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Introduction

Mission Statement

Our mission is to use the knowledge and expertise of our members to provide quality service
and innovative solutions to the people and businesses of Oklahoma. We aim to help our clients
to achieve their goals and to exceed their expectations. We value work that is done right over

work that is done quickly, and seek to add value to our client’s businesses through quality work.

Problem statement

API specification 11B requires that sucker rods are tested for Total Indicator Reading sometimes
referred to as "Total Indicator of Run out" or TIR. Norris has designed and installed equipment
on several of the CNC rod end threading machines to check TIR. At present they do not perform
inspection on all rods. Norris desires to expand this operation to check TIR on all rods or
perform 100% inspection. The proposed system will cut down on cycle time, as well as allow for

less user interference with the operators.

Statement of Work

Background: API specification 11B requires that sucker rods are tested for Total Indicator
Reading (TIR). Norris Sucker Rods has designed and installed equipment on several of the CNC
rod end threading machines to check TIR. At present, they do not perform inspection on all
rods, but they do desire to expand operations to check TIR on 100% of the rods. After the rods
are inspected and TIR measured, random samples are sent to a third party for “verification”. In
the past Norris has not had some problems with their readings matching up with the third
party’s readings. As of late this has not been as big of an issue, but Norris still wants a complete
remake of their current process. We will be designing a new mounting system that will have
much less user interference. Doing this will allow for 100% inspection of all rods produced, and

will not interfere with the operators.

Scope: The objective of this project is to develop a new process for measuring total indicator

reading on sucker rods for Norris Sucker Rods. The new process will be integrated into the




production process and will inspect all rods (15,000 per day maximum) as they are produced.
The total cost must be less than $60,000. After the measuring process has been completed, a
statistical analysis of rod failures will be done to identify likely causes of TIR failures. As well,

attention will be given to the best way to address non-conforming rods.

Deliverables: 1) Completed design/prototype
2) Layout/location of inspection equipment
3) Process for reworking non-conforming rods
4) Calibration process to ensure alignment

Period: Fall and Spring Semesters (8/2012 —5/2013)

Location: Norris Sucker Rods — Tulsa, OK
Oklahoma State University — Stillwater, OK

Applicable Standards: API Spec 11B

Acceptance Criteria: The design must meet the basic requirements as outlined in the scope of

the project of reliability, durability, cost, and accuracy.

Work Breakdown Structure

See Appendix A for Work Breakdown Structure.
Tasks List

Oversight

e Weekly progress reports submitted to Norris, Win Adams, and Dr. Weckler
e Ensure open communication between parties

Research, Technology, and Information

e Understand requirements set forth by APl Spec 11B

e Research methods/technologies used to measure TIR

e Research technologies that are applicable to our situation

e Visit Norris and determine possible locations to integrate measuring system
e Gather information (measurements, specs, layout) needed for design

Design




e Develop designs based upon location, measuring device, etc.

e Perform engineering analyses on designs (fatigue, yield, cost, etc)

e Produce drawings of design(s) and the parts included

e Put finalized design(s) in a report to be presented to Norris at end of Fall semester

Approval

e Meet with Norris and submit design(s) for approval
e Make any modifications and resubmit for approval

Fabrication
e Submit approved drawings to have parts fabricated
Integration

e Assemble measuring devices into mounting system

e Integrate assembled system into Norris’ production process (at specified location)
o Use existing power
o Use existing PLCs
o Use existing marking system for failed rods

e Calibrate system

Testing

e Perform functionality tests
e Perform tests for accuracy, repeatability, and durability

Data Collection and Statistical Analysis

e Log data from measuring system
e Perform statistical analysis on collected data as well as on data from Q.C.
e |dentify likely areas that cause TIR failures

Customer Satisfaction

e Submit all deliverables to Norris

e Work with Norris to ensure their requirements are met and that they are satisfied

Investigation




Industry Analysis

Our research showed that no sucker rod manufacturer currently inspects 100% of their rods.
Norris will be the first to inspect all rods with the implementation of the new measuring
system. Not only will this allow them to better market their product, it will also serve as an
additional quality check. This would be beneficial since Norris offers their “Zero Defects

Guarantee”.

Technical Analysis

Technical specifications for the measurement of end straightness are defined in APl Spec 11B.
From API Spec 11B:

A.6.2 End Straightness

A.6.2.1 Sucker Rods and Pony Rods

End straightness shall be measured by supporting the rod body at a distance of 6.00 in.
(152.4 mm) from the rod pin shoulder. The rest of the rod shall be supported at a
maximum of 6.00 ft (1.83 m) with centers in the same plane. The amount of TIR bend is
measured via a dial indicator, laser or other comparable measuring device. The amount
of bend shall be measured at the machined surface of the pin shoulder OD. The
maximum allowable TIR values for all rod sizes 5/8 in. to 11/8 in. (15.88 mm to 28.58
mm) is 0.130 in. (3.30 mm).

The method used by Norris, as well any companies that perform inspections on sucker rods,
must conform to the guidelines set forth by API. As a result, most methods are similar in that
they involve rotating the rod 360° on adequately spaced supports while measuring the total
indicator run out using an approved measuring device or system.

While the methods of measuring end straightness may be similar, the measurement devices
vary. These devices range from simple dial indicators to sophisticated optical measuring
systems. The current device used by Norris is an optical micrometer system from Keyence. This
type of device can provide the accuracy and repeatability (0.12mil and 0.008mil, respectively)
needed while being integrated into the production process without slowing the rate of
production. However, the environment these devices are subjected to at Norris make this type
of system less than ideal. Therefore, other technologies were pursued. Linear Variable
Differential Transformers (LVDT) operate much like a dial indicator but output a digital signal
rather than a dial reading. LVDTs come in many setups and can be used in industrial
applications.

Such factors as durability and reliability must also be taken into consideration. The design must
be able to withstand a maximum of 15,000 rods per day. The measuring system must be




reliable and provide accurate and repeatable results, and a simple calibration procedure should
be implemented to ensure that the system is operating correctly. Consideration should be
given to these aspects in order to help minimize the maintenance costs and requirements.

Patent Searches
To aid in obtaining an idea of what technologies exist that could be used to measure total

indicator run out, a patent search was used. From a patent search using Google Patents for
“total indicator runout”, the following patents were found that were of some interest:

US7197837 Gauge assembly for measuring diameter and total indicated
runout
Honda Motor Co. Issued: 4/3/2007

Device used to measure diameter and TIR on camshafts.
www.google.com/patents/US7197837

US 2002/0077770  Method and system for identifying and evaluating runout limits
of rotational components

Kaminski and Wilson Filed: 12/20/2000
Method used to measure runout on rotating components,
turbines.

www.google.com/patents/US20020077770

US6757636 Computerized electronic runout
Alstom Technology Ltd. Issued: 6/29/2004
Method/Device to measure runout using magnetic field sensing
www.google.com/patents/US6757636

While these patents do not pertain to the measurement of end straightness for sucker rods, the
information contained does provide insight on ways to go about measuring runout. No exact
matches for the measurement of total indicator on sucker rods were found.

Fall Design Concepts

Our first design concept consisted of placing the LVDT’s inside of the CNC machine that is used
to cut the threads on the sucker rods. Having the LVDT’s placed here would be ideal because
measuring TIR would be one process. This would cut down on the time, as well as the user
interference. The problem we encountered was that there would be no way to conform to API
specifications if the LVDT was inside the CNC. API specifications state that the bracings must be
at certain points along the rod. The distance from the front of the loading tube to the exit end

of the chuck is approximately 40 inches; therefore there would be no way to incorporate a




mounting system inside the CNC that conformed to API specifications. From here we decided
the next best option would be to use the current mounting system since it already conforms to
API specifications. We plan on building a bracket off of the current mount that holds the LVDT.
The current system uses a pneumatic cylinder to push the rod into place to measure the TIR. To
make the system less bulky and more user friendly, we have decided to place a roller in the
middle of system that will roll the rod into place. An inductive proximity sensor will be used as a
limit switch to stop the roller once the rod is in its correct place. This will trigger the actuator to
lift the LVDT up until it is touching the shoulder of the rod. The rod will then be rotated 360
degrees and checked for TIR. Once one side of the rod has been measured for TIR, the same
process will be done to the other side. From here the rod will either be passed and sent on, or
failed and put into the scrap pile. Appendix B shows a CAD drawing of what the set up will look

like. Appendix C contains the design layout for the set up.

Fall Presentation / Approval of Design Concept

At the end of the fall semester, the team met with Norris to present the final design concept
and discuss how to proceed going forward. After the presentation, Norris approved the design

concept and gave the go ahead to produce a prototype.

Fabrication

After receiving the approval from Norris to produce a prototype, all drawings were sent to Dr.
Paul Weckler for initial approval. After his initial approval, the drawings were forwarded to
Wayne Kiner, manager of the fabrication shop, to get final approval of the drawings and to start
the fabrication process. After all pieces were fabricated, the team inspected all parts for
correctness. The team coordinated with the shop to correct any issues and address the need

for any modifications. Appendix | contains the CAD drawings for the fabricated parts.

Assembly

After all the parts were fabricated and inspected, the team began assembly the pieces. All

fasteners, spacers, etc. were purchased and the assemblies were completed. The team




conducted general checks for fit and functionality to ensure proper integration of the
measuring components.

Instead of the original idea of permanently mounting the system in the lab or at Norris, the
team designed and produced a rolling table that would allow the system to movable. All

assemblies were then mounted to this table.

Integration

A crucial part of this project was to correctly integrate the key components of the measuring
system. The first step was to setup and calibrate the LVDT. Setup was accomplished by using
the LDX-3A signal conditioner. This signal conditioner supplies the correct voltage for the LVDT,
as well as, it allows the output voltage to be manipulated to suit the application. Since we
knew we were going to use an Arduino microprocessor and it was only capable of measuring O -
5 volts dc, we were able to adjust the LVDT output to match. Using the LDX-3A, the voltage was
corrected using the gain and offset functions. The output voltage was first corrected for a
range of 5 volts (+/- 2.5 volts), then offset to 0 — 5 volts. Once the output voltage was
corrected, the next step was to calibrate the LVDT to ensure it met our requirements for
accuracy and linearity. Two standards were used to calibrate the LVDT: ASTM F2537-06(2011)
and USBR 1008-89. These standards are contained in Appendix F. The two standards use the
same procedure to calibrate, but they provide different acceptance criteria that the team found
useful. The micrometer method was used which involves mounting the LVDT into a fixture and
displaced by a micrometer. The micrometer reading and LVDT output (voltage read by
multimeter) are recorded for each reference length. The procedure is then repeated to provide
a second set of data. The data was entered into the form from the USBR standard. The values
from the LVDT are compared to those of the micrometer to check for accuracy. The LVDT
values from the two trials are also compared to check for linearity. Percent errors for
measurement and voltage were calculated and checked against the USBR acceptable values.
From Table 1 in the USBR standard, our values of 0.05, 0.245, and 0.00 for 50, 75, and 100% of
TLR were less than the maximum set by the standard of 0.1, 0.25, and 2.00, respectively. Also,

a linear regression with equation and R%-value was created from the data. The R%-value of




0.9999 was deemed acceptable by the ASTM standard which required an R*-value greater than
0.95. The completed USBR form and calibration curve can be found in Appendix F as well.
After the LVDT was calibrated in was integrated into the system. An Arduino microprocessor
was used to handle the processing of the LVDT output into useful data. The code for the
Arduino is in Appendix D. The program takes the LVDT output and converts it into a linear
measurement. It then calculates TIR based upon these measurements and will signal a pass or
fail condition. Besides calculating TIR, the Arduino works in conjunction with the Allen Bradley
PLC to advance through the stages of the program such as stopping the actuation of the
cylinder to stop the LVDT at the middle of its stroke.

