSK(TKIP/AES)
· Support Kernels 2.6.30 and above
[bookmark: _Toc321434225]Software
Wi-Fi
The TS-7800 board shipped with Debian 2.6.21 Sarge operating system which is unfortunately unsupported by the Wi-Fi module purchased.  So the 2.6.34 kernel source was obtained, customized for the TS-7800 and cross-compiled for ARM on a separate laptop and installed on the TS-7800.  

The main feature sought after though is the ability to have direct Wi-Fi which requires the Wi-Fi module to be put into master mode.  The original AR9170 driver that supports kernel 2.6.34 does not have this feature but the latest CARL9170 driver do.  The CARL9170 driver supports kernel 2.6.37+ and the TS-7800 only supports up to 2.6.34.  Technologic System states that certain feature such as the SD card does not work with kernel 2.6.37+.  In order to get the CARL9170 driver to work on 2.6.34, the driver source was obtained.  Certain parameters within the driver source were unsupported by 2.6.34, so they were modified to be in compliance with 2.6.34.  Then the driver was cross-compiled for ARM on a separate machine and installed on the TS-7800.
Further software is needed in order to turn the Wi-Fi module into an access point for direct Wi-Fi communication.  HostAPD is this piece of software.  It is installed via the web, and then bridged with the server database that the android phone connects to.
Kernel Module
While coding a user-space application on top of the operating system is easily supported, it is not nearly fast enough to work with I/O pins and have precise enough time stamping.  Instead, it was chosen to code a kernel module that runs alongside the operating system and can work directly with the hardware.  While this option is harder to debug and can cause fatal errors if handled wrong, it was the only choice in order to have quick enough response times with the hardware.  Below is the flowchart used for the development of the kernel module.
[image: D:\CollegeWork\SR Design\Kern_Flow.jpg]
[bookmark: _Toc321434338]Figure 35 – Kernel Module Flow Chart
The PC/104 ports on the TS-7800 will be used in order to control the circuitry and receive interrupts.
[bookmark: _Toc321434339]Table 8 – PC/104 Pins
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Rows C and D were chosen to control the signal bursts and switches while row B was chosen to receive signals that will interrupt the system for time stamping. 
















In order for data to be sent out rows C and D, data direction registers have to be set as seen in table 2.
	Address
	Row
	Register

	0xE8000010
	A
	Data

	0xE8000014
	B
	Data

	0xE8000018
	C
	Data

	0xE800001C
	D
	Data

	0xE8000020
	A
	Direction

	0xE8000024
	B
	Direction

	0xE8000028
	C
	Direction

	0xE800002C
	D
	Direction


[bookmark: _Toc321434340]Table 9 – PC/104 Register Map for Data/Direction

In order to send out data on rows C and D, 0xFFFFFFFF needs to be written to 0xE8000028 and 0xE800002C.  Then a ‘1’ or ‘0’ can be written to the data register which will then send 0 or 5 volts to the PC/104 pin.

There is a similar register map that controls if the pin is set for GPIO (General Purpose Input Output) or to be directed to the ISA bus.  In order for pins to be used for IRQ’s, the corresponding register must be set for ISA, as seen in table 3.  0x55555 is written to 0xE800003C for ISA to be used on row B.
	Pin
	ISA
	GPIO

	B4
	IRQ9
	B[3]

	B25
	IRQ3
	B[24]


[bookmark: _Toc321434341]Table 10 – Row B for ISA/GPIO

Listed in table 3 are the pins chosen for our design.  While the IRQ’s above are listed as 9 and 3, the actual IRQ that is requested in the kernel module is 64+IRQ.
While the module is running, it may occur that both signals are not received which could leave the program in a deadlock.  In order to prevent this, a simple timer that counts down from 1ms to 0 was implemented.  Both signals should be serviced by 1ms time after the signal burst is sent out.  If it is not, the system simply resets the time stamps and sends out another signal.
In order to get the highest precision time stamping, a CPU timer register was accessed.

