Final Design Specification
EML 4551C - Senior Design — Fall 2011 Deliverable

Team # 19
Jordan Berke
Dustin McRae
Khristofer Thomas
Luis Bonilla
Trevor Hubbard
Department of Mechanical Engineering, Florida State University, Tallahassee, FL

Google Mobile App for Compressor Performance (GE)

Department of Mechanical Engineering, Florida State University, Tallahassee, FL

Project Sponsor
General Electric

Project Advisors:

Todd Hopwood
Industry Advisor, GE Oil & Gas
Dr. Sam Taira
Department of Mechanical Engineering
Dr. Michael Frank
Department of Electrical and Computer Engineering
Dr. Linda DeBrunner
Department of Electrical and Computer Engineering

Reviewed by Advisor(s):



Final Design Specification
EML 4551C - Senjor Design — Fall 2011 Deliverable

Team # 19
lordan Rerke
Dustin MeRae
Khristofer Thomas
Luis Banilla
Trevor Hubbard
oeportiment of Mechanical Engineering, Flocido State University, Tallohossee, £

Google Mobile App for Compressar Performance (GE}

Cepartment of Mechianive! Engineering, Florida State University, Tollahossee, FL

Praject Sponsor
General Elactric

Project daovisors:

Todd Hopwood
Industry Aulvisor, GE O & Gos
Or, 5am Taira
Department of Mochonical Engineering
Dr, Michael Frank
Department of Efecirical and Commmpuler Englneering
Dr. Linda DeBrunner
Department of Elactrical and Compuler Englreering

Reviewed by Advisor(s): j L: E g"x

2|Page



Table of Contents

Problem SEAtEMENT ... .ci ittt et b e bt ne e s e re e 5
T A oTe [V 4T ] o WU PSP PRTPPRTOPRR 5
FIOW CalCUIGETIONS ..ttt ettt et st e st e s bt e e st e e s bt e e sabeesabeesabeeeneeesareesareeennes 5
Figure 1 - P-V Curve of Typical COMPIESSOr......uuiiiiicieeeiciiee ettt e eitee e estte e e eitee e e s e ebae e e e satae e s esataeeeeareeas 6
Figure 2 - Average Pressure MeasUremMENTS.....cccccciiiiiiiiiiceee e e e e e 9
UIErasonic TraNSAUCETS .....eeeueeeiitieriieetee e ettt et e sttt e st e et e e s et e sab e e sabeeeameeesa bt e sbeeesabeesaneesaseeeaneeesareesareenas 11
Figure 3 — Example Ultrasonic Flow Meter W/ TranSAUCEIS ........cooveeeveeeiveeeeree e eree et et 11
Figure 4 Non-Focused sound pressure field ... e 12
Figure 5 Focused sound pressure field ...........eeeeee e e e e rrrree e e e e e ennraee e 12
Transit TIME FIOW ANAIYSIS.....ciiiiiiiiciiee ettt ettt e e e e et e e s st e e e e s abe e e e s abaeeeenraeeeennees 13
Figure 6 — TransduCer SELUP ON PiPE ....c.eeuiiiieieeee ettt e et e e e e e e e e e et rae e e e e e e e sanrraaeeeas 13
Transit Time Analysis CalCUIAtioNS .........ciiiiiiie i re e e e ee e 13
SigNAl BUISt IMETNOM. ... ..eiii ettt e et e e e sbte e e e e bae e e sentaeeesntaeeeesaeeasans 14
Figure 7 — Sampling RAtE VS 6 EFTOr....ccccuieeeiciiiee e cciee ettt e e ettt e e st e e e etae e e seatsaee e sbtaeessnsaeaesnnsaeeesnnes 15
Figure 8 — Signal Sent From Fuji FLC-S1012 MELEN .....eeeevcieeeieiieeeccieeeeectteeeeettee e eseveeaeeesneeeesssaeeeenes 17
Figure 9 — Signal Received From FUji TranSAUCET ........ccccciieeiiciieeeecieee e ecieeeeette e e eseteeee e svreeeesvreeeenes 17
Cross Correlation IMETNOM. ........oiiiiiiee e et b e e e sree e be e 17
Flow Meter EXperimental Data...........ceeei ittt ee ettt e e e e e et re e e e e e e e e e snnbaaaeeeeeseennreaaeaeas 18
Data ProcCesSiNg UNiT ...ttt e e e e e e e e e e e e e e e e e e e e e e e aaeae et eeeeseeeaeeeseeeseteeeeeseseseeeeeeeees 18
FIBUIE 1O —TS-7800 ...t e e e e e e e e e e e e e e e e e e e e e e e e e e e e ee e e e e e e eeans 18
Sending and ReceiVINg the SINal ........ocuviii i e e ta e e s e rte e e 19
Figure 11 — ANalog DeVices DACDS ..........cuiiieiieeeeeeiciieee e e e e e eecrate e e e e s eseaataeeeaaeeaeeeesnstaaseeaeeesannsreneeens 19
Figure 12 — Non-Inverting Op AMP EXamMPIE ..ccoeeiii ittt e e et rrre e e e e e e rae e 19
Figure 13 — Example Band Pass FIlter .......euiiiiiieee ettt e ertrree e e e nrrane e 20
T O T R R 1Y B 1 20
Figure 15 — ANalog DEeVICES ADBS5BI ..........uuuiiiiiieeeiiiciieeee e e e e ettt e e e e e eseanteee e e e e e e s e e ssastsaeeeeeeesaansreneeens 21
Figure 16 — Top-Level Diagram of Signal Processing CirCUit .........ccceveeeeecciiiieeie e, 21