As previously mentioned, an Allen Bradley PLC was integrated to help automate the system.
The PLC was programmed using RS500 ladder logic, and a copy of the program can be found in
Appendix D.

The pneumatic system used to raise and lower the LVDT into place was the next to be
integrated. First, the pneumatic cylinder was threaded into the base plate of the TIR station.
Next, a solenoid valve from Parker was used to handle actuating the cylinder. Since, the
cylinder had such a small internal volume, flow control valves were used to help control
extension and retraction speeds. A muffler with a built-in needle valve was later added to
provide even better control of cylinder speeds. A pressure regulator with filter was added to
aid in minimizing the effects of fluctuating pressure while eliminating contaminants from the
system. Lastly, all components were plumbed together.

A proximity sensor was used to signal the system to start by sensing when the rod was in
position. More information about the proximity sensor is in the discussion section.

Lastly, solid state relays were used for actuating the solenoid valve (one for each direction) as

well as to turn on the ac motor driving the rod rotator system.

Testing

After all of the components were integrated, the system was tested for functionality. First, this
was done for each subsystem i.e. pneumatic actuation, communication between

LVDT/Arduino/PLC, relays, etc. After each subsystem was checked, the whole system was




tested for functionality. Some minor modifications/adjustments were needed, but the system
was brought up to a fully functional status.

The next step was to perform a measurement system analysis. As per the request of Norris, a
gage repeatability and reproducibility (R&R) study was performed using the ANOVA (analysis of
variance) method. In order to use this type of study, specific guidelines for collecting data had
to be followed. The guidelines called for 3 appraisers (operators), 10 parts, and 3 trials for each
part per appraiser. Norris sent 8 (4 —5/8” and 4 — 1”) pony rods to be used for testing
purposes. The rods were numbered 1 to 8, and the ends were labeled “A” or “B”. Each
member of the group took turns “operating” the system. The first 10 sides (1A to 6B, 3B
excluded due to damage on shoulder) were measured three times by each member. The data
was recorded and entered into spreadsheet specifically designed for gage R&R. The
spreadsheet had previously been verified for accuracy using the Ford verification data that
serves as the standard for verifying such spreadsheets/software. The table below shows the
report generated from the test data. From the report, it could be seen that the gage

performance was acceptable. The collected data can be found in Appendix G.

Standard

Anova Report Deviation (o) % Total Variation % Contribution
eviation (o

Repeatability (EV) 26.2031 4.3% 0.2%

Reproducibility (AV) 0.0000 0.0% 0.0%

Appraiser by Part (INT) 5.1288 0.8% 0.0%

GRR 26.2031 4.3% 0.2%

Part-to-Part (PV) 603.7851 99.9% 99.8%

Gage system O.K

Note:

Tolerance = 0.00 Total variation (TV) = 604

Number of distinct data categories (ndc) = 32

Gage discrimination acceptable
This table taken directly from gage R&R spreadsheet.
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Financial Analysis

Final Budget

Part Quantity |Cost/Part ($) |Total Cost($)
Parker Solenoid Valve 1 98.95 98.95
Solid State Relay 3 31.86 95.58
Flow Control Valve 2 23.49 46.98
Pneumatic Quick Connect Fittings 10 2.35 23.50
1/4" Nylon Hose 1 20.95 20.95
Flow Regulator 1 64.20 64.20
Spring actuated LVDT 1 525.00 525.00
AC powered signal conditioning 1 515.00 515.00
DC power supply for inductive

sensor 1 165.00 165.00
Inductive proximity sensor 1 84.00 84.00
Microprocessor 1 29.95 29.95
Pneumatic actuator 1 25.00 25.00
Sub Total for One Side $1,694.11
Total with 10% MISC $1,863.52
Total for Both Sides $3,727.04

Cost Comparison

The estimated cost of the full Keyence system per station is $13,000. Our budget estimates the

cost of our system to be $3,727. This represents an approximate saving of $9,300 per station.

Project Schedule

Appendix H has the Gantt chart for this projects schedule. All deadlines were met.

Recommendations / Discussion

Currently Norris uses a pneumatic cylinder to push the rods from side to side in order to get the
rods into place. The cylinder sticks out the backside and is very intrusive for the operator. We

recommend implementing a system that will be less intrusive. The system will be inside the

—
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work area and will pick the rods up instead of pushing them. Appendix B shows the design. In
consists of two pieces of square tubing working as a sleeve. A pneumatic cylinder will actuate
the sleeve upwards once the rod is in place, drive rollers mounted directly to a bidirectional
motor will then engage and move the rods from side to side.

During the design process, we decided to use pneumatics to lift the LVDT into place. For
something this small, we needed a very small cylinder. With this small of a cylinder, we were
working with a very small volume. This made stopping the cylinder in the correct spot
somewhat difficult. We recommend looking into using an electric actuator instead of the
pneumatic. It will be easier to get set in the correct position and will also ensure the sensor
does not creep upwards.

Another recommendation is to use an automated stop system to accurately position the rods
shoulder over the LVDT. Currently the only thing being used is a hard stop. We also recommend
implementing a way to track the rods. By being able to track the rods, you could run a data

analysis and potentially identify where the T.1.R. failure is occurring.

Conclusion

Our main focus is to implement a system that will be able to check TIR for 100% of the rods
leaving Norris. The system must be more users friendly for the operators, as well as more
efficient. The current shadow system is unreliable and is causing discrepancies between Norris
and the third party inspectors. The system we are designing will be much smaller, and will
therefore be much easier to maneuver around, making the system more user friendly for the

operators. As well, our design will provide a significant cost benefit.

12
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Appendix A — Work Breakdown

WABS 1.0 Current System Remake

Redesign of current system used for checking TIR.

WABS 1.1 — Project Oversight

Work with Norris to ensure successful completion of the project on time and on budget.
Submit progress reports to the customer when a step has been completed. Get required
information from Norris. Task is complete when information is received and progress
report defining the schedule is sent out.

WABS 1.2 — Requirements

New design will have to conform to API specifications. 100% of rods being sent out must
be checked. Third party readings must match the readings coming out of Norris. Task is
complete when all requirements are approved.

WABS 1.3 — System Redesign

Redesign current system used to check TIR at Norris based on the requirements outlined
in WBS 1.2. Task is complete once the new system is in place and has been approved by
the appropriate authority.

WABS 2.0 Documentation and Technology

Research available technology’s and patents that could be used in the design process. Produce
drawings for mounting system.

WABS 2.1 Research

Research patents and other technologies that could be used to determine TIR. Task is
complete when an acceptable technology is found that does not conflict with patents.

WABS 2.2 Technology

Once technology has been selected, decide on how to integrate the technology into the
current system. Task is complete when all specifications have been gathered and
technology is integrated into the design.

WABS 2.3 Drawings

Produce drawings for mounting system. Task is complete once drawings have been
approved and sent out for fabrication.

WABS 3.0 Approval

14
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Review design with customer to ensure standards are met.

WABS 3.1 Review design

Work will be complete when the engineering has been approved and drawings have been
released.

WABS 4.0 Fabricate Mounting System

Fabricate all approved pieces. Task will be complete once table and mounting brackets are
complete.

WABS 4.1 Materials

Gather materials needed to fabricate system. Task is complete once all materials have
been received and verified.

WABS 4.2 Fabricate System

Work with shop to get part machined for mounting system. Task is complete once all
parts have been fabricated and inspected.

WABS 4.3 Install System

Work with the shop on a location to install system. Task is completed once system is
installed and ready for system integration.

WABS 5.0 Integration of Sensor System

Integrate sensors into mounting system. Work is complete once system is fully functional.

WABS 5.1 Install Sensors

Install new sensors into current system. Task is complete once all sensors have been
installed.

WBS 5.2 Support System

Integrate sensors into existing PLC. Task in complete once sensors have been integrated.

WABS 5.3 Functional Check

Conduct checks on all systems to ensure they are working properly. Task is complete
once all systems have been checked and are working correctly.

15
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Appendix B — Proposed Design
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Appendix C — Design Layout
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Appendix D — Coding

Arduino Code

//Norris Sucker Rods T.I.R. Team
//This code controls the LVDT functions

int lvdtPin = AQ; //LVDT connected to analog pin 0
int Value; //variable to store Ivdt value read
int HighVal; //variable to store high value

int LowVal; //variable to store low value

int ActuatorStartPin = 2; //sets actuator start pin to 2
int ActuatorStopPin = 3; //sets actuator stop pin to 3
int RotatorStartPin =4; //sets rotator start pin to 4
int RotatorStopPin =5;  //sets rotator stop pinto 5

int PassPin = 6; //sets pass pin to 6

int FailPin = 7; //setps fail pin to 7

int RejectPin = §; //sets reject pinto 8

int ValActStart; //stores value for actuator start pin
int ValRotStart; //stores value for rotator start pin
int ValRotStop; //stores value for rotator stop pin
int ValFailPin; //stores value of fail pin

void setup()

{
digitalWrite(ActuatorStartPin,LOW); //This sections turns all pins off
digitalWrite(ActuatorStopPin,LOW);
digitalWrite(RotatorStartPin,LOW);
digitalWrite(RotatorStopPin,LOW);
digitalWrite(PassPin,LOW);
digitalWrite(FailPin,LOW);
digitalWrite(RejectPin,LOW);
digitalWrite(9, LOW);
digitalWrite(10, LOW);

pinMode(ActuatorStartPin, INPUT); //This section configures pin modes
pinMode(ActuatorStopPin, OUTPUT);

pinMode(RotatorStartPin, INPUT);

pinMode(RotatorStopPin, INPUT);

pinMode(PassPin, OUTPUT);

pinMode(FailPin, OUTPUT);

pinMode(RejectPin, OUTPUT);

pinMode(9, OUTPUT);

pinMode(10, OUTPUT);

Serial.begin(9600);

18
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Arduino Code Cont’d

void loop()

{
ValActStart = digitalRead(2);
ValRotStart = digitalRead(4);
ValRotStop = digitalRead(5);

digitalWrite(PassPin,LOW); //Ensures processor controlled pins are turned off
digitalWrite(FailPin,LOW);

digitalWrite(RejectPin,LOW);

digitalWrite(9, LOW);

digitalWrite(10, LOW);

digitalWrite(11, LOW);

HighVal = -2000; //sets initial high value to lowest
LowVal =2000; //sets initial low value to highest

if (ValActStart == HIGH){ //actuator is lifting Ivdt
setLVDT();}

if (ValRotStart == HIGH) {  //motor is rotating rods
for (int i=0;i<200;i++){  //5ms delay * 200 iterations = 1 second (~full revolution at 82.5 RPM)
MeasureTIR();}
digitalWrite(9, HIGH);
delay(1000);
CheckTIR();
delay(2000);

if (ValRotStop == HIGH) {  //actuator is retracting lvdt and motor stops
Retract();
delay(1000); }

}
void setLVDT()  //positions Ivdt at mid stroke

{
Value = analogRead(lvdtPin); //reads Ivdt
//This reading is converted into displacement x 1000 for resolution i.e. 200 = 0.2 inch
float Displacement = ((Value * .44 / 1024)-.22) *10000;

if (Displacement >=-1000 && Displacement <= 500){
digitalWrite(3, HIGH);
delay(100);
Serial.print(Displacement);}

else if (Displacement >= 1500){

19
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Arduino Code Cont’d

digitalWrite(12, HIGH);
digitalWrite(11, HIGH);
delay(2000);}

}

void MeasureTIR() //reads Ivdt and performs tir calculation

{
Value = analogRead(lvdtPin); //reads Ivdt
//This reading is converted into displacement x 1000 for resolution i.e. 200 = 0.2 inch
float Displacement1 = ((Value * .44 / 1024)-.22) *10000;

if (Displacement1 > HighVal){ //Compares Value to High
HighVal = Displacement1;} //sets High to new Value

else if (Displacementl < LowVal){ //Compares Value to Low
LowVal = Displacement1;} //sets low to new value

