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Tension Leg Platform with Fiber Optic
Adhesive Clamps Installed
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hesive Clamp Design

 Key Features:
— Flexible Polyurethane Body
— Integrated Fiber Optic Sensors
— Internal Thin Strip Sensor Shims
— Built-in Adhesive Leveling Channels
— 3-D Printed Mold

24-in Adhesive Clamp
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Fea5|b|I|ty Evaluatio

« Commercial Marm*“ﬁ 1€SI) arké’t='. "v-iv equi —
— Application temperature belween 5 and 75 deg C and Worklng pressure around
4,500 psi corresponding to depths of ~10,000 feet
— Subsea application by commercial divers and/or ROVs
— Adhesive application time (“pot life”) of no less than 30 minutes

— Application on sea floor pipelines in the presence of typical environmental
contaminants

— Adhere well to both polyurethane and steel

* Four commercial adhesives were selected for laboratory testing in both dry
ambient air and synthetic seawater environments.

» Modified test method ASTM D2095-96, Standard Test Method for Tensile
Strength of Adhesives by Means of Bar and Rod Specimens was used to
measure adhesive strength.

— A total of 40 adhesive tensile tests were conducted at the NASA-JSC Advanced
Materials Laboratory.
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Tensile Test Samples Test Article in Tensile Test Fixture

 Based on the tensile test results, a commercial adhesive which
offered the best combination of high average wet bonding strength
(507 psi) and overall ease of handling characteristics was chosen for

this application.
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—Phase I: ' _ ' 1C eej)igo_rr type .--_Mf_, ed onto
test pipes. The 6ﬁject|ves of '?; se | testing were to define the underwater
installation procedures in a controlled environment.

—Phase |l: Evaluation of the adhesive bonding strength of the prototype clamps
installed during Phase |I. A portable Button Tensile Tester (BTT) was built by

NASA-JSC to conduct the testing.

| Button—=* =
Button Tensile Tester Tensile

 Aluminum frame Tester

* Integrated linear actuator

and load cell — both rated at
1,000 Ibf capacity

* Hand switch controller Prototype

* Pin connector at the end of Adhesive
the load cell allowed direct ‘ L Sensor Clamp
force measurement of button J Button Specimen
samples With Tab
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24-inch Dia Test Pipe with Seven Adhesive Clamps *
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Results

*The flndlngs?" ahe Pro0 of-concepttesting derr fated that
the underwater adhesive clamp attachment method by
commercial diver, Is a viable technique.

* A total of 142 tensile test points were produced and used to
assess the adhesive bonding strength of the prototype clamps.
The tensile strength values ranged from 91 to 174 psi.

* Test results indicated that a well-controlled installation protocol
IS needed to maximize the bonding strength of this adhesive
clamp system.

* The findings showed that with proper installation technique the
subsea adhesive would provide a very strong bond between the
polyurethane sensor device and a steel structure.
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* These tests we (o) : :
capabilities of prototype sensor clamps in a conflguratlon
comparable to a realistic application in the oil & gas industry
(e.g. TLP Tendon Tension Monitoring System).

* One 4-inch and two 8-inch diameter adhesive clamp prototypes were
built and tested.

—The 4-inch adhesive clamp prototype was used for tension/compression
tests.

—One 8-inch adhesive clamp prototype was used for tension/compression
tests, and the other was used for 4-point bending tests

 Test article instrumentation included:
— Six fiber optic sensors - 4 axial and 2 transverse
— Conventional resistance strain gauges

* The adhesive clamp prototypes were installed onto the steel test
pipes in an underwater environment



Fiber-Optic Cable Routing ' lyurethane Allowed to Cure for 72 hotirs =

Casting the
Polyurethane

4-in and 8-in Adhesive Clamps
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4-Point Bending Test
(14K Ibf cycles)

8-in Adhesive Clamp
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Tensron /Compressron Testrng

pipes to pro\nde a control reference to assess the performance
of the fiber optic sensor system.

« Tension/Compression cycle tests were conducted at low speed
(0.1 in/min) and high speed (0.5 in/min) with up to 10 loading
cycles for each test run.

* For each cycle, the test article was subjected to approximately
110,000 Ibf of tensile and compressive force which generated
approximately 1250 pin/pin strain.

« At the peak and valley of each cycle, the test machine would
hold it’s position for a set period of 180 seconds.



4-Point Bendlng Testlng

. Conventlonélge c |
test pipes to prowde a control reference to assess the
performance of the fiber optic sensor system.

* Bending cycle tests were conducted at low speed (0.1 in/min)
and high speed (0.5 in/min) with up to 10 loading cycles for
each test run.

* For each cycle, the test article was subjected to approximately
14,500 Ibf bending force that generated up to 1500 pin/pin
strain at the middle of the test assembly.

» At the peak of each loading cycle, the test machine would hold
it’s position for a set period of 30 seconds.

* Rotational test positions ranged from zero to 315 degrees, in
45 degree increments, to vary the strain levels experienced by
the different strain gauges.



Test Summary and Observations

FL__E.@LE&LZ— tein:g" _L"e* amp is

a viable metoU ToT i ‘ing'flber
structures.

« The adhesive clamp demonstrated a very robust sensor coupling
Interface that can produce high-guality strain measurements (up
to 98% correlation in Tension/Compression, and 86% in Bending
when compared to the resistance strain gauges).

« Sensor coupling could be degraded by large displacement
cycles. As the number of cycles increased, some of the sensor
readings decreased correspondingly (worst case: 18%
correlation in Tension/Compression, and 17% in Bending when
compared to the resistance strain gauges).