[image: ]
[bookmark: _Toc321434342]Figure 36 – CPU Timer Register

CPUTimer0En and CPUTIMER0Auto are set to 1 so that the timer is always counting.  When it does get reloaded, an interrupt is set off and handled accordingly so that incorrect transit time calculations do not occur.  With the timer getting changed every internal clock cycle, the timer is accurate to 2ns with the 88F5182 running at 500 MHz.
[bookmark: _Toc184929888][bookmark: _Toc321434226]Flow Meter Experimental Data
We obtained a Fuji Portaflow X ultrasonic flow meter for temporary use that has been used to obtain experimental data, and was used as a validation and calibration tool for our prototypes.  Experimental data was acquired while measuring flow velocity on our constant velocity test setup. There was an issue accessing the serial port of the flow meter so we were unable to include it and any information learned from it in this report. 
[bookmark: _Toc321434227]Flow Test Apparatus
The sensor we acquired to make experimental and calibration measurements, the Fuji Portaflow X, is only intended for use with water.  For our purposes, this turns out to be a hindrance as the velocity of sound in water is significantly higher than that of air or natural gas.  That translates to smaller delta T values which demand more of our signal processing circuitry.  Although it is more difficult to accomplish, it does allow us the ability to assume that in the less demanding circumstance of a natural gas working fluid we can acquire delta T values.  

We developed our Flow Test Apparatus, as pictured in figure 37, for development, calibration, and demonstration of our instrumentation and phone application.  Its purpose is to reduce the possible number of variables to create consistent conditions.  To aid in the calibration process, two ball valves were installed in bleed-off pipes to reduce the static pressure buildup in the main flow chamber, allowing us to adjust the flow at will.
[image: A description...]
[bookmark: _Toc321434343]Figure 37 – Flow Test Apparatus

It is worthy to note that the size of the reservoir has decreased to twice the diameter of bleed pipe and feedback pipe.  This size reduction enables the bleed pipes to become effective by allowing the fluid to undergo bulk movement.
[bookmark: _Toc321434228]Application Design
The purpose of the application is mainly to connect to the sensors via the SBPC, take in all the data transmitted, make the appropriate calculations, store the data on the phone, and display the data in a PV graph. Designing an Android application incorporates the Java programming language with xml script language. The xml is used to define the views and resources of the application i.e. the GUI (graphic user interface) that the user sees. The java code then references these defined view through an Activity and runs the appropriate code based upon user responses to the GUI. This application has four Activities each with their own xml defined views and one class defining an sqlite database. Each of these components will be discussed in detail below.
[bookmark: _Toc321434229]Main Screen:

[image: ]
[bookmark: _Toc321434344]Figure 38 - Main Screen
The main screen Activity implements an onClickListener which takes care of the button controls. Each button references its corresponding resource in the xml file which defines the view for the main Activity. As the name suggests the  onClickListener listens for onClick events on the device, determines which button was pressed and performs the appropriate action. If “Connect to Sensor” is pressed the inputform Activity will be called; The “View Old Data” button will call the listdata Activity.
[bookmark: _Toc321434230]Listview Screen:

[image: C:\Users\Luis\Desktop\Senior Design Files\SD pics\listdata_screen1.png][image: C:\Users\Luis\Desktop\Senior Design Files\SD pics\optionsbox_screen1.png]
[bookmark: _Toc321434345]Figure 39 - Listview Screen

Called by the “View Old Data” button this screen will display a list of all the previous compressor data still stored in the database. It does this using the helper class, adapter class and the holder class. The helper class connects the database to the activity and the adapter class is defined using a cursor which points to the database. Once the adaptor is pointing to the database the activity can now access the data and bind the adaptor to a holder. The holder is what populates the screen with the contents of the adaptor. It is also capable of reloading the list if and when the adaptor changes in response to data being added to or deleted from the database. This activity also uses an onListItemClick() function. This turns all the items in the list generated by the holder into a button. Pressing any list element will open a dialog box with several options. The dialog function references another xml resource file creating another view which is displayed on top of the view of the listdata activity and thus will not go away until the user acknowledges the call by pressing one of the options. The options given are: edit, delete, graph and cancel. The three functions edit, delete, and graph all have access to the Id of the list item selected via the adaptor. This is important because the Id is unique to the location in which the original data in the database is stored; It is what allows the activity to find the correct data in the database. The edit button calls the inputform activity and sends it the Id of the row to be edited. The edit button calls the delete function, passing in the Id, which is defined in the SqliteHelper class discussed later. Similary the graph button calls the graphs activity passing in the Id. As expected the cancel button cancels the dialog box and returns to the listdata activity.
[bookmark: _Toc321434231]Input Screen:

[image: ]
[bookmark: _Toc321434346]Figure 40 - User Input Screen

The inputform Activity performs two similar functions depending on which Activity called it. This activity can either create a new compressor file with all the user inputs in the database or access an existing file so that changes can be made. As described above when listdata calls inputform it also sends the Id of the data to be edited. One just needs to check if the information was received in the call. It checks for which activity called it via a simple if statement checking this condition. Again the helper class is used to connect the database to the activity. This activity GUI is populated with several editText views and two spinners. EditText views are input fields where the user can write information using the keyboard. A spinner is a drop list with choices; the user must select one. Note that if Id was received these fields and spinners will be populated with the current values in the database. When the onClickListener detects that the “save” button is pressed the  program takes all the data from the editText fields and spinners and passes them into one of two functions: insertParameters() or updateParameters(), depending on which activity called it. If insertParameters() is called another function createVelocityColumns() is also called to be explained in further detail in the database section. When all writing to the database is finished the activity will return to the listdata activity or continue to the graphs activity and pass the Id of the data just created.
[bookmark: _Toc321434232]Graph Screen:

[image: ]
[bookmark: _Toc321434347]Figure 21 - Graph Screen
The graphing activity consists of two main parts: creation of the graph and the updating of the graph. In the onCreate() function of the activity the graph is created and formatted. The activity then calls an asyncTask to perform the updating of the graph. The purpose of the asyncTask is to create another thread and perform an action in the background of the main activity. This is essential for our application because we intend to show a live plot of our data. The main reason we want to do background work is because the accessing of the database and/or sensors as well the calculations that need to be performed on the data before graphing can be very processor intensive. If all these actions were performed on the main thread of the activity the application could become sluggish and more likely than not, crash. Therefore the asynTask is called which automatically creates a background thread and performs all actions on that thread. As it completes a get data point and run calculation cycle, it calls publishProgress() which passes in the current data point ready to be graphed. The main activity then knows to automatically call the onProgressUpdate() function. This two-step dynamic of publishProgress() and onProgressUpdate() is very important because this is what allows the asyncTask to access and manipulate the main thread. In this case we want to add our point to the array of points that is graphed and then call the plot.redraw() function to update the graph. 
[bookmark: _Toc321434233]Sqlite Database:
The sqlite database is created using the SqliteHelper class. This class is well documented and has certain standards that all databases must have, so for the purposes of this paper only special functions created specifically for our application will be discussed in this section. When the database is first created three tables are automatically created: parameters, sch40 and Air_Density. The sch40 table is populated with the standard chart of Schedule 40 Nominal Pipe Sizes with their corresponding dimensions. The Air_Density table is a lookup table of density for air at different temperatures and pressures. These two table are never changed so do not have update or delete functions defined for them; read-only functions are defined. The parameters table is defined but remains empty as this is the table that will store all inputs the user makes. This table has all the standard functions associated with tables: read, write, update and delete. 

One special function created for this application is the createVelocityColumns() function mentioned above. This function is called by inputform every time a new parameters row is added via insertParameters(). This function does two things. First, it creates a new table with columns to store the sensor data and generates a unique name based on the Id of the newest parameters data created in the form “sensordata” + Id.  Second it stores the name of the table just created into the row of parameters. The idea behind this is that the parameters table holds the parameter data to be used for calculations as well as a reference to a sensordataId table where the actual data will be stored. Because of this structure of having these sensordataId  tables linked to each row of the parameters table, a unique delete function was made for the parameters table. The deleteCompressor() function takes in the Id of the row in parameters to be deleted as standard for most delete functions. However it also drops the sensordataId table corresponding with that row. 
[bookmark: _Toc321434234]Mounting System
As seen in figure 42, the final design for the mounting system is composed of two clamp attachments which features two quick release clamps (1) welded onto two steel plates (2). 
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[bookmark: _Toc321434348]Figure 42 - Final Concept Mounting System
The quick release clamps, which wraps and locks around a pipe (1 inch to 12 inches in diameter) keeps the transducer on the pipe and were purchased at Grainger Supply. The steel plates were created to temporary connect the clamps to the transducer set. The clamps are welded unto the steel plates and the steel plate is screwed onto the transducers set. Figure 43, is a two dimensional drawing showing the initial design for the steel plates.