BT LT = L T o 11 = EPRPRP 22

YT o Te [T T=d8 do TN o o <IN Vo o 1TSS PP USSR 23
F AN oY o] [ToF=1 d o] o T D T=TY F-d o FPU TR 23
Figure 17 — Phone APP Main SCrEEN......c.uuiiiiiiieee ettt e e e crtee e e e e e e ente e e e e e e e e s e e s sabtaaeeeeeeeeannsranaeens 24
Figure 18 — Phone APP Main SCrEEN......cc.euiiiiieieee ettt ettt e e e e e e are e e e e e e e e e e e s s abaaaeeeeeeesannsranaeens 24
Figure 19 — Data Display SCreen Graph..........oeeeeii it e e et e e e e s e e e nnraeee s 25
Figure 20 — Data Display SCre@N RAW......c..uuiiiiiiiee ettt ettt e e e e e e e e e e brree e e e e e e ennrraaeee s 25
FIBUrE21— LIStVIEW SCrEEN .. 26
FIgure 22 — CheCKliSt SCrEEN ........uviieeeeeeecceeee et e e e e e e e e e e e e e e e b rae e e e e e sesnnrraeeeans 27
IMOUNTING SYSTEM ..ttt e e e e e e e e e e e eeeeeeeeaeeeeeesaea et et e eeeeeeae e et eeeeeteeeeeeeeeeeeeeeeeees 27
Figure 23 — Pre-lubriCated SENSON.....ccui et e e e e e e e e et rae e e e e e e e sanrraaeeeas 27
Table 1: Options for Tape for the SiliCONE Gel......ccocuiiie i 28
Table 2: Pugh Matrix for LUBFCation TAPE ...coccuviieiciiie ettt et e e et e e e ane e e eees 29
Table 2: Design Feature DefinitioNS ...ttt et e e s aae e e eanes 29
Table 3: Analytical HIErarchy ProCESS .....ccuuviii ittt et e et re e e e rte e e s sbr e e e senaaeeeeanes 30
B Lo ][R R VT = o IV - 1 RSP PPT 30
Figure 34: Attachment DeSigN SYSTEM .......uiiii ettt e e e e s rate e e e sare e e s e areeesanes 31
Figure 25: Entire MouNTing SYSTeM cocoiiiiiiii 32
Figure 26: Mounting System with Electronics HOUSING .........ccccuviiiiiiiiiiiiiieccciiee e 32
Figure 27: Mesh Grid fOr FEA ... e ettt e et e e e e e e ettt ae e e e e e e s nbsraeeeaeeeesansraeeeaanns 33
Figure 28: FEA Of PrinCiple StrESSES ...uuii i iiiiee e cctteee ettt e e e st e e s atae e s s bteeeesasaeeesnnsneeesnnes 33
Environmental, Health, and Safety CONCEINS ......cvvi i e e nrrae e 34
16073 ol (11 To T o D TP P RSO USTPPR 34
Figure 29: Tentative Schedule fOr SPring..... ... rere e 35
WWOTKS CIEEA. ..ottt sttt ettt et e bt e bt e bt e s bt e s bt e sb e e sseesmeesmeesmeeeatesanesaneeane 36
Y oY 1=] o Vo [ PSP 39

4|Page



Problem Statement

The purpose of our GE sponsored project is to make a preliminary diagnostic tool to analyze
potential problems in a compressor. Our system must be non-intrusive, no modifications to the
existing compressor needed, and have a set-up time of less than five minutes. Because it must
be non-intrusive, ultrasonic methods must be used to calculate velocity of the fluid in the pipe.
Although using velocity is a rather inefficient way to analyze potential compressor issues, it is
sufficient enough to determine whether a problem may exist. Our system will therefore be
used to determine whether or not it is necessary to bring in more expensive and time-
consuming equipment potentially saving the company time and money.

Introduction

The purpose of this deliverable is to finalize the design of our system. Thus far we have
explored many possible concepts for every component or process. The main components
and/or processes of our system are the sensors, signal processing circuit, data processing unit,
computations relating velocity and pressure and the mobile application used to store and
display the data. Since our design parameters specifically state that the sensor must be
unobtrusive in nature, most of the concept design and iteration will be limited to individual
components and methods. Each aspect of our system will now be described in detail.