« When a sensor lost direct coupling with the pipe surface, it was
still capable of providing indirect strain measurement through
the coupling between the polyurethane clamp body and the pipe
surface.

ntic sensors to subsea



*Improve the flber opt|c sensor anchorlng and attachment
methods, such as using different size and shape metal shims to
enhance bonding and surface coupling.

*Improve system reliability by incorporating additional sensors
to provide redundancy in case of sensor failure.

*In the event of direct sensor decoupling, investigate the
feasibility of converting the indirect strain sensing data,
collected through the polyurethane clamp body, into accurate
strain measurements. This will provide a secondary monitoring
capability.

*Devise a technique for curing the casted polyurethane clamps

In a positive pressure environment to reduce offgassing and
bubble void formation in the clamp body.



. Improve -~L £a the Clrrent-Manufactarin gcess
I-size, 3-D mold which inco everal of the

proposed des1g“ |mprovemems

— Increased number of fiber optic sensor arrays and larger metal support shims
— Optimized placement of tie-down supports for encapsulated sensors and fibers

3-D Printed Mold for 24-inch Adhesive Clamp Fabrication
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Thank You for Your Time and Attention
re| Y.

Questions?
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Fiber-Optic

Cables (2)
Routed to
Surface
Platform

Sensor Elements
(4 x 90 deg spacing)
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Adhesive Tensile Strength - Psi (MPa)

Test
e Adhesive #1 Adhesive #2 Adhesive #3 Adhseive #4

- Red font indicates highest test value recorded.

Adhesive #2 presented the best combination of high wet bonding strength
and overall ease of handling characteristics for this application.
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Button TenS|Ie Test Results

Clamp Clamp Clamp Clamp Clamp Clamp Clamp Clamp
A B AA* E BB* C D F

Number of

Valid Tests 20 24 13 18 18 15 15

Min. Adhesive
Strength (psi)

Max. Adhesive
Strength (psi)

Average
Adhesive
Strength (psi)

Adhesive
Strength
Standard
Deviation (psi)

Clamp
G

15
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Tension/Compression Test Matrix
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Hold Time No. of Repeat /
(seconds) Cycle
N/A N/A 1
4.5"OD x 0.237" Wall x 36" Low 180 10
Length Pipes (Test High 180 10
Assembly # 1)
N/A N/A

Test Articles Test Configuration Test Speed

Baseline (No Clamp) N/A N/A

Assembly # 3) High =
N/A N/A

4.5" OD x 0.237" Wall x 36" N/A N/A
Length Pipes (Test Low 180
Assembly # 2) Adhesive High 180

esive amp
8.625" OD x 0.148" Wall x N/A N/A

36" Length Pipe (Test Low 180

4.5" 0D x 0.237" Wall x 36"

Length Pipes (Test Low 180
Assembly # 2)
8.625" OD x 0.148" Wall x
36" Length Pipe (Test
Assembly # 4)

Adhesive Clamp




Rotational
Test Articles . . Position
Configuration
(Degree)
0
0
0
0
30
45
90

8.625" OD x 0.148"
Wall x 120" Length ~ Baseline (No

Pipe (Test Assembly Clamp)
#5)

8.625" OD x 0.148"

Wall x 120" Length

Pipe (Test Assembly
# 6)

Adhesive Clamp

Test Speed

N/A
High
High
High
High
High
High
High
High
Low
Low
High
High
High
High
High
High
High
High
High
High
High
Low
High
High

Hold Time
(seconds)

N/A
180
30
30
30
30
30
30
30
30
30
30
30
120
30
30
30
30
30
30
30
30
30
30
30

No. of Cycle

1
10
1
1
10
10
10
10
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Adhesive Clamp Sensing Performance
Data from Tension/Compression Tests

Maximum Maximum Minimum Minimum
Tensile Compressive Tensile Compressive
Strain Strain Strain Strain
Sensing Sensing Sensing Sensing
Performance Performance Performance Performance
(%) (%) (%) (%)

TC-3-1 N/A N/A N/A N/A

4"
TC-3-2 Adlhesive 89.9 91.8 19.2 27.0

Assembly Number  Number of
Type / of Test Accumulativ
Number Cycles e Test Cycles

Test
Number

TC-3-3 C'ir;‘p / 86.5 86.7 19.3 22.6

TC-4-1 87.8 85.8 18.2 19.6

TC-3-4 N/A N/A N/A N/A

8"
TC-3-5 Aalreaive 96.1 95.2 26.4 35.8

TC-3-6 C"';rzp / 97.3 99.3 26.2 33.7

TC-4-2 98.8 98.2 24.9 34.0




Adhesive Clémpﬂéensing Pe_rformance Data
from 4-Point Bending Tests
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Maximum Maximum
Rotational Number Number of Tensile Strain  Compressive
Position of Test  Accumulative Sensing Strain Sensing
(Degree) Cycles Test Cycles Performance Performance
(%) (%)
N/A N/A
22.6 69.5
21.6 63.2
19.0 57.8
17.8 56.8
85.9 82.2
25.2 19.8
83.2 17.4
20.2 17.8
21.8 19.7
17.2 21.5
25.7 56.6

24.8 42.3



8" Adhesive Cla

mp Tension/Compression Test at High Speed
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(STL Strain Gauge Data)
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8" Adhesive Clamp 4-Pt Bending Cycle Test at 45-Degree
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