[image: ]
[bookmark: _Toc321434349]Figure 43: Original Plate Design
This drawing shows that the initial design of the plates had threaded holes to match the existing 6-32 threaded holes on the component of the transducers that connects the two track together, shown in figure 43.
[bookmark: _Toc321434235]Design, Manufacturing and Assembly: Mounting System
With fabrication in mind, the simple rectangular shape with two holes takes less than five minutes to cut out with water jet machinery.  The thickness of the plate for the clamp attachments was predetermined based on the thickness of available sheet metal. The holes were slightly oversized to in account for the low tolerance on the machines and to ensure the piece will fit correctly.
[bookmark: _Toc321434236]Housing Unit
The final design of the housing unit with the entire system is depicted figure 44.  Figure 45 shows a close up of the key attachment design which becomes a t-nut after revisions. All components are labeled and explained in table 11.
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[bookmark: _Toc321434350]Figure 44 – Housing Unit
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[bookmark: _Toc321434351]Figure 45 – Close Up of Key Attachment Design

[bookmark: _Toc321434352]Table 11: Individual Features of Housing Unit
	Number
	Component 
	Description

	1
	Housing Enclosure
	Holds all electric components

	2
	Hole for fan screw (4)
	Holes are needed to attach the fan to the housing unit

	3
	Fan Opening
	Opening for fan to keep components cooled

	4
	Fan Supply Hole
	Hole for fan power line to connect to single board pc

	5
	Leg (4)
	Supports housing and helps connect it to the track

	6
	Transducer Track (2)
	Part of the transducer kit

	7
	T-nut (4)
	Inside both tracks, holds housing in place

	8
	6-32 Screw (4)
	Connections used to keep housing and track together

	9
	Ledge
	Holds additional electrical components (bread boards, etc)

	10
	Connector Hole (2)
	Allows connectors to get from sensors to single board pc

	11
	Hole for top screws (4)
	Holes with 6-32 threads to hold top onto housing unit

	12
	Vents (24)
	Allows for air being pushed in from fan out of housing

	13
	Power Supply Hole
	Allows for main power supply to enter in housing unit


	
Grade 22 steel was selected for the housing unit material, due to its availability, light weight, mechanical properties, and cost. 6-32 screws were selected due to their ability to fit within the slot on the side of the transducers track and stainless steel screws were selected due to their high strengths and availability. The weight of the whole housing unit with all components is estimated to be less than 10 lbs, which is well below the design load range of one of the screws. 
[bookmark: _Toc321434237]Design, Manufacturing and Assembly: Housing Unit
From the original design in figure 20 to the variations of this design seen in figures 45, 46, and 47, modifications were made to decrease stresses on screws, transducer track and attachment component (t-nut). 
[image: ]
[bookmark: _Toc321434353]Figure 45: First Modification to housing connector

[image: ]                 [image: ]
[bookmark: _Toc321434354]           Figure 46: First T-nut design                                                                     Figure 47: Final T-Nut Design

However, those were not the only modifications made to the housing unit. Once the design was finalized, the material changes from steel to aluminum to increase manufacturability.  Instead of making the housing unit a rectangular composed of six parts that are welded together. The housing unit is made of four parts, with one twice bent part that is the bottom and the sides of the housing unit, left side, right side and top. 

[bookmark: _Toc321434238]Results and Discussion
[bookmark: _Toc321434239]Signal Burst Method
If you refer back to figure 32 on page 43 you can see that the signal burst method has been proven to work.  You can see a small time difference of approximately 80ns in this figure.  While this is indeed a very small figure, it is measurable by our equipment that is accurate to 2ns as proven on page 48.  This is assuming all propagation delays have been accounted for and that the system has been properly calibrated against known working devices such as the Fuji Portaflow X.
[bookmark: _Toc321434240]Flow Analysis
As the points plotted on the P-V curve are dependent on compressor dimensions (bore, stroke and compression ratio), it would be ideal to have the user select a compressor from a drop-down list in the App, and have the App use a lookup chart to retrieve these dimensions.  Since we are still in the developmental stage of the entire system, we focused on one compressor, and thus did not implement this kind of feature.
The calculation of point B in Figure 3, as described previously, is actually important in the interest of diagnosis of both the suction and discharge valves in an unhealthy compressor.  This would be done the same way point D is calculated for the discharge pipe, but for the suction pipe, by subtracting the volume drawn in each cycle from the volume of the cylinder at BDC (point C).  Upon iterating simulated data that falls in line with the compressor we used, this volume numerically makes sense (see Appendix – this data was used to generate the measurements calculated by the App).  The flow rate in the suction pipe comes out slightly larger (on the order of roughly 1.5 times) than that in the discharge pipe for this particular compressor stage.  Ideally, this would need to be tested out in a real compressor to confirm the validity of this conjecture, but the time constraints of this project dominated that possibility.
[bookmark: _Toc321434241]Mobile Application
For proof of concept the application made has met all the specifications of this project, however with more time and development more ideas could have been incorporated into the application to better the user experience. As stated above a lookup table of known compressor dimensions would minimize user inputs while at the same time increase the validity and accuracy of the calculations being displayed. GPS could have been incorporated as an option instead of having the user input the location manually. Security could  have also been addressed as well as ways to securely send the data collected to another app user or even a server over the web when internet access is available. 
[bookmark: _Toc321434242]Signal Generation and Reception
Once the circuitry and software had been properly setup the following example timestamp values were obtained:

Jan  1 00:01:37 ts7800 kernel: 1670 - 865 = 805
Jan  1 00:01:37 ts7800 kernel: 1685 - 881 = 804
Jan  1 00:01:37 ts7800 kernel: 1714 - 892 = 822
Jan  1 00:01:37 ts7800 kernel: 1762 - 957 = 805
Jan  1 00:01:37 ts7800 kernel: 1742 - 937 = 805
Jan  1 00:01:37 ts7800 kernel: 1731 - 924 = 807
Jan  1 00:01:37 ts7800 kernel: 1708 - 903 = 805
Jan  1 00:01:37 ts7800 kernel: 1677 - 875 = 802

While these values are consistent, once converted to seconds and put in the velocity equation they were identified as bogus values.  Weeks of debugging work was done in order to identify why the time stamps were incorrect, covering every aspect from testing different pieces of code as well as using different comparators that may have been accidentally set off.  
It was initially believed that a 5V signal was properly exciting the transducers.  It was found out on March 30 2012 that the signal being seen coming back from the pipe was just the supply spiking.  There was no actual real signal being received through the pipe.  Unfortunately even a DC fan also causes supply spikes.  As you can see in figure 32, the supply also spikes whenever the signal burst is being sent out.  This might explain why bogus but consistent time stamp values were obtained since the signal burst was consistently being sent out.  More work needs to be done in order to properly setup a supply that does not spike due to other components. 
Figure 11 was obtained using the borrowed Fuji meter in order to generate the proper 50V signal which is why you can see the proper signal being received ~27us later.  As seen in the final design, this change has been accounted for and parts have been ordered so that the proper signal can be generated and received. 
[bookmark: _Toc321434243]Data Acquisition Unit
While the TS-7800 caused a lot more work than any simple MCU would, it was proven to be plenty fast for high speed high precision timing application.  A lot of time was spent on getting the operating system setup as well as learning how to cross-compile for ARM on a separate Linux machine.  Cross-compilation was critical for getting the Wi-Fi module to properly work as well as for compiling the main kernel module used for data acquisition.

Below is a picture of the data acquisition unit as a whole:

[image: C:\Users\Trevor\Desktop\circuits.jpg]
[bookmark: _Toc321434355]Figure 48 – Data Acquisition Unit

Once the system is working properly as a whole, the circuits will be soldered to a euro-card so that they can be properly mounted within the housing unit along with the single board PC.
[bookmark: _Toc321434244]Flow Apparatus
A calibration table for the ball valve/bleed-pipe flow velocity reducer is shown below.  The values were taken after the flow was given 30 minutes to reach steady state.  This long steady state wait period was necessary because when the valves were closed, still water accumulated in the bleed pipes.  When opened, the still water slowly lowers into the moving fluid, dropping the average velocity significantly. As moving fluid from the reservoir recirculates into the bleed pipe the flow normalizes to a steady state velocity.

[bookmark: _Toc321434356]Table 12 – Flow Velocities by Ball Valve
	Flow Situation
	Both Closed 
	First Open 
	Both Open

	Velocity (ft/s)
	1.4
	1.0 
	.8 



To give us added flexibility with the calibration of our flow meter we acquired temporary use of a variac, a variable AC transformer that allows us to supply our pump with a variable voltage level.  The calibration for the variac is shown in table 13. 

[bookmark: _Toc321434357]Table 13 – Flow Velocities by VARIAC
	Voltage (VAC)
	60  
	90 
	120 

	Speed (ft/s)
	.8
	.9
	1.4



To benefit from the inclusion of the variac, measurements were taken at each voltage and each ball valve/bleed-pipe flow situation.  The results are shown in table 14.