Flow Calculations

One of the most useful tools that is 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 1 shows the various stages in compressor operation on a P-
V diagram.
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Figure 1 - P-V Curve of Typical Compressor
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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 unobtrusively, 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 inside the pipes
can be calculated using:

1
= —pV?
=3P

Eq. 2

The relationship of density (p) of air with respect to temperature and pressure is well
established, and since the properties of natural gas are very similar to that of air, those values
could be used here if measured. However, the pressure portrayed in a P-V curve is the total
pressure, which includes the static pressure:

Protar = Pstatic T 4

Eq.3

Bernoulli’s Equation
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Since one of the most important specifications of this system is to be unobtrusive, the amount
of parameters that can be measured is quite limited, including the static pressure. 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, so we cannot rely on the ability to
measure or assume the static pressure. However, since the issues that our tool will be
attempting to uncover stem from insufficient flow, the differences in dynamic pressure are the
objects of higher interest, and as such we can model a P-V Curve on the dynamic pressure
exclusively. While this is not a true P-V curve, the scope of this preliminary diagnostic tool is to
quickly detect an appreciative deviation from normal operational flow rates, and measuring
only the dynamic pressures will easily fulfill this task. Also, since this pressure cannot be
measured, the true density of the gas will actually be unknown. However, we can normalize
the measurements by using a constant density value (at 70°F and 1atm), which will yield a valid
comparison for the variance in dynamic pressure from the case of the perfectly healthy
compressor.

In order to avoid any turbulent flow areas in the pipe —and thus obtain accurate measurements
- there is a published recommended distance from any valves, bends or reducers that the
ultrasonic transducers must be attached. This is usually on the order of approximately 4 to 10
pipe diameters. Across a distance of this magnitude, the pressure drop due to frictional losses
cannot be neglected. Also, 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
transducers 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:

A L 1 2
= X — %k —
p=f D* 7P

Eq. 4

This considers the distance between the transducers and the valve in this case (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:

_ pVD
U

Re

Eq.5
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Using the properties of air, the density (p) and dynamic viscosity (1) 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 only the change in flow
that is of interest. So since we are only using the pressure drop to normalize for differences in
mounting locations on the suction vs. discharge pipes, we can model it using the assumption for
laminar flow for simplified calculation and operation. Furthermore, Appendix XX
mathematically shows that over the range of fluid velocities we are measuring, the rate of
change in pressure drop when considering turbulent vs. laminar flow with respect to the
magnitude of the dynamic pressure is approximately the same — within 10% - across the entire
range of velocities with which we are dealing. This “error” is not actually error, but it is a
difference between methods of normalization. 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:

64

I'= ke

Eq.6

Resolving pressure drop in the pipe:

32uLV

Eq.7
Converting to commonly-used units:

_ 8uLV
~ 3D2

Eq. 8
Where:

lbf*s
ft?

Lis in inches

nisin

o t
Visin —
S
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D isin inches
So the pressures that will be calculated and displayed on our particular P-V curve are:
Py =qs— At
Eq.9

Suction pipe, since transducers are upstream of the cylinder

Pd = qd+At
Eqg. 10

Discharge pipe, since transducers are downstream of the cylinder

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. The velocity measurement will likely be some small-amplitude sine wave
with respect to time, but the mean value of this is the point of interest. The red Average lines
in Figure 2 show each individual measurement that will be taken.

Discharge Valve Closes

P Discharge Valve Opens

#Avg Discharge H

Discharge

Suction Valve Closes

Suction

Avg Suction \i’/>/

Vine Veoc
Suction Valve Opens \V}

| | |
I Disy 1

Figure 2 - Average Pressure Measurements
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These measurements can be compared with the ideal suction and discharge flow rates for each
compressor stage to determine the approximate efficiency:

Umeasured

n=x
Z* bore? * stroke * rotational speed

Eq. 11

Resolving to common units:

207360 * Umeasured
w2 % bore? * stroke * rotational speed

Y]

Eqg. 12

Where:

bore is in inches
stroke is in inches

rotational speed is in RPM

Apipe * Vfluid = Vimeasured

Eq. 12

Volumetric Flow Rate

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

T
Volgpc = i bore? = stroke

Eqg. 13

And:

VOlBDC

Vol = - -
b compression ratio

Eq. 14
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If only a compression ratio is given, the data can be graphically modeled using Vipc as a small,
non-zero number, and:

Volgpe = Volrpc * (compression ratio)

Eq.15

This will still provide a useful visual aid when comparing values on the graph.

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
is useful when making simple calculations for distance, but in the case of flow velocity
measurement the analysis must be done elsewhere.

Figure 3 - 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
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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.

Lirans = Dpipe

Eqg. 16

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.

Sound pressure in water (4MHz,D=10mm)

0 dB

-5dB

-10dB

-15dB
20 40 60 80 100 120 140 160 180 200

z/mm

Figure 4 Non-Focused sound pressure field

Sound pressure in water (4MHz,D=10mm)
10 T | | | 0 dB

-5dB

x/mm

-10dB

-15dB
80 100 120 140 160 180 200

z/mm

Figure 5 Focused sound pressure field

Adjusting the transducer surface curvature is out of the scope of our project, but should be a
consideration for future GE design teams.
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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 the transit time in the direction of the flow. This
At is directly proportional to fluid velocity (eq.1).

Inflection Point
Clamp

Figure 6 - Transducer Setup on Pipe

Transit Time Analysis Calculations

oL W
20080 tyy X taown

Eq. 17
Where:

V.x = the axial liquid velocity along the acoustic path
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L = straight line distance between the centers of the
faces of the upstream and downstream transducers
0 = the path angle of transmission relative to the fluid at rest

T,p, = the upstream transit — time
T 4own = the downstream transit — time

At = (ty, — taown) = the dif ferential transit time

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 how 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 recently
experimentally found that flow meters on the market now also generate their signal using a
burst method, which is a confirmation that we are headed in the right direction.