Serial.print("LowVal = "); Serial.print(LowVal);
Serial.print("HighVal = "); Serial.print(HighVal);

delay(5);
}
void CheckTIR()
{
float tir = HighVal - LowVal;
if (tir > 1350) { //Check to API Spec
digitalWrite(FailPin, HIGH); //Signals failure
delay(2000);}

else if (tir <= 1300){ //Check to API Spec
digitalWrite(PassPin, HIGH); //Signals pass
delay(2000);}
Serial.print("tir = ");Serial.print(tir);
}
void Retract()
{
ValFailPin = digitalRead(FailPin); //Checks to see if rod failed
digitalWrite(3,LOW); //turns off stop pin for next cycle

Value = analogRead(lvdtPin); //reads Ivdt
//This reading is converted into displacement x 1000 for resolution i.e. 200 = 0.2 inch
float Displacement2 = ((Value * .44 / 1024)-.22) *10000;

if (ValFailPin == HIGH){ //'f rod fails, signal PLC to reject
digitalWrite(RejectPin, HIGH);}

20
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Arduino Code Cont’d

else if (Displacement2 < -1850)
{
digitalWrite(10, HIGH);
delay(2000);
}

—
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Ladder Logic PLC Code

TIR_LVDT
LAD 2 - --- Total Rungs in File = 8
POWER POWER POWER POWER—— }( . / /
LVDT MICRO tABLE TABLE— "/ POWER ALL RUNGS
I:0 I:0 I:0 I:0 B3:0
0000 | e B
0 1 2 3 0
Bul.1766 Bul.1766 Bul.1766 Bul.1766
POWER ALLRUNGS ~ START BUTTON CEE T
B3:0 I:0 TON
0001 | Timer On Delay CEN)
0 4 Timer T4:0
Bul.1766 Time Base 0.01 (DN
Preset 100<
Accum 0<
ARD CUTS POWER BASED RETRACT PNUE ADVANCE pNEU
B@BNE ON READING FROM LVDT ACTUATE ROLLER CYLINDER CYLINDER
T4:0 IO 0:0 0:0 0:0
0002 —— e e R e B {
DN 5 1 2 0
Bul.1766 Bul.1766 Bul.1766 Bul.1766
CONNECTED TO 05
THROUGH DROPOUT
ANYTIME CYLINDER IS
ACTIVE ROLLERS ADVANCE pNEU
POWER ALL RUNGS CANNOT BE ACTIVE CYLINDER DELAY
B3:0 I:0 0:0 TON
0003 ‘ —_— | Timer On Delay EN
0 6 0 Timer T4:1
Bul.1766 Bul.1766 Time Base 0.01 (DN >
Preset 100<
Accum 0<
ARD CUTS POWER AFTER
DELAY X# OF REV ACTUATE ROLLER
T4:1 I:0 0:0
0004 ‘ e, R
DN 7 1
Bul.1766 Bul.1766
CONNECT TO 07 ADVANCE pNEU
POWER ALL RUNGS THROUGH DROPOUT ACTUATE ROLLER CYLINDER
B3:0 I:0 0:0 0:0
0005 ES el sl e
0 8 1 0 |
Bul.1766 Bul.1766 Bul.1766
DELAY
TON
| Timer On Delay CEN >
Timer T4:2
I'ime Base 0.01 (DN >
Preset 100<
Accum 0<
tage 1 Monday, March 25, 2013 - 12:18:3¢
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Ladder Logic PLC Code Cont’d

TIR_LVDT
LAD 2 - --- Total Rungs in File = 8
ARD CUTS POWER BASED RETRACT PNUE
DELAY ON LVDT CYLINDER
T4:2 I:O/ 0:0
0006 eSS EmE——— }
DN 9 2
Bul.1766 Bul.1766
0007 END >
Page 2 ‘Monday, March 25, 2013 - 12:18:3¢
»
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Appendix E — Wiring Diagram
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Appendix F — Calibration

ASTM Calibration

Standard Practice for

Designation: F2537 - 06 (Reapproved 2011)

Calibration of Linear Displacement Sensor Systems Used to

Measure Micromotion®

This standard is issoed under the fved desigration F1337; the number immedialely following the designation indicates the year af
original adoption or, in the case of revision, the year of lost revision. A number in parentheses indicates the yoor of lost reapproval. &
superscript epsilon (£) indicales an editorial chanpe sinoe the last nevision or reapproval.

1. Scope

1.1 This practice covers the procedures for calibration of
linear displacement sensors and their corresponding power
supply, signal conditioner, and data acquisition systems (linear
displacement sensor sysiems) for use in measuring micromo-
tion. It covers any sensor used to measure displacement that
gives an electrical voltage output that is linearly proportional to
displacement. This includes, but is not limited to, linear
varigble differential transformers (LVDTs) and differential
variable reluctance transducers (DVRTS).

1.2 This calibration procedure is used to determine the
relationship between output of the linear displacement sensor
system and displacement. This relationship is used to convert
readings from the linear displacement sensor system into
engineering units.

1.3 This calibration procedure is also used to determine the

error of the linear displacement sensor system over the range of
its use.

1.4 The values stated in 51 units are to be regarded as
standard. Mo other units of measurement are included in this
standard.

1.5 This standard does not purport o address all of the
safety concerns, i any, associated with its wse. It is the
responsibility of the user of this standard 1o establish appro-
priate safely and health praciices and determine the applica-
bility of regulatory limilations prior (o wse.

1. Terminology

2.1 Definitions:
2.1.1 calibraled range, n—distance over which the linear
displacement sensor system is calibrated.

2,12 calibration certificale, n—certification that the sensor
meets indicated specifications for its particular grade or model
and whose accuracy is traceable to the National Institute of
Standards and Technology or another international standard.

! This practice is under the jurisdiction of ASTM Commitice 1104 oo Medical and
Swrgical Matcrials and Devices and is the direct respansibility of Subcommitice
14,15 an Maierial Test Methods.

Cument edition approved  June 1, 2001, Published June 2011, Originally
approved i 2006, Last previous edition approved in 2006 as FI537 - 06 DOE
10 520VF253T-06R11.

2.1.3 core, n—central rod that moves in and out of the
SEMSOL.

Mome |—It is preferable that the sensos prevent the cofe from exiting
the semsor housing.

2.1.4 data acguisition system, n—system generally consist-
ing of a terminal block, data acquisition card, and computer
that acquire electrical signals and allows them to be caplured
by a computer.

2.15 differential variable reluctance transducer (DVRT),
n—a linear displacement sensor made of a sensor housing and
a core. The sensor housing contains a primary coil and a
secondary coil. Core position is detected by measuring the
coils” differential reluctance.

2.1.6 linear displacement sensor, n—an electrical sensor
that converts linear displacement to electrical output.

2.1.7 linear displacement sensor system, n—a system con-
sisting of a linear displacement sensor, power supply, signal
conditioner, and data acquisition system.

2.1.8 linear variable differenatial transformer (LVDT), n—a
linear displacement sensor made of a sensor housing and a
core. The sensor housing contains a primary coil and two
secondary coils. When an ac excitation signal is applied to the
primary coil, voltages are indoced in the secondary coils. The
magnetic core provides the magnetic Aux path linking the
primary and secondary coils. Since the two voltages are of
opposite polarity, the secondary coils are connected in series
opposing in the center, or null position. When the core is
displaced from the null positicn, an electromagnetic imbalance
occurs. This imbalance generates a differential ac output
voliage across the secondary coils, which is linearly propor-
ticnal to the direction and magnitude of the displacement.
‘When the core is moved from the null position, the induced
voliage in the secondary coil, toward which the core is moved,
increases while the induced voltage in the opposite secondary
coil decreases.

219 null position, n—the core position within the sensor
housing where the sensor voltage output is zeqo (SOMe S&nsors
do not have a null position).

2.1.10 offset correction, n—removal of any offset in a
sensor's output so that at zero displacement, zero voliage is
recorded.

Copyright © AETM Intlomational, 100 Bam Hartor Drive, PO B C700, Wast Conshohookon, PA 104282060, Linkod Siates
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2.1.11 perceni error, n—the difference between a measure-
ment of a reference standard and the actoal length of the
reference standard divided by the actual length of the reference
standard and the result comverted to a percent.

2.1.12 power supply, n—a regulated voltage source with
output equal to that required by the sensor for proper operation.

2.1.13 sensor housing, m—central hole in a linear displace-
ment sensor that senses movement of the core within it.

2.1.14 signal conditioner, n—electromic equipment that acts
to convert the raw electrical output from the linear displace-
ment sensor imto a more useful signal by amplification and
filtering.

3. Summary of Practice

3.1 A linear displacement sensor is mounted in a calibration
fixture such that it can be subjected to a precise, known
displacement.

3.2 Displacement is applied in steps over the full range of
the linear displacement sensor and electrical readings (for
example, voltages) are collected using the linear displacement
SENS0r sysiem.

3.3 Each voltage reading is taken as the average of 100
readings over 0.1 s, decreasing the error of the reading. The
error in the readings is recorded as the standard deviation in the
readings. This emor should be constant and independent of
displacement. It should be noted that the error in the readings
iz a summation of errors in each of the linear displacement
S2NS00 SYSIEM COmponents.

3.4 The calibration factor (S) is calculated as the slope of
the voltage versus displacement curve wsing linear regression.

3.5 Linearity of the sensor is assessed.

3.6 The percent error is determined for each calibration
point collected. This percent error is evaluated together with
the tolerance of the micrometer head calibration.

4. Significance and Use

4.1 Linear displacement sensor systems play an important
role in orthopedic applications to measure micromotion during
simulated use of joint prostheses.

4.2 Linear displacement sensor systems must be calibrated
for use in the laboratory to ensure reliable conversions of the
sysiem’s electrical output to engineering units.

4.3 Linear displacement sensor systems should be calibrated
before initial wse, at least annually thereafter, after any change
in the electronic configuration that employs the semsor, after
any significant change in test conditions using the sensor that
differ from conditions during the last calibration, and after any
physical action on the sensor that might affect its response.

4.4 Verification of sensor performance in accordance with
calibration should be performed on a per use basis both before
and after testing. Such verification cam be done with a less
accurate standard than that wsed for calibration, and may be
done with only a few points.

4.5 Linear displacement sensor systems generally have a
wiorking range within which voltage output is linearly propor-

—

tional to displacement of the sensor. This procedure is appli-
cable to the linear range of the sensor. Recommended practice
is to use the linear displacement sensor system only within its
linear working range.

5. Apparatus and Equipment
5.1 Linear Displacement Sensor.

5.2 Power Supply, with output equal to that required by the
SENSOL.

5.3 Signal Conditioner, Dala Acgrisition Svstem, and Re-
lated Cables and Filtings.

5.4 Test Method—Micrometer Fixtare Calibration:

5.4.1 Calibration Fixiare, a ixture that provides a means for
fixing both a micrometer head and the linear displacement
sensor along a parallel displacement axis, and is capable of
applving displacement to the linear displacement sensor
throughout its linear range. The alignment tolerance of the
calibration fixture must be measured.

542 Micrometer Head, a precision instrument with known
error (that is, tolerance). The spindle of the micrometer must be
non-rotating and spring-loaded. The micrometer head shall be
calibrated annually by the manufacturer or other qualified
personnel.

6. Hazards

6.1 Safety Hazands:

6.1.1 This practice involves electrical equipment Verify
that all electrical wiring is connected properly and that the
power supply and signal conditioner are grounded properly to
prevent electrical shock to the operator. Take necessary pre-
cautions to avoid exposure to power signals.