[bookmark: _Toc321434358]Table 14 – Full Velocity Table for Apparatus
	Flow Situation
	Both Closed
	First Open
	Both Open

	Voltage
	60
	90
	120
	60
	90
	120
	60
	90
	120

	Velocity (ft/s)
	.9
	.1.2
	1.4
	.6
	.8
	1.0
	.6
	.6
	.8



It is obvious in the table above that there is a stall point in the flow readings at about .6 ft/s.  This is because the feedback from the bleed pipes that causes the drop in flow velocity occurs because the fluid in the reservoir becomes dynamic.  This movement only appears to occur above .8 ft/s.  This reduction in flow interference is able to negate the effects of dropping the supply voltage to the pump.
[bookmark: _Toc321434245]Mounting System
The mounting system was tested on January 30th 2012.  A video of this testing can be found on the group’s website. Results from the test revealed that the mounting system satisfied the customer’s requirement for the system to attach to a pipe within a time frame that is less than 5 minutes and only needed to be modified. First, the threads were removed from the holes and another clamp attachment was need because the clamp on the left plate was welded on the wrong side. The final mounting system can be seen in figure 42.
[bookmark: _Toc321434246]Housing Unit
The housing unit was completed on April 4, 2012. The results from the housing unit showed that the legs were too short. Therefore, modifications were submitted on April 5, 2012. The legs were extended an extra 4.5 inches to accommodate for the knobs on top of the sensors. There were two minute concerns with the final housing unit. The first concern was the weight; the housing unit weighs 10 lbs, which is expected due to the type of material is made out of, aluminum. The screws holding the housing unit have tensile strength of 80,000psi and are designed for loads between 450 lbs and 550 lbs.  Both criteria are satisfied; therefore, failure of the screws is not expected. The second concern was electric shock, which has an infinitesimal probability of happening due to the grounding of the electrical components to an external ground. The housing could have been made of Plexiglas, but there were initial concerns with the security of the system and individual preferences not to have a transparent housing unit.  
[bookmark: _Toc321434247]Engineering Economics, Environment, Health and Safety
There are plenty of environmental, health, and safety concerns that pertain to a natural gas compressor system. However, the use of the particular device discussed and designed here raises no environmental concerns in and of itself. The system is essentially a very small PC, a set of transducers that emit sound well out of the range of human hearing abilities, and a standard Smartphone – the same health and environmental risks that one faces every day while using a computer and mobile phone are the ones posed by this system. However, the environment in which this tool is used creates some safety issues. HSR compressors are often systems that vibrate and shake violently, and thus have the capability to strike a lackadaisical operator with great force, potentially causing blunt force injury. This is why wireless connection of the phone to the flow sensors was a critical design specification – the greater the radius, the better. The wireless network connection allows the operator to set up the sensors and retreat to a safe location to read and analyze flow data. Some legal restrictions have been discovered pertaining to the design of the device, due to the environment in which it will be operated. “The meter shall be suitable for operation in a facility subject to the U.S. Department of Transportation’s (DOT) regulations in 49 C.F.R. Part 192, Transportation of Natural and Other Gas by Pipeline: Minimum Federal Safety Standards” [Code of Federal Regulations, Title 49 — Transportation of Natural Gas and Other Gas by Pipeline: 
Minimum Federal Safety Standards]. Also, AGA 9 requires the meter be electrically rated for a hazardous environment as defined by the National Electrical Code [NFPA 70, National Electrical Code]. Before the product enters production, it is recommended that an attorney be hired to investigate any other regulations for operating such equipment in a natural gas compressor environment.
[bookmark: _Toc321434248]Conclusion 
After doing much research, calculations and testing, the team has verified that using the signal burst method is a viable solution in properly obtaining flow through a pipe. The prototype produced is up to our standards.  The displayed data provides enough information to the GE technician on site to determine if there is indeed a problem with their compressor, and a preliminary indication what the problem may be. Our current clamping mechanism can be applied faster than the implementation on the FUJI flow meter. Based on these verifications, we can conclude that our product meets the specific needs outlined by General Electric.


[bookmark: _Toc321434249]Appendix
Sample calculations reproducing data from GE HSR Compressor Performance Report:
Flow Rate
Suction
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Discharge
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Pressure (Air)
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Would present problem to use
this method.
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More accurate, reproducible
method.


Volume in Cylinder
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Reproduced Sample Data programmed into the App’s database:
[image: ]
[bookmark: _Toc321434359]Table 15 – Sample Data Set
Full set of data not shown here – 223 rows were used in this set.
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Engineering drawings of the mounting system and control unit housing are included on subsequent pages.
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