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. 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 will be able to implement some circuitry that will greatly simplify the sampling
process. We will go into further detail in a later section.
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Sample Freq. @ 150 kHz
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Figure 7 - 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 22.5°.

Volumetric Flow Rate:

t3
v =0.327 fT

Dpipe = Liransducers = 6 N

T 2 .
Apipe = ZDpl'pe = 12.5661in
Eq. 17
t
Vfluid = = 374‘7f—
pipe S
Eqg. 18
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Speed of Sound in Air at 400°F:

t
c= 1339f—
s

Sound Velocities:

Vup = ¢ *sin(a) — Veia
Eqg. 19
Vaown = € * sin(a) + Vppiq
Eq. 20

a = 22.5°

up
Eqg. 21

L

Vdown
Eq. 22

taown =

At = tup — taown
Eq. 23

So, difference in transit time:
At =14 us

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 50V and 1.5 MHz frequency.
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Figure 8 - 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. It has
relatively low amplitude, which will need to be amplified and filtered before it is sent to the
microprocessor for signal burst detection. This image verifies that the signal sent from the flow
meter is in burst form, visible by the period of the high frequency signal.

Figure 9 - Signal Received From Fuji Transducer

Cross Correlation Method

The method behind cross correlation is to find phase shift between two sine waves using signal
reconstruction for cross correlation. If the signal burst method does not produce precise
enough measurements, this method will be experimentally assessed. It only requires two
samples per waveform and the information is in the signal. The transit time is calculated by
finding the phase shift between the original sine wave sent out and the sine wave received.

17 |Page



(f - 9)(O) = f f e @g(t +D)de

Eq. 24

The Nyquist—-Shannon sampling theorem states that if a function contains frequencies of B
hertz, it need only be sampled 1/2B times per second to perfectly reconstruct the signal.
Realistically it would be desired to sample at least 5 times the frequency to reduce errors
incurred by noise. When you consider the frequency our ultrasonic transducers operate at, the
hardware requirements when considering cross correlation are discouraging, since it requires
an expensive analog to digital converter. This is still well within our budget and remains a solid
candidate for signal generation and transit time deduction.

Flow Meter Experimental Data

We have obtained a Fuji Portaflow X ultrasonic flow meter for temporary use that has been
used to obtain experimental data, and will be used as a validation and calibration tool for our
upcoming prototypes. The experimental data was acquired while measuring flow velocity on a
pipe with flowing chilled water. 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.

Data Processing Unit

Originally using a simple microcontroller such as an Arduino board was considered in order to
process incoming data and send it out to the phone. It was learned that the Arduino could not
quickly process floating point numbers nor could it keep time as well as a single board PC. A
single board PC also has an easier method of interfacing with a Wi-Fi or Bluetooth module since
you can install an operating system on it. After much research the Technologic Systems TS-
7800 single board PC was chosen to be the data processing unit. Listed below are its important
features: R = e @)™ o

e 500Mhz ARM9 CPU

e Internal PCl bus, PC/104 connector

e 12,000 LUT programmable FPGA

e 128MB DDR-RAM

e 512MB NAND Flash, high-speed (17MB/s)
e 2 USB 2.0 480Mbps host/slave ports

e 510-bit ADC channels

* Fanless: -20° to +70°C

* Low power AW@5V

e Optional 8-30V input voltage range (default is 5V) Figure 10 - TS-7800
e runs Kernel 2.6 and Debian Linux by default

18 |Page



One of the USB slots will be used to host the Wi-Fi module and the Debian Linux operating
system will serve as a good interface between the software and the hardware.

Sending and Receiving the Signal

In order to transmit an ultrasonic pulse from the transducer, an electrical pulse of a specified
frequency and magnitude must be sent to it. The current transducers that are in possession
require a pulse of 1.5 Mhz at an amplitude ranging from 25V to -25V. A digital to analog
converter will need to be used in order to generate this type of signal along with an amplifier
for it to reach 50Vpp. Below is the schematic of the digital to analog converter that is planned

to be used:
{MSE) (LSE)
v+ Vic B1 B2 B2 B4 B5 B& B7 B8
T13 1 75 s 7 T8 Ta Tin D11 12
DACOS I | I I [ I I I |
4 glout
e l * * * Y b hi i 72
Ve 132 STChEs —j,é _éjé _J)jé _éjé _Ejl jj:l _ﬁj} _!}j’% o
15 J
VRer (- 0
AMPLIFIER

ki
L6 L3
(T
Figure 11 - Analog Devices DAC08

This device can be controlled via the SPI port of the chosen microprocessor. The signal sent
out from the DACO8 needs to be amplified in order to meet 50 Vpp. It can be fed into a simple
non inverting amplifier. With a 2Vpp signal coming from the DACO08, the gain of the amplifier
will need to be 25.

Figure 12 - Non-Inverting Op Amp Example
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For a gain of 25, RI=1k and Rf=24k. Many different combinations of values can be used
depending on resistors available.