6.2 Saferw Precautions:

6.2.1 Examine the semsor housing for burrs or sharp edges,
or both. Remove any protrusions that might cause harm.

6.2.2 The sensor can be permanently damaged if incomectly
handled. Consult the manufacturer’s guidelines for handling.

6.2.3 The sensor can be permanently damaged if incomectly
connected o the power supply, or if connected to a power
supply with the wrong excitation level. Consult the manufac-
turer’s guidelines for use.

6.2.4 Follow all manufacturer’s recommendations with re-

gard to safety.

6.3 Techrical Precautions:

6.3.1 If using a linear displacement sensor that permits the
core (o leave the sensor housing, do not interchange cores with
other linear displacement sensor housings.

6.3.2 Replace the sensor if it, or any component of it, shows
any signs of dents, bending, or other defects that may affect its
performance.

6.3.3 Store all system components in dry, protective loca-
tions when not in use.

634 Do not exceed the allowable input voltage of the
sensor 4s specified by the manufacturer.

6.35 Do not connect a voltage source to the output leads of
the sensor.

6.3.6 Do not over-tighten the sensor within the calibration
fixture.
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6.3.7 The behavior of some sensors may be affected by
metallic holders; this must be considered during use of the
SENSOL.

7. Calibration and Standardization

7.1 Verify that the calibration fixture, micrometer, power
supply, signal conditioner, and data acquisition system are all
in good working order, and of sufficient precision and bias.

7.2 Verify that all components have been individually cali-
brated and are within their respective calibration cycles.

B. Procedure

8.1 Perform the calibration in an environment as close to
that in which the sensor will be used as possible. All necessary
equipment should be in the environment in which they are to be
used for calibration for at least | h prior to calibration to
stabilize temperature effects. Ambient temperature should be
quantified and recorded. Ambient temperature during the
calibration procadure should be maintained within =2°C of the
initial temperature.

B.2 Verify that the power supply is adjusted to supply the
recommended voltage to the sensor.

8.3 With equipment turned off, connect all power supply,
signal conditioning, and data acquisition equipment exactly as
it will be used in service. Follow the manufaciurer’s suggested
order of connecting equipment, if prescribed. Allow all elec-
tronics o warm wp for at least 15 min before beginning
calibration.

B.4 Verify that the sensor is working properly by changing
its displacement position and watching the signal change
accordingly on the chart.

8.5 NMote the model number and serial number of the linear
displacement sensor to be calibrated.

8.6 Mote the calibration protocol to be followed.

B.7 Confirm that the micromeier head, data acquisition
system, linear displacement sensor, and signal conditioner have
been calibrated and are within their calibration cycles.

B.8 If any calibration i not up to date, have the proper
calibration performed before calibrating the sensor within the
current system.

B.9 Mote the tolerance of the micrometer head calibration.

8.10 Record the name of the calibrator, date of calibration,
all equipment used (model and serial numbers, if possible),
calibration units, input voltage supplied, and input limits and
resolution of the data acquisition system.

B.11 Test Method—Micrometer Fixture Calibration:

E.11.1 Secure the sensor into the mounting fixture.

B.11.2 Secure the mounting fixture into the calibration
fixture.

B.11.3 Secure the micrometer head into the calibration
fixture.

BE.11.4 Define the zero position of the sensor. This is the
position of the first calibration point and it is located at one end
of the linear range of motion of the sensor. This position is
found by positioning the sensor at its null position (where the

—

27

voliage output of the sensor is zero) and then rotating the
micrometer head in one direction until the sensor has traveled
to the end of its rated linear range in that direction (that is, a
distance of Y2 of its total rated linear range).

B.11.5 Record the sensor system readout as Sensor Reading
I in a table corresponding to zero displacement. Also include
the error in the position reading (that is, the tolerance of the
micrometer head and the combined largest emor associated
with the quantified misalignment of sensor and micrometer
head).

B.11.6 Sample the voltage data from the sensor at a fast
sampling rate for a finite time. (See MNote 2} Record the
average and standard deviation of the sample in the table. It is
recommendad that a software program be written or used to
efficiently perform these tasks.

Nore 2—At least 1000 Hz for 0.1 s is recommended.

B.11.7 Move the micrometer to a predetermined displace-
ment from the zero position. Move the micrometer in only one
direction, as there may be significant backlash in the microm-
eter that will result in unguantified errors in displacement
measurements.

B.11.8 Repeat steps B.11.5 and E.11.6 for the new position.

B.11.9 Repeat steps 8.11.7 and 8.11.8 for wniform intervals
throughout the linear range of the sensor. At least 10 calibration
points should be included.

B.11.10 Rotate the micrometer head in reverse order and
record readings in the table throughout the linear range of the
SEMSOL.

B.11.11 To obtain reproducibility data, repeat these steps for
a minimum of two times using the same calibration positions.

B.11.12 Calculate the calibration factor, linearity, error
bounds of each data point, displacement error, and percent
error a5 described in Section 9.

9. Calculations

9.1 Calibration Factor—The calibration factor (8) is calcu-
lated as the slope of the voltage versus displacement curve
using linear regression.

9.2 Linearitv—Linearity of the sensor can be assessed by
calculating the coefficient of determination (R*) of a line fit
through the data points using linear regression.

9.3 Percent Error—The percent emror is calculated for each
point collected. First, the difference between the displacement
value of the point calculated from the calibration equation and
the actual measurement of the displacement at the point
collected is calculated. The percent error of each point is 100x
the resulting differencefthe calibrated range.

10. Acceptability Criteria

10.1 In order for the sensor to be usad, it must be calibrated
within the following crileria;

10.1.1 The B* value must be greater than 0.93.

10.1.2 The standard deviation of the voltage measurement
of any given calibration point must not be greater than 0.010
VIV full scale.

10.1.3 The percent errors at each calibration point calcu-
lated in 9.3 must be evaluated together with the tolerance of the
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micrometer head calibration used as the reference standard,
against the error requirements for the specific application of the
measurement system and be deemed acceptable.

11. Calibration Certificate

11.1 The calibration certificate should include the follow-
ing:

11.1.1 Type of sensor being calibrated (linear displacement
sensor).

11.1.2 Make of the sensor.

11.1.3 Model of the sensor.

11.1.4 Serial number of the seasor.

11.1.5 Date of calibration.

11.1.6 Name of calibrator.

11.1.7 Voltage excitation if applicable.

11.1.8 Input limits and resolution of data acquisition system
used.

11.1.9 Acceptability criteria.

11.1.10 PASS/FAIL.

11.1.11 List of all equipment used in the calibration (make,
model, serial number, calibration status).

11.1.12 Reference to the calibration protocol followed.

11.1.13 Calibration data (data points and error bounds,
average and standard deviation for voltage measurements).

11.1.14 Plot of the calibration data.

11.1.15 Calibration equation and R* value.

11.1.16 Ambient temperature as recorded per 8.1.
11.1.17 Tolerance of the micrometer head calibration.

12. Keywords

12.1 calibration; displacement; instrumentation: measure-
ment: micromotion; sensor; transducer

APPENDIX

(Nonmandatory Information)

X1. RATIONALE

X1.1 Calibration of linear displacement sensor systems is a
critical practice that should always be performed prior to use of
such a system for measurement of displacement. This step is
even more critical when the value of the displacement to be
measured is on the micron scale.

X1.2 This practice provides a guideline for ensuring proper
calibration of such a system. This practice will ensure that
product performance dependent on micromotion between or-
thopedic components and other medical devices will be prop-
erly evaluated.

ASTM international takes no postbn respecting the vaidly of any pelent rights asserted in comection with any flem mensoned
Intris standard. Users of this standard are expressly sdvsed et detemination of he valdly of any such patent nghis, andthe sk
of infingement of such rgits, are entirely thelr own responsibiity.

ThE standai Is subect o revision at any time by the
if not revised, ather

technicalcommitiee and must be EvEwed every ive years and
standards

responsitie
or withd@wn. Yourcomments are invied elther for revision of this standarm or for sodiionss

and should be adaressed o AS TM iternatibnal Headquarters. Your comments will receive careful constieratbn af @ meeting of the

responsibE tectnical committee, which you may aftend. If you fedl that your comments have not eoalved & fair hearing you should
make your views known io the ASTM Committee on Standards, at the add7ess shown Defow.

Tk standei is copyrighted by ASTM intematibnal 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 184£28-2950,

United States. indivifus! mprints (single or muitile

copias) of this standsnd may be cbtzhed by contacthg ASTM &t the sbove

address or & 610-822-9585 (phong), 610-832-9555 (1Y), of senice@astn.om (emal); or through the ASTM website
(www.SS07.0/7). Permission rights fo photocopy the standard msy Siso be secured from e ASTM website (WWW.SStm.om/

COPYRIGHT/).
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USBR Standard

PROCEDURE FOR

UNITED STATES DEPARTMENT OF THE INTERIOR
BUREAL OF RECLAMATION

LISBR. 1008-89

CALIBRATING LINEAR VARIABLE
DIFFERENTIAL TRANSFORMERS

INTRODUCTION

This procedure is under the jurisdiction of the Geotechnigal Services Branch, code D-3700, Research and Laboratory Services
Division, Denver Office, Denver, Colorado. The procedure is issved under the fived designation USBR 1008, The number immediately
following the designarion indicates the year of acceptance or the pear of last revision,

L. Scope

1.1 This designation outlines the procedure for cali-
brating LVIYTs {linear variable differential rransformers).

1.2 Merhod A ourlines the calibration procedure using
precision gauge blocks; merthod B outlines the calibration
procedure incarporating a micramerer fixiure.

2. Applicable Documents

2.1 LSHR Procedurc:
USBR 1000 Standards for Linear Measurement Devices
LISBR 3900  Srandard Definitions of Terms and Symbols
Relating ro Soil Mechanics

22 Federal Specificasion
GGG-G-13C  Gage Blocks and Accessories

3. Summary of Method

3.1 Readimgs from an I¥DT and from either the pre-
cision gauge blocks (methed A) or the micromerer fix-
ture (method B) are compared o determine the linearity
amd repeatability of the IVDT. The results are used o
determine the acceptability of the LN DT for laborarory use.

4. Significance and Use

4.1 IVDTs must be calibrared for use in the laboratory
o ensure reliable linear measurements.

4.2 Calibrare LVDTs before imitial use and ar least
annually chereafrer.

5. Terminology (see fig.1)

5.1 Dcfinitions are in accordance wich USBR 3900,
52 Terms not included in USBR 3900 specific to this
designation are:

.21 Null Position-The LVDT core position within
the LVDT body thar voltage output is zero.

3.2.2  TLR (roral linear range).-Tocal distance that
may be traveled by the LVDT core in moving from the
position of maximum voltage cutput ar one end of the
body—through the oull position—to the position of
maximum voltage ourpur at the opposite end of the hody.

5.2.% Full-Scale Displacement-Toral distance
traveled by the core in moving from the null position to

29
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one end of the oral lincar range; ic., one-half of the ol
linear range.

524 Range-Total distance traveled by the core
expressed in rerms of percent plus or minus full-scale
displacement.

525  Repeatability-The degree of LVDT measure-
ment variation for successive measurements of the same
reference standard.

.20  Lineariry.~-The variation of LVDT measure-
ments from a straighe line, The measurements are chrained
using a series of reference standards applisd over the woal
lingar range of the LVDT.

527  Percenr Error-The rario {expressed as a per-
cent) of (1} the difference berween an LYDT measure-
ment of a reference standard and the actal lengeh of the
reference standard to (2) the total linear range of the LVDT.
Percent error also may be determined over a fraction of
the toral linear range.

.28  Volrage Error-Thedifference in LVDT voliage
output for successive measurements of the same reference
standard.
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() LVDT core/core exterson tod assembly. 5 teflon guide, by Ne. 640 UNF threaded

screw, o) LVDT core excension ol d) lock nut, and &) VDT care
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th) Schematic of LVDT mwunting block.

