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Executive Summary
The University of Alaska Anchorage has successfully completed all experiments and product development activities described in the original CAAP proposal. The project engaged nine undergraduate mechanical engineering students and one research professional. In addition, the project supported a Master’s graduate student. Students involved in the project were introduced to the Corrosion Under Insulation (CUI) damage mechanism and contributed to the project’s effort to combat this threat to aging pipelines via injectable bentonite inhibitors. The results of this project helped the Principle Investigator to obtain funds from the ConocoPhillips Arctic Science and Engineering Award program to build a full scale accelerated CUI testing apparatus. In this way, the CAAP award has been instrumental in establishing a new vein of CUI-related research at the University of Alaska Anchorage.
During the project’s performance period, team members designed and prototyped an inhibitor injection apparatus. Proof-of-concept testing subsequently confirmed the that this apparatus is capable of injecting a solvent-bentonite mixture at the pipe-insulation interface of an insulated pipe. Isopropyl alcohol was identified as the solvent carrier of choice for powdered sodium bentonite based on its high vapor pressure at typical operational temperatures and its chemical compatibility with polyurethane foam insulation. A novel compact CUI crevice cell was developed, fabricated, and used to conduct corrosion experiments. The results of corrosion tests performed under simulated crevice conditions (i.e., well aerated, acidic, chloride- and fluoride-containing solutions) suggest that bentonite clays can reduce corrosion rates by up to 50%. Localized corrosion was not observed during the study. These results are extremely promising and suggest that injectable bentonite inhibitors are a viable tool in combating CUI on aging oil and gas pipelines.
 







Expenditures
[bookmark: _Ref492560692]The project was completed with a significant budget reserve. A summary of expenditures is provided in Table 1. 
Table 1: Expenditure summary
	Code
	Original Budget
	Expenditures

	Personal Services
	$91,477.00
	$84,348.59

	Staff Benefits
	$12,814.00
	$14,123.77

	Travel
	$8,684.00
	0

	Contractual Services
	$9,900.00
	$222.05

	Commodities
	$8,800.00
	$8,500.42

	Capital Expenditures
	$0
	$5,425.39

	Student Aid
	$15,228.00
	$565.00

	F&A
	$67,418.00
	$54,883.83

	Total
	$214,321.00
	$168,069.05



The returned funds represent approximately 78% of the overall project budget. These project savings were primarily due to the graduate research assistant’s tuition being covered by the G.I. Bill. Additional savings were realized by using repurposed materials for prototyping and by reclassifying the 6-cell corrosion testing apparatus as equipment (capital expenditure). 

Travel funds were not utilized during the project performance period, however, the PI intends to present the results of this project at a conference at a later date.

Summary of Activities
[bookmark: _GoBack]A summary of the activities carried out during this project performance period is provided below. Where appropriate, experimental results are provided in the Appendices of this report.

I. Injection Apparatus Development
Undergraduate students involved: Hayden Maxwell, Keir Johnson, Erik Williams, Ryan McClain, Brandon Markson, Joyell Acuna, Garrett Prokosch, John Wilkins, and Maile Guibe.

The injection apparatus design and testing consisted of two primary tasks:
· Identification of a carrier liquid for the powdered bentonite clay
· Design, build, and test an apparatus capable of delivering the bentonite and carrier liquid solution to the pip-insulation interface

A. Identification of a carrier liquid
The undergraduate students involved in this task were asked to consider several attributes of potential carrier liquids:
1. Ability of carrier to retain bentonite particles in a suspended state
2. Chemical compatibility of carrier with polyurethane foam insulation
3. Vapor transmission of carrier vapor through polyurethane foam insulation

The undergraduate students performed a literature search and identified four potential carrier liquids:
· Propylene glycol
· Ethanol
· Isopropyl alcohol
· Acetone
In addition, water was included for comparison purposes. Water is obviously not a viable choice for a carrier, as it would promote CUI when injected at a dry insulation-pipe interface. 

A-1: Bentonite suspension capacity
Powdered bentonite clays have a very low solubility in most liquids. The bentonite-carrier solution will need to be agitated in the fluid reservoir to keep the bentonite solids suspended prior to injection. The first test performed, involved a measurement of suspended bentonite at room temperature. The undergraduate student team developed a test procedure where a particular mass of sodium bentonite powder was added to a well-agitated volume of the carrier fluid. The source of agitation was turned off and solids were allowed to settle for a short period of time. A set volume of the liquid, containing suspended bentonite solids was drawn off from the solution above the settled solids (at the bottom of the beaker). The mass of the suspended bentonite in this drawn off volume was determined by evaporating the carrier liquid. The results are given in Table 2.
[bookmark: _Ref492560817]Table 2: Carrier liquid sodium bentonite suspension capacity
	Carrier fluid
	Suspension concentration (g/mL)