The same transducer that sends out a signal will also be receiving one. The signal that is
received is of the same frequency of sent signal but has very low amplitude that needs to be
amplified. Firstly the signal needs to be filtered of noise; this can be done by using a band pass
filter since we know the frequency. Frequencies between 1.3 Mhz and 1.7 Mhz will be allowed
through with the following values:

(] L2
C1=C3=97.9pF  © [ s
C2=14.2 pF
L1=L3=28.4 uH 21 == L1 3 = L2
12=795.7 pH o >

Figure 13 - Example Band Pass Filter

After being filtered, the received signal is still approximately 50mVpp. In order to properly
detect the signal burst, it should be amplified to at least 10Vpp. This requires another amplifier
that has a gain of 200.

The signal is now filtered and amplified, now for detecting the burst. Below is the analog to
digital converter that will be used in order to detect the signal burst.

° TWO AD7266 ADC ChipS ONO Y8 £8 OND Y EY ONO CB 18 ONO ¥ LY m!

eovesovsseaR0.

e 24 channels 12-bit ADC

* Sampling rate up to 2msps

e Single ended or differential channels
e Takes 4 samples simultaneously

e Internal 512 x 16bit RAM-FIFO

e Jumper selectable I/O and IRQ _
* PC/104 Dimensions 3.6 x 3.8 inches T T T e %
e Linuxdrivers available A2 oo s o i ]

Figure 14 - TS-ADC24

Alternatively, a single comparator may be used. With a single comparator, a reference voltage
will be determined and set and once the voltage of the incoming signal exceeds that reference
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voltage it will trigger signifying that the signal burst was received. Below is the comparator to

be used:

* 7 nsPropagation Delay at 5V

e Single Supply Operation:3Vto 10V
* Low Power

e Latch Function

e TSSOP Packages

\_/

V+|I ° EBUT
+IN[Z] 7] out
-IN[E] B
V—E ADS8561 E LATCH

Figure 15 - Analog Devices AD8561

With only a 7ns propagation delay, it is more than fast enough to detect a burst from a 1.5 Mhz
signal. While this is a simpler solution, it may end up being harder to detect errors. Both
methods will be tried out in the lab to determine which produces the most precise and lowest

error signal burst detection.

Since one line connected to the transducer will be sending and receiving the signal, a diode and
a tri-state buffer will be needed in order properly channel the signal when going out or in.
Below is a top-level diagram of how this will be achieved:

25x
Amplifier

Signal Generator

SPI

TS-7800

Band pass
°T E Filter
200x
Amplifier
ADC

PC/104

Figure 16 - Top-Level Diagram of Signal Processing
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The digital 1/0 line going to the tri-state buffer will be set to 1 when sending out the signal and
0 otherwise.

Time Stamping

The tick rate as defined by the kernel will be crucial for time stamping. The tick rate determines
how quick the CPU responds to a new instruction. In this case, the tick rate will determine the
time in between detecting the signal and stamping the time. Some sort of get_time() command
of which precision will be in the nanoseconds will be used, therefore how quickly that
command is executed once the signal is detected is important. By default the Kernel 2.6 has a
tick rate of 100 Hz. This will not produce precise enough measurements, so the tick rate will
need to be modified to the highest stable tick rate that the ARM9 CPU can handle. Typically
that is 1000 Hz. It may be possible that the time taken in between detecting the signal and
stamping the time will always be the same. Lab experiments will need to be conducted in order
to determine this. If the time taken is always the same, then there will be no need to modify
the tick rate and an offset will just need to be applied to the recorded time.

Alternatively (and preferable) the kernel can be patched with a real-time patch. This eliminates
the CPU scheduler from allowing preemption on time-dependent tasks. By creating a kernel
module for time stamping and allowing it to be real time with the highest priority, the minimum
time between receiving the signal and stamping the time can be achieved.

In programming terms, a hrtimer (High Resolution Timer) object can be used. The hrtimer is a
bit different from usual timer APIs in that it maintains a time-ordered data structure of timers
instead of using timer cascading. The hrtimer is a kernel-space function so a kernel module will
be created in order to properly use the hrtimer in the user-space program. Using it as a kernel
module improves precision as well since it will be ran as its own thread and can be prioritized
above other less time important functions such as calculating the velocity from the recorded
times.

More research and experimentation will need to be done with the hrtimer to determine if it is
indeed the most precise option. It may well be that a timer will be made directly from a clock
on the ARM9 CPU instead of using a hrtimer object.

Below is some sample pseudo showing the order in which how the time stamping process will
work in the program in order to obtain velocity.

//Thread1

While(1)

{
Lock_thread();
Send_Signal_Trans2();
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Double time_sent2=time_stamp();
While(!Signal_Received_Trans1);
Double time_received2=time_stamp();
Send_Signal_Trans1();
Double time_sent1=time_stamp();
While(!Signal_Received_Trans2());
Double time_received2=time_stamp();
Unlock_thread();

}

//Thread 2

While(1)

{
Lock_thread();
Transtimel=time_receivedl-time_sent1;
Transtime2=time_recevied2-time_sent2;
Velocity=((Transtime2-Transtime1)/(Transtimel*Transtime2))*(L/cos(theta)); //theta and L are known
Send_to_phone(velocity);
Unlock_thread();

Sending to the Phone

The two most viable options for sending data to the phone are Bluetooth and direct Wi-Fi. Wi-
Fi will be used in the design because of its security feature and range capabilities. Setting up an
Ad-Hoc network for direct Wi-Fi access was considered first but after doing much research it
was found out that a better configuration can be setup in the Linux operating system. In
Debian, the linux distribution that will be used with the TS-7800 single board PC, the network
interfaces allow for additional network devices to be manually added. Once a network device is
manually added with the proper IP and DNS settings, it will be secured via WEP and will be
bridged so that connected devices can access velocity data. The single board PC can now be
accessed on the phone just as if it were connecting to any router.