Figure 2 - LVDT mounting block and rod assembly
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6. Apparatus

6.1 General Apparatus:

6.1.1  LVDT-An electrical transducer which converts
lincar displacement to electrical output. An LVDT (linear
variable differential transformer) consises of a stationary
LVDT body and a movable LVDT core. The LVDT core
is threaded on both ends so the LVDT core extension rods
can be attached.

6.1.2  Signal Conditioner and Readour Equipment.-
A signal conditioner provides excitation voltage for the
LVDT, as well as appropriate electranic circuitry to make
the cutput of the transducer (LVDT) compatible with
readout equipment. Readout equipment accepts output
from the signal conditioner and converts it into 2 visual
display of rransducer displacement.

6.1.3 LVDT Core Extension Rod (fig. 2a).-A
nonmagnetic rod (preferably brass), threaded on both ends.
The diameter of the rod and threads must be compatibie
with the diameter of the hole in the LVDT core. The
rod should be threaded a minimum of | inch (25 mm)
at each end with an approximate total length of 2-1/2
inches (65 mm).

6.14 LVDT Teflon Guides (fig. 2a)-Two LVDT
Teflon guides are required and can be purchased from the
LVDT manufacturer, The purpose of the Teflon guides
is to minimize transverse movement of the LVDT core
within the LVDT body,

6.2 Method A—Precision Gauge Block Calibration:

6.2.1  Precision Gauge Blocks—~A set of steel gauge
blocks (inch-pound and/or metric), usually rectangular, that
meer requirements of Federal Specifications GGG-G-15C
and those requirements identified in USBR 1000 for pre-
cision gauge blocks. A gauge block set should contain sizes
{or combination of sizes) necessary to satisfactorily perform
the calibration procedures as outlined in paragraph 10

6.2.2  Comparator Stand (fig. 3)-A stand consisting
of a base of warp-free stability and ground to a guaranteed
flatness; a support column; and an adjustable arm onto
which the LVDT mounting block can be securely attached.

623 LVDT Mounring Block -A device used to attach
the LVDT to the comparator stand (see fig. 2b).

6.3 Method B—Miccometer Fixeure Calibration:

6.3.1 Micrometer Fixwure (fig. 4)-A precision
instrument for linear measurement capable of obraining
readings over the tatal linear range of the LVDT. The
spindle must be nonrotating and spring loaded. The
micrometer fixeure is to be calibrated annually by the
manufacturer or ather qualified personnel.

632  Elecrronic Digital Micromerer (fig. 4)-An
electronic micrometer used to convert displacement of the
spindle of the micromerer fixture  visual numeric display.

7. Precautions

7.1 Safety Precaurions:
7.1.1  The LVDT body should be examined for burrs
and/or sharp edges.

31
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7.1.2  Verify all electrical wiring is connected prop-
erly, and that the signal conditioner (if used) is grounded
properly to prevent electrical shock to the operator.

7.2 Technical Precautions:

7.2.1 The LVDT core and body are a matched set
as purchased from the manufacturer; for best performance,
do not interchange cores with other L VDT bodies.

7.22 Replace the core and body if either shows any
sign of denrs, bending, or other defects which may affect
performance of the device.

7.23 The LVDT core and body should be stored in
a suitable box or case when nor in use.

7.24 Do not exceed the input voltage of the LVDT
as specified by the manufacturer.

8. Calibration and Standardization

8.1 Method A-Verify that gauge blocks used for
obtaining LVDT comparison readings are currently
calibrated in accordance with USBR 1000, If rhe gauge
black calibration is not current, the calibration procedure
should be performed before using the gauge blocks

82 Method B-Verify that the micromerer fixture has
been currently calibrated by the manufacturer or other
qualified personnel, If the calibration is not current, the
calibration should be performed before using the
micrometer fixeure

9. Conditioning

9.1  Perform this calibration in an environment as close
to 68 °F (20 °C) as possible.

9.2 Turnon all elecrronic equipment and allow to warm
up for 30 minutes before use.

- VDT Comparator stand and 1LVDT
P

Figure 3
mounting block (method A)  a) support
column, b) adjustable arm, <) LVDT bady,
&) LVDT mounting blodk, e LVDT core exren
ston rod, and ) base

'



USBR 1008

Figure 4 LVDT Calibratwon assembly

o s s

mcrameter fixture (mechod By 1) signal

conditioner, b) readout equipment, ) electronic I mxcromerer, d) LVDT core
extension rod, ¢ spindle, 1) micrometer bhead carner, gl mxromerer bead
arndd b} chuck
93 The LVDT, calibration gauge blocks, micrometer 108 Merhod A—Precsion Gauge Block Calibracion:
fixture, and comparator stand should be in the environment 1081 Nulf Pasition of LVDT:

in which they are to be calibrated for ar least 24 hours
prior to calibration

10. Procedure

10.1  All data are to be recorded on the "Linear Variable
Differential Transformer Calibration” form as shown on
figure 5

10.2  Record type and serial number of the LVDT w
be calibrated, if it has no serial number, record the model
number and any other identifying markings

10.3  Record the total linear range of the LVDT

104 Record the type and serial number of the reference
standard used

10.5  Artach the cable from the LVDT to the signal
conditioner; and attach the cable from the signal conditioner
output to the readout equipment Plug in the readour
equipment to a power source and allow a minimum 30-
minute warmup

106 Shde an LVDT Teflon guide onto each end of
the LVDT core as shown on figure 2a

10.7  Attach the LVDT core extension rod to the end
of the LVDT core by screwing the LVDT core extension
rod into the threaded LVDT core

—

108.1.1  Attach the LVDT mounting block to the
adjustable arm of the comparator stand as shown on
figure 3.

108.1.2 Shde the LVDT core and core extension
rod assembly into the LVDT body

108.1.3 Place the LVDT body into the LVDT
mounting block and tighten the appropriate screw on the
mounting block. (DO NOT overtighten the screw on the
mounting block; this can deform the LIVDT bady, )

10.8.1.4 Apply voltage to the LVDT. Ensure that
the line voltage is compatible with the power requirements
of the signal conditioner. Refer to the manufacturer’s
operating instructions for voltage requirements.

10815  Place a gauge block (or series of blocks)
which has a height equal to one-half the total linear range
of the LVDT under the LVDT core extension rod; e
for an LVDT having a 2-inch (50.8-mm) total linear range,
a l-inch (25.4-mm) gauge block is used.

10.8.1.6
LVDT body up or down on the comparator stand support

Using the adjustable arm, adjuse the

column as necessary so the outpur of the readout equipment
is approximacely equal o 0 vold.

10.8.1.7 Secure the adjustable arm on the support
column of the comparator stand in the position described

32
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in subparagraph 10816, by tightening the screw of the
adjustable arm,

10.8.1.8 Use the ZERO adjustment on the signal
conditioner to obtain a reading of exactly 0.000 volt, This
is the null position of the LVDT.

MOTE 1.-Adjustment of the signal condivioner may vary
slightly depending on the type of signal conditioner used. Refer
tor the manufacturer’s operating instructions for adjustment of
the specific signal conditioner used

1082 Signal Condivioner Span Sceting (LVDT factor

dererminatien):

10821 Remove the gauge block (or series of
blocks) from benearh the LVDT core extension rod.

10.8.2.2 Place a gauge block (or series of blocks)
which has a heighr equal o the total linear range of the
VDT ias recorded in subpar. 10.3] under the core
extension rod; Le, for an LVDT wich a 2-inch (3{(L8-mm}
total linear range, a 2-inch gauge block is used.

10,823 Adjust the signal conditioner, using the
GAIN conerol screw, so thar the output of the LVDT is
equal to =10.0080 voles de. (Polarity depends on the wiring
of the LWDT.)

MOTE ?.-For convenience, subparagraph L0823 speafies a
secting of £10.000 volts de. for the LVDT outpur ar full-scale
displacement, Other values of ourpar ar full LVDT displacemens
may be used, if desired,

10824 Remove the gauge block (or series of
gauge blocks) from beneath the core extension rod and
replace it with 2 gauge black {or series of gauge blocks)
having a height equal to one-half the waal linesr range
of the LVDT, The readour should imdicare 02000 valt; if
it does not, reset by adjusting the ZERC adjusiment.

10823 Repeat subparagraphs 10822 through
10824 until values of 0000 and L1000 (see note 2)
volts are obtained.

10826 Record the value of LVIYT ourpur at full-

scale displacement £10.000 volts (see note 2} as "LVDT
cutput 1" as shown on figure 5.
. 10827 Remove the gauge block {or series of
jgauge blocks) from beneath the LVDT core extension rod
and allow the LVDT core extension rod w rest on the
comparator stand base.

108258 Record the LVDT cotput obiained as
"LVDT outpur 27 as shown on figuee 3,

10829 Caleulate and record che LVDT ourpur
change and the "LVDT factor™ as shown on figure 5

1083  Lineariy af che LVIDT,

10831 Select appropriate displacement  incre-
menes {gauge blocks) to displace the LVDT core through
its total linear range. It is recommended thar the gauge
blocks be selected such cthar & minimum of four readings—
equally spaced throughout the LVDT toral linear range—
are used.

10832 Raise the LYDT core extension rod, and
place the appropriste gauge block(s} on the comparator
stand base beneath the LVIT core extension rod,

33
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10.8.33% Record the gauge blockis) height in
column | and the coreesponding output of the LVDT
readout equipment in column 2 as shown on figure 5.

10834 Continue w displace the LVDT core at
the selected increments until it has been displaced through
is total linear range.

10835 Record the gouge block(s) height and the
corresponding output of the INDT readout equipment at
each displacemens increment as shown on figure 3.

10836 Calculare and record values of percene of
TLR and percent error for each displacement increment
as shown on figure 3.

10837 Check the linearity of the LVDT in
accordance with provisions in subparagraph 12.1.

1084 Repearabiliey of che LVOT

1e8.4.1  Remave the gauge block(s) from beneath
the LYDT core extension rod,

10.84.2 Repear subparagraphs 10832 chrough
10.8.3.5 wsing the same displacement increments {gauge
blocks) selected in subparagraph 10831

108435  Caleolate and record the voltage error at
cach corresponding displacement increment as shown on
figure 5.

10844 Check repearability of cthe LVDT in
acoordance with provisions in subparagraph 122

109 Merhod B—Micromerer Fixture Calibraeion:

1091 Secure the LVDT bady into the chuck of the
micrometer fixture as shown on figore 4. (D0 NOT
avertigheen the chuck arcund rhe LVDT body. )

1092 Slide the LVDT core with the Teflon guides
and core extension rod assembly inco the LVIDT body.

1093 Arach the INDT core extension rod to the
spindle of the micrometer head carrier wsing an sppropriate
arrachment assembly as shown on figure 4.

1094  Apply voltage o the LVIXT. Ensure chat the
line voltage is compatible with the power requirements
af the signal conditioner. Refer o the manufacturer's
aperating instructions for volrage requirements.

10.9.5 Ensure that the signal conditioner has had
a minimum 30-minute warmup time,

1096 Null Posinon of LVDT:

10961 Torn rthe GAIN control of the signal
conditioner (see note 1) to the minimum gain secring.

10962  Adjust the ZERO control of the signal
conditioner to achieve an cutput of zero vole

10963 Turn GAIN control to spproximarely the
midpoint position.

10964 Remove the LVIIT core by sliding the
micrometer head carrier along the bed of the micromerer
fixture until the outpue is approximately 0 volr. Tighten
the miccomerer head carrier o the bed of the micromerer
frxture.