	Propylene glycol
	0.07

	Ethanol
	Below measurement limit

	Isopropyl alcohol
	0.02

	Acetone
	Below measurement limit

	Water
	0.03



A-2: Chemical compatibility
The chemical compatibility of the prospective carrier liquids was evaluated by observing mass and volume changes which occurred over 24- and 72-hour immersion periods. Cube-shaped samples of polyurethane foam insulation were weighed and measured before and after the immersion cycle. The average values of mass change and volume change (expressed as a percentage) per unit time are listed in Table 3.
[bookmark: _Ref492565582]Table 3: Carrier liquid – foam chemical compatibility results
	Carrier fluid
	
	

	Propylene glycol
	+ 3.91
	- 0.05

	Ethanol
	+ 4.20
	- 0.20

	Isopropyl alcohol
	+ 3.35
	- 0.30

	Acetone
	+ 8.12
	+ 0.77

	Water
	+ 1.87
	- 0.03



[bookmark: _Ref492566172][bookmark: _Ref492566190]Pictures of the experimental setup used for chemical compatibility testing are provided in Figure 1.

[image: ] [image: ]
[bookmark: _Ref492566229]Figure 1: Chemical compatibility testing



A-3: Vapor transmission 
The vapor transmission properties of the candidate carrier fluids were investigated using a modified wet cup technique. Two jars of each carrier fluid were covered, one with foam insulation disk and the other with an impermeable metal disk. The mass lost from each jar was measured after sitting at room temperature for 10 days. The adjusted vapor transmission rate () was calculated as:

In the above equation,  is the mass lost through the foam covered jar,  is the mass lost through the metal lid covered jar,  is the jar opening area, and  is the time elapsed between mass measurements. The results of the vapor permeability tests can be found in Table 4.
[bookmark: _Ref492567257][bookmark: _Ref492567243]Table 4: Vapor permeability results
	Carrier fluid
	AVTR 

	Propylene glycol
	Below measurement limit

	Ethanol
	0.80

	Isopropyl alcohol
	1.90

	Acetone
	4.15

	Water
	0.273



Pictures of the experimental setup used for vapor permeability testing are provided in Figure 2.

[bookmark: _Ref492567541][image: ]
Figure 2:Vapor permeability testing















B. Injector Design 
The second portion of the injector apparatus development involved the design, prototyping, and testing of an apparatus capable of injecting a liquid at the insulation-pipe interface. The undergraduate student design team produced the following injector design:

[image: ]

[image: ]
Figure 3: Fluid pressurization system
[image: ]

[image: ]

Figure 4: Needle-style, self-sealing injector

This original design was prototyped and modified by a second student design team. The prototype of the injector design was tested using simulated weld packs. Pictures of the modified design, prototype, simulated weld packs, and testing results are included below. 
[image: ]
Figure 5: Modified injector schematic

[image: ]
Figure 6: Modified injector quill, drawing

[image: C:\Users\Hayden\AppData\Local\Microsoft\Windows\INetCacheContent.Word\IMG_0773.jpg]
Figure 7: Final prototype of injector apparatus


[image: C:\Users\Hayden\AppData\Local\Microsoft\Windows\INetCacheContent.Word\IMG_0771.jpg]
Figure 8: Modified injector quill
[image: ]
Figure 9: Injector and simulated weld pack. Post injection sectioning complete


[image: C:\Users\Hayden\AppData\Local\Microsoft\Windows\INetCacheContent.Word\IMG_0776.jpg]
Figure 10: Injector in operation on simulated weld pack

[image: ]
Figure 11: Radial fracture of foam insulation from over pressurization (injection fluid dyed red)


[image: ]Injected fluid traveled along insulation-pipe interface

Figure 12: Successful injection (injection fluid dyed red). Though not visible in this image, the fluid traveled 360° around the pipe for a total surface coverage of 80 ± 10 in^2.














II. Bentonite Corrosion Testing

A. Objective and Overview

The primary objective was to investigate the corrosion properties of carbon steel under extreme corrosive environments similar to those encountered at the pipe-insulation interface of insulated, carbon steel pipelines.  Two different corrosion cells and two electrolyte solutions were considered for this experiment.  Experiments were conducted for each cell-solution combination, with and without sodium bentonite clay to determine the inhibitor efficiency of the sodium bentonite in these environments. The experimental matrix can be found in Table 5. Full experimental results are provided in Appendix A.

Table 5: Experimental Matrix

	Test #
	Temp. [image: ]
	Electrolyte Composition
	Cell
	Test #
	Temp. [image: ]
	Electrolyte Composition
	Cell

	1
	140
	Seawater
	1L cell
	13
	140
	Seawater
	Foam crevice cell

	2
	160
	Seawater
	1L cell
	14
	160
	Seawater
	Foam crevice cell

	3
	180
	Seawater
	1L cell
	15
	180
	Seawater
	Foam crevice cell

	4
	140
	Foam slurry1
	1L cell
	16
	140
	Foam slurry1
	Foam crevice cell

	5
	160
	Foam slurry1
	1L cell
	17
	160
	Foam slurry1
	Foam crevice cell

	6
	180
	Foam slurry1
	1L cell
	18
	180
	Foam slurry1
	Foam crevice cell

	7
	140
	SWSNaB2
	1L cell
	19
	140
	SWSNaB2
	Foam crevice cell

	8
	160
	SWSNaB2
	1L cell
	20
	160
	SWSNaB2
	Foam crevice cell

	9
	180
	SWSNaB2
	1L cell
	21
	180
	SWSNaB2
	Foam crevice cell

	10
	140
	FSSNaB3
	1L cell
	22
	140
	FSSNaB3
	Foam crevice cell

	11
	160
	FSSNaB3
	1L cell
	23
	160
	FSSNaB3
	Foam crevice cell

	12
	180
	FSSNaB3
	1L cell
	24
	180
	FSSNaB3
	Foam crevice cell


1 Foam slurry prepared using an adaptation of the method described in ASTM C871.
2 SWSNaB: Seawater-saturated sodium bentonite
3 FSSNaB: Foam slurry-saturated sodium bentonite