Application Design

The purpose of the application is mainly to connect to the sensors via the MCU, take in all the
data transmitted, make the appropriate calculations, store the data on the phone, and display
the data in a PV graph. Below is a detailed description of the applications interface. Each screen
and possible path will be discussed. You may also refer to a flow chart representation in the
Appendix.
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Main Screen

D@ 7:03em

‘GEApp

GE Compressor Analyzer sy

View Old Data

Preferences

Help

Figure 17 - Phone App Main Screen

The main screen will consist of buttons corresponding to the four major activities of the
application. If any button is pressed the appropriate process will begin. After pressing the
“Connect Sensor” button the application will check if the device is connected to a sensor. If the
check passes the user will be brought to the input screen if not an alert will be displayed
requesting the user connects to a sensor via their Wi-Fi settings. The “View Old Data” button
will bring the user to a listview of all the previous data currently on the phone. The
“Settings/Preferences” button consists of a checklist of settings the user will have the option to
enable or disable. The “Help” button will bring you to an expandable-listview with helpful
information.

Input Screen

Wil @ 7:04-

Figure 18 - Phone App Main Screen
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When the connection check clears the input screen is called. The user will be prompted to
create a new compressor file. They must input the name of the compressor and other
identifying information as well as some specifications of the compressor which will be used for
calculation. After pressing “Enter” the path will continue to the data display screens.

Data Display Screens

g_m_ﬂ T:06ma

Figure 19 - Data Display Screen Graph

The data will be displayed in two separate methods, via a PV curve and a table highlighting
important values. These two displays will run simultaneously and the user may switch between
them by sliding their finger across the screen. Two options available to the user from this
screen are the “Pause/Resume” and “Screenshot” buttons. As their names suggest the
“Pause/Resume” button will stop the graph from plotting live or resume it and the
“Screenshot” button will save a picture of the graph and store it with the data in the database.
Pressing back should return to the main screen.

T

Dl e 746

Avg. Inlet Pressure:  0.004271250
Avg. Outlet Pressure: 0.093682876
Avg. Inlet Velocity: 0.330000000
Avg. Outlet Velocity: 1.538000000

Flow Rate: 0.935400000

Figure 20 - Data Display Screen Raw
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Listview Screen

%ma 7:34 o1 Al @ 7:35:m

List Element Options:

mene

Figure21- Listview Screen

Called by the “View Old Data” button this screen will display a list of all the previous
compressor data still stored on the device. At the bottom of the screen the user will be given
the option to change the order of the files via a scroll bar of options including: name, date and
location. Also on the screen will be a “Clear Data” button; if pressed an alert-box will pop up
asking the user to confirm the selection. Pressing yes will delete all compressor data from the
device and return to an empty listview. Pressing on any list element will bring up a dialog box
with more options. “Edit” will bring you to a screen similar to the input screen already filled
with the information corresponding to that list element. Any changes made will update the
information in the database and pressing “Enter” will take you back to the listview. “View"” will
take you to the data display screens. Because it will be displaying old data it will not plot in real-
time as it would for new data being recorded, however, it may or may not be possible to
simulate real-time plotting (more research needed). The option to “Screenshot” will be
available as it was for the new data displaying screen. Pressing back will bring you to the
listview again. “Email” will open a screen to input an email address and send a data file.
“Delete” will bring up a confirmation alert-box similar to the “Clear Data” button, however, if
confirmed it will only delete the single list element. “Cancel” will close the dialog box. Pressing
back from the listview will bring you back to the main screen.
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Checklist

D& 7:08em

Theorc-ti::al Line

.Shading
Legend

Figure 22 - Checklist Screen

Called by the “Settings/Preferences” button this checklist consists of features that may be
enabled or disables by the user. Most of the option will involve the display of the PV graphs
when viewing data. Such option may include: displaying axis labels, theoretical line, shading
options, etc. Pressing back will return to the main screen.

Expandable-Listview

Called by the “Help” button this activity will display information explaining all the various
options and settings of the application. The information will be organized into categories which
can be expanded to show more information making it more user friendly and visually
accessible.

Mounting System

In order to satisfy one of the customer’s needs 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 for the proposed
design is composed of three different operations: lubricating, measuring and attaching.

1. Sensor
2, Glue
3. Tape

Figure 23 - Pre-lubricated Sensor
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The lubrication operation is necessary to establish an acoustic couplet for proper sensor

reading. Currently the pipe surface must be clean prior to lubrication and a silicon based gel is

applied to the sensor. For a cleaner and more effective lubrication method, a thin layer of

silicone gel will be already placed on the sensor and a foil based tape will be placed on top of

the gel to keep it from drying out, as seen in Figure 23. Three different types of tape and

adhesives are investigated. The results are feature in Table 1 and a Pugh Matrix is included in
Table 2. As indicated in the Pugh Matrix, high quality aluminum foil with Uglu will be used for
ensuring the pre-lubricated sensor remains lubricated because of it feasibility and functionality.