10965 Rowate the micromerer head to achieve
a reading of exactly 0000 volt. This is the null position
of the LVDT.

1097  Signal Conditioner Span Serring (LVDT factor
determination]:

10.8.7.1
e read 0000,

Reset the electronic digital micromerer

'
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10972 Rotare the micrometer head uncl che
LVDT core has been displaced a distance equal o one-
half the woral linear range of the LVDT, ie. for an LVDT
having a Z-inch (30.8-mm) roml linear range, the digital
micrometer should read £1.000 inch {254 mm). Record
the value of LVIIT ourpur achieved as “"LVDT owepue 1.7

10873 Adjust the signal conditioner, wsing the
GAIN concrol screw, so the outpur of the LVDT readout
equipment i3 equal w E10000 valis de (see note 2.
Polarity depends on the wiring of the LVDT.

10,974 HRorate the micromerer head in the
opposite direction unal the electronic digital micromerer
reads 0.000 vole. The readour equipment should indicare
(LK) wolr; if it does nor, reser by adjusting che ZERO
adjustment.

10975 Repear subparagraphs 109.7.2 through
1097 4 unol values of 0000 and 10000 voles (see note
2) are obiamed,

10976 Rotate the micrometer head uneil the
electronic digital micromerer indicaves the LVDT has been
displaced a distance equal 1o one-half the oral lingar range
of the LVIYT, (This is to be equal displacement but opposite
direcrion as thar achieved in subpar. 10972

104577 Record the LVDT ourpur obrained as
CIVDT outpae 2.7

10878 Calculate and record the LVDT output
change and the "LVDT factor.”

1098  Lineaeiny of ehe LVOT

10981 Select appropriate displacement  incre-
ments o displace the LVDT core through irs roral linear
eange. It is recommended that the displacement increments
be selected such that a minimum of four readings—egqually
spaced chroughout the LVDT range—are used.

82 Roware the micrometer head uoncl the
electronic digital micrometer output corresponds o the
desired displacement increment.

104883 Read and record che digital micrometer
output and corresponding LVDT aurput volrage.

10984 Continue to displace the LVDT by
rotaring the micrometer head o the seleced increments
until the LVDT core has been displaced through s wotal
linear range.

109283 Record the IVDT displacement as
indicated by the digical micraometer and the corresponding
voltage outpur ar each displacement increment.

104886 Calculare and record values of percent of
TLR and percent ercror for each displacement increment,

10987 Check the linearicy of the LVDT in
accordance with provisions of subparagraph 1201

1095 Repeacaboity of the LVDT:

108291 Rowee the micrometer head uneil the
digital micrometer reads 0.000 volt.

10992 Repeat subparagraphs 109282 through
1985 vsing che same displacement increments selecred
in subparagraph 10.9.8.1.

—
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10993  Calculate and record the volrage error ar
cach corresponding displacement increment as shown on
fipure 3.

10994 Check repeatability of the LVDT in
accordance with provisions in subparagraph 12,2

11. Calculations
11 Celeulations are as shown on the “Linear Vari-
able Differential Transformer Calibracion” form. (fig. ).

12. Interpretation of Results

12,1 Linearicp.=Table | 15 to be used for evaluation of
LYDT lincarity.

12.1.2 I percent error, at the listed percent of rotal
linear range, excesds the amount listed o able 1 che LVDT
should be rejected.

122 Bepearability -The voltage ercor should not
exceed 0,03 volt at any displacement. If the voltage error
(col. 8, fig 3) exceeds £0.0% vole, the LVDT should be
rejected.

13. Report

~ 131 The report is to consise of a completed and checked
"Linear Wariable Differencial Transformer Calibration™
form (fig 3.
13.2  All calewlations are to show a checkmark.

14. Background Reference

"Handbook of Measurement and Concrol,” Handbook FB-
76, copyright 1976 by Schaevirz Engineering, Pennsauken,
M, Library of Congress Caralog Mo, 76-2497 1,

Table | - LVIXT percent ervor tolerances,

Towal Range, Allpwable percant ercor
liniear plus or minus  over indicared percent

range of total lincar range, %
in mim in fT] 0 T3 100
010 30050 13y a0 025 200
030 3 g 2.5 10 2% 200
040 10 0200 5.0 Rl 25 200
060 15 300 75 0 25 200
s 20 0400 10 13 2% 200
100 23 0300 125 15 25 100
200 50 Lo 25 25 25 200
400 100 2000 50 25 2% 200
GO0 150 3000 73 15 25 200
3.00 200 4.000 100 A5 2% 200
10.00 250 5000 125 A5 23 200
00 S0 10000 250 A5 2% 200
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LINEAR VARIABLE DIFFERENTIAL

Biscanu of Retlamation TRANSFORMER CALIBRATION Designation USBR 100889
LVDT TYPE HR 1000 MANUF ACTURER Example SERLAL NGO, 15
REFERENCE STANDARD USED: El caucs BLOCKS semaLng_ GBIE
[0 smicROMETER FIXTURE SERIAL NO,
CALBRATION PERFORMED AY OATE
CALIBRATION CHECKED BY BATE
LWDT FACTOR DETEHIIINATIEN
lal LVDT TOTAL LINEAR RANGE [TLR) 2,000 Bw Omm
fb] LVOT OUTPUT 1 10,000 v
fe} VDT OUTPUT 2 -9.978 W
() LVOT OUTPUT CHANGE [ol - fc] 19.978 W
I8} LVDT FACTOR Lsh/idl Dlod Bl v O mev
LINEARITY
TARIAL REFERENCE PERCENT LvoT CHAMNGE IN LVDT PERCENT ERROR
N, STANDARD oF OUTPUT | LvDT OUTPUT MfﬁulF;JE:dF.TT 181 = 410- 19, 1pp
i) = (21 - il I31|
E in D mm % IWOLTSY m in D .
[ih 7 13) {4} 15}
] 0 o -9.978 0 ) a
2 0.250 12,5 -7.480 2,488 0.2498 .00
3 Q.500 25 -4, 982 4,996 0.4996 0020
4 0.790 375 3463 7.45% 0.7485 0028
5 1.000 =0 0,000 9.5978 09878 ola
8 T L2s0 625 | 2.2 12503 1.2503 0.5
T _ wspo | 75 | soar 15,005 1S5 0,075
a 1750 ar.s 7.533 17,511 1751 -0,055
g 2.000 100 10.000 19,978 | 99TE 041
- AEFEATAZILITY
TRIAL AEFEAENCE PERCENT LvoT VOLTAGE LINEARITY X acceet
NOL BETaAMN I:!#FlD oF DUTF"I:l'I' E_HHC‘R D REJECT
LEMGTH E;‘T‘ 1¥ILTS] ‘EJ.-“EE-;.IZJ
mn ';EF! e i (8 FEPEATABILITY m ACCEPT
O mesEcT
1 0 [ “8.376 0.002
2 0.250 12.5 -T.519 “0.038 FEMARKS
3 0.500 25 -3.003 -0,021
4 o750 | 37s 2882 0.039
s 1.000 50 cooo | oooo |
5 1240 625 2558 0.007
7 1.500 75 5,040 0.003
) 1.750 7.5 T.83 -0,002
E] 2,000 100 10,000 0.000

GRS B0 = F40

Figure 5. - Lingar variable differential rransformer calibrarion — example,

—
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Calibration Data

LINEAR VARIABLE DIFFERENTIAL

TRANSFORMER CALIBRATION

LWOT TYPE GP911-5-5 MANUFACTURER OMEGA SERIAL NO,
AEFEREMCE STANDARD USED: O cauce sLocks SERIAL NO
[E MICROMETER FIXTURE SERIAL NO,
CALIBRATION PEAFORMED BY OO, Enginsering DATE 4/12/2013
CALIBAATION CHECEKED BY DATE
LYDT FACTOR DETERMINATION
{a] LVOT TOTAL LINEAR AANGE {TLR} 0.4440 Bw Omm
o) LVDT OUTFUT 1 .02 v
fc} LVOT OUTPUT 2 0011 v
id} LVDT OUTPUT CHANGE Ib] - fe] 5.00% ¥
[eh LVOT FACTOR (alfid] 00875413 & v O megw
LINEARITY
TARLAL AEFERENCE | PERCENT LVDT CHANGE IN LVDT PERCENT EARCA
143 s&ugﬁu Tr;:_l;I| QUTPUT | LVDT QUTPUT Mf:s_UHE MENT (51 w110 - 18] 4 100
(3 = 42) - deh 1= 13} 5 de} EI
B in Dmm %) e T & in Dmm
1] 12 13 £ I5)
1 0.000 a 0.011 0 [i 0.0003%
F 0.055 125 0.605 0.594 0.0521781 0.641%
3 0.110 25 1.242 1.231 0.1081334 0.424%
4 0.165 37.5 1.876 1.865 0.1638251 0.267%
5 0.220 50 2518 2.507 0.2202155 40.050%
& 0.275 625 3.152 3141 0.2759114 0.207%
7 0.330 75 278 3769 0.2210761 .245%
a 0.385 75 .42 4.409 0.3872040 0.523%
) 0.440 100 5.02 5.009 0.44 0.000%
REPEATABILITY
TRIA REFEREMCE PERCENT LVDT WO _TAGE LINEARITY m ACCEPT
voo | suyma | el | aumur | Shaon, 0 reieor
. {%) [ITITR F 11
m " IG?D mm o @ REPEATABILITY m ACCEPT
O mreEcT
' 0.000 0 0.011 0
2 0.055 12.5 0.608 0.002 REMARKS
3 0.110 25 1.242 0
4 0.165 37.5 1.877 0.001
5 0.220 ] 2.512 0008
6 0.275 £2.5 3.15 0007
T 0.330 75 379 0.01
a 0.385 27.5 .41 001
9 0.440 100 5.02 0
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Calibration Curve
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Appendix G — Test Data

GAGE REPEATABILITY AND REPRODUCIBILITY DATA SHEET
ANOVA METHOD

Customer Name: Norris
Gage Name Appraiser:
Part No: - r - i DOW
Gage Number RRN:
Characteristic: - i - i -
Gage Type
Specification: - i LVDT
Trials Parts Appraisers Date Performed 4/16/2013
Tol. Span: - 3 10 3
APPRAISER/ PART AVERAGE
TRIAL # 1 2 3 4 5 6 7 8 9 10
1. A 1 |855.00|{945.00|657.00{1465.00|730.00{1314.00(361.00|2436.00{1051.00(700.00 1051.400
2. 2 |804.00|971.00|639.00|1542.00(733.00|1352.00{305.00{2491.00|1061.00691.00 1058.900
3. 3 [860.00/911.00|645.00|1460.00{716.00|1395.00|365.00{2478.00|1082.00682.00 1059.400
4, AVE [839.67|942.33(647.00| 1489.00(726.33(1353.67|343.67|2468.33| 1064.67 |691.00| X;= 1056.567
5. R |56.00| 60.00 | 18.00 | 82.00 | 17.00| 81.00 | 60.00 | 55.00 | 31.00 | 18.00| ra= 47.800
6. B 778.00(928.00{691.00(1503.00|734.00{1339.00(333.00|2479.00({1091.00(721.00 1059.700
7. 2 |786.00|922.00|639.00|1529.00({714.00|1332.00{299.00{2439.00|1077.00|678.00 1041.500
8. 3 [795.00/924.00|613.00|1525.00(705.00|1342.00{304.00{2461.00|1099.00|726.00 1049.400
9. AVE |786.33|924.67|647.67|1519.00(717.67(1337.67|312.00| 2459.67(1089.00 | 708.33| X,= 1050.200
10. R |17.00| 6.00 | 78.00| 26.00 | 29.00| 10.00 | 34.00 | 40.00 | 22.00 | 48.00| Iy= 31.000
11. C 812.00(950.00{606.00{1571.00|744.00{1390.00(357.00| 2439.00(1107.00 (661.00 1063.700
12. 2 |786.00|953.00|627.00|1546.00{721.00|1314.00{296.00(2440.00|1069.00|675.00 1042.700
13. 3 [812.00|979.00|640.00|1495.00(|744.00|1353.00{330.00{2470.00{1129.00|721.00 1067.300
14. AVE [803.33|960.67(624.33|1537.33(736.33(1352.33|327.67|2449.67| 1101.67 |685.67| X.= 1057.900
15. R |26.00|29.00 | 34.00 | 76.00 | 23.00| 76.00 | 61.00| 31.00 | 60.00 | 60.00| lc= 47.600
16. PART X= 1054.889
AVERAGE |809.78(942.56(639.67|1515.11|726.78(1347.89(327.78(2459.22|1085.11|695.00| Ry= 2131.444
Anova Table
Source DF SS MS F Sig
Appraiser 1016.0222 508.0111 0.81
Parts 29535247.7778 3281694.1975 5243.16 *
Appraiser-by-Part 18 16001.0889 888.9494 1.42
Equipment 60 37554.0000 625.9000
Total 89 29589818.8889
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Appendix |- CAD Drawings

This Page Intentionally Left Blank

Drawings start on next page.
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Measuring Total Indicator Runout
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Norris Sucker Rods
Headquartered in Tulsa, OK.
World’s leading manufacturer of sucker rods

Began in 1882 with wooden sucker rod
production

Produced first metal rod

6.4 million feet of rod produced each month



Sucker Rod

O

O

O

O

@)

Steel rod, 25’- 30’in length

Used in the o1l and gas
industry

Joins surface and downhole
components

Sizes from 5/8” -1 1/8”

Various grades

Image Source: http://sjvgeology.org/oil/pumpjack.jpg

OIL SAND - isSeeton
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TIR is difference between the maximum and
minimum readings of a dial indicator, or similar
device, monitoring a face or cylindrical surface
during one complete revolution of the
monitored surface.