Tapes and Adhesives

Description

Polyamide film coated with a
high performance silicone
adhesive (PFC)

This is a thin and conformable tape that is resistant to tear
and abrasion at high temperatures. Unfortunately, the
adhesive will thermo-set to increase adhesion values, which is
not ideal for application. This increase the probability of
residual during removal. It has outstanding resistance to acids,
oils, solvents, aging, staining, and water immersion.

Low density polyethylene film
tape with Acrylic adhesive
(LDP)

Low density polyethylene film tape with acrylic adhesive is
conformable with great moisture barrier properties. It is very
strong and will probably leave residual. It works well for
applications that require long term bonding. It has good
abrasion and chemical resistance. The tape is also UV
resistant.

High Quality aluminum foil
with Uglu (HQA)

Uglu is a liquid adhesive in solid form. It provides an instant
grip with a powerful, but removable bond. The product is
nontoxic, acid free, waterproof and weatherproof. It can be
cleanly removed. It bonds to any surface including rough or
uneven surfaces, plastics, metal, glass, cement, fiberglass, and
laminates. Aluminum foil is the basic liner used in various
packaging containers and tubes including tooth paste,
cosmetic, drugs and food

Table 1: Options for Tape for the silicone gel

28 |Page




Push Matrix for Lubrication Tape

Current
Design Features Methods | PFC LDP HQA Importance Rating
Cost 0 -2 -1 -1 1.00
Removability 0 -2 -2 -1 2.00
Feasibility 0 -1 -1 3 4.00
Functionality 0 2 2 3 3.00
Sum 0 -3 -2
Total 0 -4 -3 18

Table 2: Pugh Matrix for Lubrication Tape

The second operation is measuring. This operation involved 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 pipes 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 third operation is attachment. This involves attaching the pre-lubricated sensor.
Velcro bands, quick release hose clamps, Nylon interlocking clamps and magnets were analyzed
for attaching the sensor to the inlet and outlet pipes. Based on design features that were
created based on customer needs, an Analytical Hierarchy Process was conducted to determine
the importance ratings. Definitions for these design features are provided in Table 2

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.

Table 2: Design Feature Definitions

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 results can be seen in Table 2. After the importance ratings were determined
for each design feature, a Pugh Matrix was used to determine which attachment concept will
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be best for the project. As seen in Table 3, quick release hose clamps have the highest weighted
total. Therefore, the proposed design use quick release hose clamps for attaching the
mechanism.

Table 3: Analytical Hierarchy Process

Table 4: Pugh Matrix

The proposed design that is provided in figure 24 and 25 do not have the sensors on the
track, the mounting system also has a microcontroller housing to make this solution more
effective. This housing can be seen on a 6 inch pipe in figure 26. A finite element analysis (FEA)
was conducted to determine the principle stresses in the elements. The mesh grid for this
analysis can be seen in figure 27 and the results of this analysis are seen in figure 28. These
results prove that the principle stresses in the mounting system are not high enough to cause
deformation. The light colors in the results reveal the low stresses that equipment experiences
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with a distributed 300 pound force. This force is extremely high compare to the force that
average human exerts when moving their arm in the clamping motion, which is at most 20
pound force, and it is higher than the normal force the clamp exerts when on fastened on the
pipe. Thus, the proposed design should not deform or fail.

Figure 34: Attachment Design System
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Figure 25: Entire Mounting System

Figure 26: Mounting System with Electronics Housing
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Figure 27: Mesh Grid for FEA

Figure 28: FEA of Principle Stresses
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Environmental, Health, and Safety Concerns

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.

Conclusion

After doing much research and calculations, the team has verified that using the signal burst
method should be a viable solution in properly obtaining flow through a pipe. The protoytpe
produced will be up to current industry standards, if not better. Transit time measurements
will be precise to the nanosecond and the electronic equipment used will have fast enough
throughput in order to quickly display data on the phone. The displayed data will provide
enough information to the GE technician on site to determine if there is indeed a problem with
their compressor. Our current clamping mechanism can be applied faster than the
implementation on the FUJI flow meter and will be continually refined and upgraded. Based on
these verifications, we can conclude that our product meets the specific needs outlined by
General Electric.

Below is a tentative schedule on how the team will be going about completing and testing its
prototype:
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ID Task Name Duration |ecember 2011 |Januar\/ 2012

o 2 [ 5 [ 8111417 20232629 1[4 [7 [10]13]16
1 Jec] Configure Linux OS on SBC 6 days H m.
2 Configure Electrical components for Signal Processing 14 days w
3 Jir Verify Sending and Receiving Signal, Calibrate Accordingly 15 days
4 jer] Setup Android Database 7 days
5 jet] Simulate Receiving Data 7 days
6 E Configure conversion from velocity to PV 7 days
7 Configure Graph for data we get 7 days
8 E Code Kernel Modules for Time Stamping 20 days
9 Code User-Space program for Top-Level Functions 15 days
10 E Configure Wireless Access Point 7 days
11 Test and Calibrate Entire System 30 days
12 Construct Housing Solution For Electrical Components 30 days

[ February 2012 [ Mareh 2012 [ April 2012

19 [220[25 (28 [31[ 3 [6 [o[12[15[18[21[24af27 [ 14710131619 [22[25[28[31] 3 [6 [9 [12]15[18[217]2a

Figure 29: Tentative Schedule for Spring
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Appendix

Some sample calculations:

Input v (ft"3/s), T (unitless, magnitude of degrees Fahrenheit), D (in) and p (Ibm/ft"3).
Flow rates and temperatures taken from a GE HSR Compressor Performance Report.