For sucker rods, TIR tolerances are governed
by the American Petroleum Institute (API).

The tolerances are outlined in API Spec 11B.



Problem Statement

Develop a new system of checking for total indicator run out
(TIR). System will be more user friendly and also be able to
handle 15,000 rods per day. Proposed system will cut down
on cycle time while meeting API specification.

Currently:
Norris has equipment installed to check TIR
Only 10% of rods produced are checked for TIR
Discrepancy with third party

User interference



API Specitfication 11B

A.6.2 End Straightness

A.6.2.1 Sucker Rods and Pony Rods
End straightness shall be measured by supporting the rod
body at a distance of 6.00 in. (152.4 mm) from the rod pin
shoulder. The rest of the rod shall be supported at a
maximum of 6.00 ft (1.83 m) with centers in the same plane.
The amount of TIR bend is measured via a dial indicator,
laser or other comparable measuring device. The amount of
bend shall be measured at the machined surface of the pin
shoulder OD. The maximum allowable TIR values for all rod
sizes 5/8 in.to 11/8 in. (15.88 mm to 28.58 mm) is 0.130 in.
(3.30 mm).



Current System

- Keyence shadow system

- Pneumatic cylinders to push
rods

- East / West systems

East has spindle system to adjust for
tolerance in rod length

Tom— O
"

e =g  Disadvantages:
| Bulky

/ 1

)

ol ! ‘ Susceptible to user interference
W g | ——

Expensive






Proposed Design

Proximity sensor stop
system

Roller system to move
rods

Linear Variable

Displacement
Transformer (LVDT)

Pneumatic cylinder to
lift LVDT into place



Linear Variable Differential
Transformer (LVDT)

Proven technology

Armature

(Iro core)\
COmpaCt Primary Coil Second ry Coils  Primary Coil Secondary Coils
Ideal for harsh industrial |
environments Vout vm.
IP65 Environmental Rating J
: Affected zone
Stainless steel body Transformer

Source: http://www.efunda.com/designstandards/sensors/lvdt/images/lvdt_how.gif
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110V AC

Serial Print

Hard drive

Arduino
micro
processor

Micro Logix
1400

Solid State
Relay

Design layout

GP911-5-5

Pass/Fail LED

Pneumatic
actuator

AC Motor

DC Source
PST-8

Proximity
sensar



ASTM F2537-06(2011)
USBR 1008-89

Micrometer Method

Generated calibration
curve with R? — values

Voltage vs Displacement
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Source:

https://nees.org/data/get/facility/RPI/TrainingAndCertification/OnSiteProcedures
/LVDT%?20Calibration%20Procedure.pdf



Testing

Performed measurement system analysis (MSA) by
conducting a gage R&R (repeatability and
reproducibility) study

ANOVA (analysis of variance) technique

Followed guidelines for MSA:
Using supplied rods (4 — 5/8” and 4 — 1” rods):
3 appraisers
3 trials
10 parts



Testing / Data Analysis

Standard
Anova Report Deviation (c)

Repeatability (EV) 26.2031 4.3%
Reproducibility (AV) 0.0000 0.0%
Appraiser by Part (INT) 5.1288 0.8%
GRR 26.2031 4.3%

% Total Variation % Contribution

Part-to-Part (PV) 603.7851 99.9%
Gage system O.K

Note:

Tolerance = 0.00 Total variation (TV) = 604
Number of distinct data categories (ndc) = 32

Gage discrimination acceptable

Verified using Ford Verification data.



Cost Analysis — Current System

- Keyence system

- LS-7501

Two sensors one
controller

$13,000




Cost Analysis — Proposed System

_
Parker Solenoid Valve | 1) 9895|9895
SolidStateRelay | 3]  318| 9558
FlowControlValve | 2| 2349 4698

DC power supply for inductive
sensor 1 165.00 165.00

Inductive proximity sensor 84.00 84.00
29.95 29.95
25.00 25.00
Sub Total for One Side ] suem
Total with 10% MISC | s188352

Total for Both Sides

Savings of $9,272.96 per station



Recommendations

Current system uses pneumatic cylinder
to push rods

Proposed system lifts rods up and uses rollers to
move rods from side to side

Automated stop system to accurately
position shoulder over sensor

Implement system to track rods



Rod Mover Design

Pneumatic cylinder
to actuate stand

Motor mounted to
drive roller

Two bi-directional
motors




Conclusion
Proposed System

Less user interference

Reduced cycle time

“Drop-in” measurement system design

Cost less

Some modifications needed to existing system

Current System
Operational on two stations
Cost is much higher

Bulky
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Introduction

Mission Statement

Our mission is to use the knowledge and expertise of our members to provide quality service
and innovative solutions to the people and businesses of Oklahoma. We aim to help our clients
to achieve their goals and to exceed their expectations. We value work that is done right over

work that is done quickly, and seek to add value to our client’s businesses through quality work.

Problem statement

API specification 11B requires that sucker rods are tested for Total Indicator Reading sometimes
referred to as "Total Indicator of Run out" or TIR. Norris has designed and installed equipment
on several of the CNC rod end threading machines to check TIR. At present they do not perform
inspection on all rods. Norris desires to expand this operation to check TIR on all rods or

perform 100% inspection.

Statement of Work

Background: API specification 11B requires that sucker rods are tested for Total Indicator
Reading (TIR). Norris Sucker Rods has designed and installed equipment on several of the CNC
rod end threading machines to check TIR. At present, they do not perform inspection on all
rods, but they do desire to expand operations to check TIR on 100% of the rods. After the rods
are inspected and TIR measured, random samples are sent to a third party for “verification”. In
the past Norris has not had some problems with their readings matching up with the third
party’s readings. As of late this has not been as big of an issue, but Norris still wants a complete
remake of their current process. We will be designing a new mounting system that will have
much less user interference. Doing this will allow for 100% inspection of all rods produced, and

will not interfere with the operators.

Scope: The objective of this project is to develop a new process for measuring total indicator

reading on sucker rods for Norris Sucker Rods. The new process will be integrated into the




production process and will inspect all rods (15,000 per day maximum) as they are produced.
The total cost must be less than $60,000. After the measuring process has been completed, a
statistical analysis of rod failures will be done to identify likely causes of TIR failures. As well,

attention will be given to the best way to address non-conforming rods.

Deliverables: 1) Completed design/prototype
2) Layout/location of inspection equipment
3) Process for reworking non-conforming rods
4) Calibration process to ensure alignment with third party

Period: Fall and Spring Semesters (8/2012 —5/2013)

Location: Norris Sucker Rods — Tulsa, OK
Oklahoma State University — Stillwater, OK

Applicable Standards: API Spec 11B

Acceptance Criteria: TBD. Further discussion with Norris is needed to determine exact
acceptance criteria. However, the design must meet the basic requirements as outlined in the

scope of the project of reliability, durability, cost, and accuracy.

Work Breakdown Structure

See Appendix A for Work Breakdown Structure.
Tasks List

Oversight

e Weekly progress reports submitted to Norris, Win Adams, and Dr. Weckler

e Ensure open communication between parties
Research, Technology, and Information

e Understand requirements set forth by APl Spec 11B

e Research methods/technologies used to measure TIR

e Research technologies that are applicable to our situation

e Visit Norris and determine possible locations to integrate measuring system
e Gather information (measurements, specs, layout) needed for design




Design

e Develop designs based upon location, measuring device, etc.

e Perform engineering analyses on designs (fatigue, yield, cost, etc)

e Produce drawings of design(s) and the parts included

e Put finalized design(s) in a report to be presented to Norris at end of Fall semester

Approval

e Meet with Norris and submit design(s) for approval
e Make any modifications and resubmit for approval

Fabrication

e Submit approved drawings to have parts fabricated
e Produce a calibration rod

Integration

e Assemble measuring devices into mounting system

e Integrate assembled system into Norris’ production process (at specified location)
o Use existing power
o Use existing PLCs (if needed)
o Use existing marking system for failed rods

e Calibrate system

Testing

e Perform functionality tests
e Perform tests for accuracy, repeatability, and durability

Data Collection and Statistical Analysis

e Log data from measuring system
e Perform statistical analysis on collected data as well as on data from Q.C.
e |dentify likely areas that cause TIR failures

Customer Satisfaction

e Submit all deliverables to Norris
e Work with Norris to ensure their requirements are met and that they are satisfied




Investigation

Industry Analysis

Our research showed that no sucker rod manufacturer currently inspects 100% of their rods.
Norris will be the first to inspect all rods with the implementation of the new measuring
system. Not only will this allow them to better market their product, it will also serve as an
additional quality check. This would be beneficial since Norris offers their “Zero Defects

Guarantee”.

Technical Analysis

Technical specifications for the measurement of end straightness are defined in API Spec 11B.
From API Spec 11B:

A.6.2 End Straightness

A.6.2.1 Sucker Rods and Pony Rods

End straightness shall be measured by supporting the rod body at a distance of 6.00 in.
(152.4 mm) from the rod pin shoulder. The rest of the rod shall be supported at a
maximum of 6.00 ft (1.83 m) with centers in the same plane. The amount of TIR bend is
measured via a dial indicator, laser or other comparable measuring device. The amount
of bend shall be measured at the machined surface of the pin shoulder OD. The
maximum allowable TIR values for all rod sizes 5/8 in. to 11/8 in. (15.88 mm to 28.58
mm) is 0.130 in. (3.30 mm).

The method used by Norris, as well any companies that perform inspections on sucker rods,
must conform to the guidelines set forth by API. As a result, most methods are similar in that
they involve rotating the rod 360° on adequately spaced supports while measuring the total
indicator run out using an approved measuring device or system.

While the methods of measuring end straightness may be similar, the measurement devices
vary. These devices range from simple dial indicators to sophisticated optical measuring
systems. The current device used by Norris is an optical micrometer system from Keyence. This
type of device can provide the accuracy and repeatability (0.12mil and 0.008mil, respectively)
needed while being integrated into the production process without slowing the rate of
production. However, the environment these devices are subjected to at Norris make this type
of system less than ideal. Therefore, other technologies were pursued. Linear Variable
Differential Transformers (LVDT) operate much like a dial indicator but output a digital signal
rather than a dial reading. LVDTs come in many setups and can be used in industrial
applications.




Such factors as durability and reliability must also be taken into consideration. The design must
be able to withstand a maximum of 15,000 rods per day. The measuring system must be
reliable and provide accurate and repeatable results, and a simple calibration procedure should
be implemented to ensure that the system is operating correctly. Consideration should be
given to these aspects in order to help minimize the maintenance costs and requirements.

Patent Searches
To aid in obtaining an idea of what technologies exist that could be used to measure total

indicator run out, a patent search was used. From a patent search using Google Patents for
“total indicator runout”, the following patents were found that were of some interest:

US7197837 Gauge assembly for measuring diameter and total indicated
runout
Honda Motor Co. Issued: 4/3/2007

Device used to measure diameter and TIR on camshafts.
www.google.com/patents/US7197837

US 2002/0077770  Method and system for identifying and evaluating runout limits
of rotational components

Kaminski and Wilson Filed: 12/20/2000
Method used to measure runout on rotating components,
turbines.

www.google.com/patents/US20020077770

US6757636 Computerized electronic runout
Alstom Technology Ltd. Issued: 6/29/2004
Method/Device to measure runout using magnetic field sensing
www.google.com/patents/US6757636

While these patents do not pertain to the measurement of end straightness for sucker rods, the
information contained does provide insight on ways to go about measuring runout. No exact
matches for the measurement of total indicator on sucker rods were found.

Design Concepts

Our first design concept consisted of placing the LVDT’s inside of the CNC machine that is used
to cut the threads on the sucker rods. Having the LVDT’s placed here would be ideal because
measuring the TIR would be one process. This would cut down on the time, as well as the user
interface. The problem we encountered was that there would be no way to conform to API
specifications if the LVDT was inside the CNC. API specifications state that the bracings must be
at certain points along the rod. The distance from the front of the loading tube to the exit end
of the chuck is approximately 40 inches; therefore there would be no way to incorporate a




mounting system inside the CNC that conformed to API specifications. From here we decided
the next best option would be to use the current mounting system since it already conforms to
API specifications. We plan on building a bracket off of the current mount that holds the LVDT.
The current system uses a pneumatic cylinder to push the rod into place to measure the TIR. To
make the system less bulky and more user friendly, we have decided to place a roller in the
middle of system that will roll the rod into place. An inductive proximity sensor will be used as a
limit switch to stop the roller once the rod is in its correct place. This will trigger the actuator to
lift the LVDT up until it is touching the shoulder of the rod. The rod will then be rotated 360
degrees and checked for TIR. Once one side of the rod has been measured for TIR, the same
process will be done to the other side. From here the rod will either be passed and sent on, or
failed and put into the scrap pile. Appendix B shows a CAD drawing of what the set up will look
like. Appendix C contains the design layout for the set up.

Financial Analysis

Proposed Budget

Component Description Part Number |Unit Price| Quantity Price
Spring actuated LVDT GP11-5-S $525 2 $1050
AC powered signal conditioning LDX-3A $515 2 $1030
DC power supply for inductive
sensor PST-8 $165 1 5165
Inductive proximity sensor E57 S84 2 5168
Pneumatic actuator 0.75DSRx1.000 $250 2 $500

sub total $2913

miscellaneous x 1.10
total cost $3204

Cost Comparison

The estimated cost of the full Keyence system per station is $10,000. Our budget estimates the
cost of our system to be $3,204. This represents a savings of $6,796 per station. Norris sucker

rods currently run 9 stations at their Tulsa plant. Utilizing our system represents a total savings
of $61,164.




Project Schedule

During the 2013 spring semester, we will design and build a set up like the one shown in
appendix B. From here we will be able to run tests and work out the kinks in the system. Norris
will fund the project and will be sending us the needed materials; LVDTs, actuators, PLC's, etc.
The setup will be in the Bio-system’s laboratory on campus and will conform to API specification
11b. Once the setup is working properly, we will then present Norris with the system. From
here they can decide on whether to implement the system into their manufacturing facility.

Conclusion

Our main focus is to implement a system that will be able to check TIR for 100% of the rods
leaving Norris. The system must be more users friendly for the operators, as well as more
efficient. The current shadow system is unreliable and is causing discrepancies between Norris
and the third party inspectors. The system we are designing will be much smaller, and will
therefore be much easier to maneuver around, making the system more user friendly for the
operators. As well, our design will provide a significant cost benefit.
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Appendix A

WABS 1.0 Current System Remake

Redesign of current system used for checking TIR.

WABS 1.1 — Project Oversight

Work with Norris to ensure successful completion of the project on time and on budget.
Submit progress reports to the customer when a step has been completed. Get required
information from Norris, such as the CNC specs, which will be crucial to complete the
project. Task is complete when information is received and progress report defining the
schedule is sent out.

WABS 1.2 — Requirements

New design will have to conform to API specifications. 100% of rods being sent out must
be checked. Third party readings must match the readings coming out of Norris. Task is
complete when all requirements are approved.

WABS 1.3 — System Redesign

Redesign current system used to check TIR at Norris based on the requirements outlined
in WBS 1.2. Task is complete once the new system is in place and has been approved by
the appropriate authority.

WABS 2.0 Documentation and Technology

Research available technology’s and patents that could be used in the design process. Produce
drawings for mounting system.

WABS 2.1 Research

Research patents and other technologies that could be used to determine TIR. Task is
complete when an acceptable technology is found that does not conflict with patents.

WABS 2.2 Technology

Once technology has been selected, decide on how to integrate the technology into the
current system. Task is complete when all specifications have been gathered and
technology is integrated into the design.

WABS 2.3 Drawings

Produce drawings for mounting system. Task is complete once drawings have been
approved and sent out for fabrication.
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WABS 3.0 Approval

Review design with customer to ensure standards are met.

WABS 3.1 Review design

Work will be complete when the engineering has been approved and drawings have been
released.

WABS 4.0 Fabricate Mounting System

Fabricate and install mounting system into CNC. Task will be complete once mounting system
has been integrated into the CNC.

WABS 4.1 Materials

Gather materials needed to fabricate system. Task is complete once all materials have
been received and verified.

WABS 4.2 Fabricate System

Work with shop to get part machined for mounting system. Task is complete once all
parts have been fabricated and inspected.

WABS 4.3 Install System

Work with Norris to install mounting system into CNC machine. Task is completed once
system is installed and ready for system integration.

WABS 5.0 Integration of Sensor System

Integrate sensors into mounting system. Work is complete once system is fully functional.

WABS 5.1 Install Sensors

Install new sensors into current system. Task is complete once all sensors have been
installed.

WBS 5.2 Support System

Integrate sensors into existing PLC. Task in complete once sensors have been integrated.

WABS 5.3 Functional Check

Conduct checks on all systems to ensure they are working properly. Task is complete
once all systems have been checked and are working correctly.

11
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Appendix B

Design
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Appendix C

Design layout
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Norris Sucker Rods

> One of the largest manufacturers of sucker rods

- Began in 1892 with wooden sucker rod production
- Produced first metal rod

> 6.4 million feet of rod produced each month

- Working with Tulsa facility




Sucker Rod Industry

» Used in the oil and gas industry
» Steel Rod 25’/30’

» Rods manufactured from hot rolled carbon or
alloy steel

» Joins surface and downhole components
» Production based on oil and gas industry




What can set Norris apart?

- Check T.I.R on 100% of rods

- Market impact

- Premium rods sold at premium price
- Downhole guarantee




Problem

- Only 10% of rods produced are checked for
TIR

- Norris has equipment installed to check TIR
- Discrepancy with third party
- User interference




T.1.R.

- Total indicator readout

- Must conform to API specification 11B

o A.6.2 End Straightness
o A.6.2.1 Sucker Rods and Pony Rods

End straightness shall be measured by supporting the rod body at a distance of
6.00 in. (152.4 mm) from the rod pin shoulder. The rest of the rod shall be
supported at a maximum of 6.00 ft (1.83 m) with centers in the same plane. The
amount of TIR bend is measured via a dial indicator, laser or other comparable
measuring device. The amount of bend shall be measured at the machined
surface of the pin shoulder OD. The maximum allowable TIR values for all rod
sizes 5/8in.to11/8in. (15.88 mm to 28.58 mm) is 0.130 in. (3.30 mm).




Goal

- Evaluate current system

- Inspect 100% of rods

- More user friendly

- Less expensive system

- Capable of handling 15,000 rods per day




Patent Search

- US7197837

Gauge assembly for measuring diameter and total
indicated runout

Honda Motor Co. Issued: 4/3/2007
Device used to measure diameter and TIR on camshafts.

- US6757636
Computerized electronic runout

Alstom Technology Ltd. Issued: 6/29/2004
Method/Device to measure runout using magnetic field
sensing

www.google.com/patents/US6757636



http://www.google.com/patents/US7197837

Patent Search

- US 2002/0077770

Method and system for identifying and
evaluating runout limits of rotational
components

Kaminski and Wilson Filed: 12/20/2000

Method used to measure runout on rotating
components, turbines.

- No exact matches for the measurement of total
indicator on sucker rods were found



http://www.google.com/patents/US20020077770

Current System

- Keyence shadow system




Design Concepts

- Evaluate current system

- LVDTs

- Measure T.I.R inside of CNC

- Use current mounting system
- Photoelectric sensors

- Rollers




Design Concepts

- Place LVDTs inside CNC




Design Concepts




LVDTs

- Linear Variable Differential Transformer

- Consists of a primary and secondary coil
around a free floating iron core

- AC signal in the primary coil transforms iron
core into an electromagnet

- Magnetic flux induces a voltage in the
secondary coil linearly proportional to its
displacement in the coil




LVDTs

Armature

(Iron core)
\

Primary Coil Secondary Coils  Primary Coil Secondary Coils

@ @ 3-

Vout Vout

L/

Affected zone

Transformer




LVDTs

- LVDTs are compact - < 4" in length

- LVDTs are accurate - repeatable within 0.15
microns

- LVDTs are Durable - stainless steel body with

a IP65 rating (ingress protection from debris
and fluids)




LVDTs

- GP911-5-S

- Spring loaded tip

- Repeatability - within 0.15 microns
- Stainless steel body




Actuators

- Parker Model 0.75 DSRx 1.000
- 3" Bore

- 1" Stroke

- Stainless Steel Construction

- Rated to 150 psi




Proximity Sensor

- Omega E57

- Stainless steel body
o Impact and shock resistant

- DC input/ output




Sighal Conditioner

- LDX-3A
- Signal conditioner for LVDT
- 110V AC input + 5Vdc output

- Provides proper voltage and frequency for
VDT

> Internal rectifier
- Hardened aluminum case

e, A WA=

.4‘\.- = e
-2 [

ki1 omega.com’
‘.h TEOMECA,

pe LOX.-3a TRANSOUCER CONDITIONER
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Design layout

110V AC
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Proposed Design




Actuator/LVDT Assembly




Cost Analysis - Current System

- Keyence system

- LS-7501 two sensors one controller
©$13,000




Cost Analysis - Proposed

Component Description Part Number Unit Price Quantity Price

Spring actuated LVDT GP11-5-S $525 2 $1050
AC powered signal conditioning LDX-3A $515 2 $1030
DC power supply for inductive sensor PST-8 $165 1 $165
Inductive proximity sensor E57 S84 2 $168
Pneumatic actuator 0.75DSRx1.000 $250 2 $500
sub total $2913

miscellaneous x 1.10

total cost

$3204




Conclusion

- Proposed System
o Would be more user friendly
o Will take some doing to implement
o Lengths, constraints, etc
o Cost less

- Current System
o Has already been implemented
o Cost is much higher
o Bulky




Questions?
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