Densities derived from temperatures and static pressures in report.
Diameter of pipe assumed, and L chosen based on pipe diameter.

3 3
Vg = 9375 - vgi= 19329 o =291 og = 6182
S S 3 3
ft ft
T 1=298. Tq:= 225
D:=4ir L:=10D
. Y v
Apipe = (E)[D‘ L = 40ir Vgi= — Vg = —
4 Api pe Api pe
Dynamic Pressure
1 2 1 z
Os = (_)m’sws Od = (_)m’dwdt
2 2
Pressure Drop in Pipe
_ ( - 14) 2 ( - 10) ( - 7) s
Mg =| |-6.7024410 ~ITS" + (5.0502710 )T + (34361510 '/ |Ibf=—
ft
_ ( ~ 14) 2 ( - 10) ( - 7) s
Mg = -6.7024410 Erd + 15.0502710 Erd + 13.4361%10 IbeI—2
ft
(pSW/SEID) (pd WdDD)
Regi=—— Reggi=—
Hg Hd
64 64
foi=— fqi=— t
S d =
f PV 2 F MLV, t
Ap stipsVg Ap = dLegVy Vg = 221.494ET—
s 2D d- 2D S
Ps:=0g —Ap¢ Pg:=dg + &Py

Ap s =3.498x 10 “psi
0 = 3.612ps

P, = 3.612ps

Ap 4 = 6.705x 10 “Tpsi

[Py =32721ps
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Transit Time Calculations

Smallest A t will occur in case where fluid velocity is closest to zero, thus using largest diameter
pipe, lowest flow rate, and highest speed of sound (higher temperature). This combination will
never happen, so this is a conservative calculated verification. Also, the length between the
transducers is recommended to be same as the outer pipe diameter, so L = D and the incident

angle = 45deg/2

3
V.= .327]l
S

2
Anpipe = 12.5661n

V= 3.747@5I

a:= [(—2.0388810_ 4) Tq

Vyp = asin(a) =V

p

t
Vip = 508.507[—7;

t
Viown = 516.ooﬂs—

-4
typ = 9.833x 10 "'s

Bt = typ ~ tdown

ft
%+ (100409 (T + (1.05713103)}

AQ\I = 6ir
v
NW Apipe
o = 22.5eg

s
Vdown =asin(a) + Vv

D
t =

up ._V_up

D

tdown = Vg
own

-4
tyown = 9-69% 10 s

At =1.428x 10 °s

Established Transit Time Velocity Equation

. D
Va'= ( 2[¢os(a) )EE

Vo = 4.05632

At
tup Tgown

—{G]

Error = 7.612%

Therefore, correct method was used to calculate A t
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Justification for Laminar Flow

Ib
0= 075
>
Vi s = 3000l V) oy = 1001 k-=1510 “ft
high - min low - min S
Dhigh = 6ir Djow = 4r Lhigh = 10Dphigh Ljow = 10D,
Thinh = 30 Ty, = 6( O N K
high -~ low -~ high -~ low -~
9 I Dpigh Diow

10) Ty + (3.4361510_ 7)}|be32

T [(—6.7024410_ 14) T + (50502726
ft

_ _ 14 2 - 10 -7 s
Mpigh = [(—6.7024410 )Erhi o (5.0502710 )[rhi o+ (34361510 )]lbf[—l—z
ft
(P VhighDhigh) _ (PYiowDion)
Rénigh = _ Reow =
Hhigh Hlow

¢ 64 f 64

high -~ low -~

9 Rénigh R€ ow
R =1.192 105 R = 3.466 103

Ghigh = 119X Qow = 9-400%

-3 -3

rhigh =3x 10 I’|OW=4.5>< 10
fii 0 =5371x 10 flow =

hlgh =o. X low = 0.018
fhigh.Moody = -02¢ flow.Moody = -04
Afhigh = fhigh.Moody ~ fhigh Af1ow = flow.Moody ~ flown
Af hlgh =0.027 Af low =0.031
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2
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2

2
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AP high.2 = AP high1 = 5557 10 “psi

_ -6 .
AP ow.2 = BP|gw.1 = 6-865% 10 "psi

-3 . -5 . .
AP high.2 = 5:666% 10 “ps AP | 2= 1.102x 10 “psi Moody Diagram
A = 1.087x 10 *ps N = 4.152x 10 ®ps Laminar
Phigha =+ ps Plow.1= 4% ps
2 2
- (p“’high ) - (pwlow )
Ghigh == > Qlow = >
_ : _ -5 .
Ahigh = 0.02psi Qiow = 2.248x 10 "psi
Ap ki =~ Ap py; Ap - Ap
( high.2 h|gh.1) - 0275 ( low.2 Iow.:l,) — 0305
Ghigh Alow
(8P pigh.2 = 2P pigha)
high Difference in total A p is a maximum of 10%
1- 9 = 10.056% when assuming laminar vs. turbulent flow
(Ap low.2~4P Iow.l)
AQow
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