B. Metal Coupons

The experiments were conducted using 1018 carbon steel plate (ASTM A36 hot rolled) metal coupons.  The metallurgical test report (MTR) is shown in Figure 13 below:

[image: ]
Figure 13:  MTR for 1018 carbon steel coupons.

These coupons were water jet cut to preserve the microstructure.  Two sizes of coupons were cut from a 33”x33”x3/16” plate (3”x1” rectangular and 1-1/4” diameter circular).

These coupons were prepared and cleaned before and after exposure to the corrosive environment using an industry standard practice as detailed below:
1. Sandblasted to 120 grit finish.
2. Washed in a mixture of 50/50% Xylene/Iso Propanol for 15 minutes at 140°F.
3. Coupons were then washed in 1000 mL of 40/60% hydrochloric acid/reverse osmosis water mixed with 30 grams of 1,3 Dibutyle-2-Thiourea, for 5 minutes at 140°F.
4. Dipped into a mixture of 2-1/2 tablespoons of sodium bicarbonate mixed into reverse osmosis water at 140°F.
5. Washed coupons in acetone.
6. Air dry in fume hood.
7. Measure weight and record.

Typical coupons are shown before and after sample preparation in Figures 14 and 15 respectively:

[image: ]
Figure 14:  Typical rectangular and circular metal coupons before sample preparation.

[image: ]
Figure 15:  Typical metal coupons after sample preparation.


C. Corrosive Environments

C-1: Foam Crevice Cell

The foam crevice cell was finalized after several iterations and adjustments. The intent of this novel cell was to improve upon the CUI-cell design presented in ASTM G189 – 07; simulating CUI conditions, in a more compact and less expensive cell. A glass cylinder with two ports for inlet and exit fluid was the base.  Inside the glass, a circular metal coupon was held in place by a plastic frame which was sandwiched on both sides by insulating foam to create a crevice similar to actual conditions of corrosion under insulation.  The plastic frame was ABS 3D printed plastic which allowed the experimental solution to immerse both sides of the metal.  Fluid replenishment was accomplished by using a level switch and a peristaltic pump with a reservoir of reverse osmosis water.  See Figures 16 – 22.

[image: Cell Assembly (Exploded)]

Figure 16:  Foam Crevice Cell exploded view.
[image: Cell Assembly (Collapsed)]

Figure 17:  Foam Crevice Cell collapsed view.

[image: ]
Figure 18:  Glass base.


[image: ]
Figure 19:  Empty crevice cell with funnel, float switch, and drain valve.

[image: ]
Figure 20:  Crevice cell fluid level testing.

[image: ]
Figure 21:  Foam plugs created in the plastic molds.

[image: ]
Figure 22:  Finalized crevice cell design.

C-2: 1-Liter Cell

1-Liter cell corrosion experiments are useful as an initial screening tool for corrosion inhibitors. With respect to CUI, they fail to simulate the restricted mass transport and small electrolyte volume associated with corrosion at the structure-insulation interface.  The metal coupons were suspended in the solution using an ABS 3D printed plastic frame with a glass cross bar.  Oxygen replenishment was provided by bubbling lab air through the cell.  The loss of solution due to evaporation was reduced by using a condenser connected to a coolant manifold.  See Figures 23-25.

[image: ]
Figure 23:  Samples suspended by 3D printed ABS plastic support with glass rod cross bar.


[image: ]
Figure 24:  1-liter cell set up.

[image: ]
Figure 25:  1-liter cell set up.

C3: Electrolyte compositions
 
Two different electrolytes were prepared; artificial seawater and foam slurry.  Artificial seawater was prepared according to ASTM standard D1141 – Standard Practice for the Preparation of Substitute Ocean Water.  Approximately 20 liters of the solution was prepared. The initial pH was determined to be 8.32.

Foam slurry was prepared using ASTM standard C871 – Standard Test Methods for Chemical Analysis of Thermal Insulation Materials for Leachable Chloride, Fluoride, Silicate, and Sodium Ions.  Existing foam from the Trans Alaska Pipeline was provided by industry contacts and was used to prepare the foam slurry.  Approximately 10 liters of the solution was prepared.  The initial pH was determined to be 6.90.

Experiments were conducted using the above solutions, with and without sodium bentonite.

C3: Electrochemical Measurement Techniques

In addition to weight loss coupons, corrosion rate measurements were obtained in the 1-Liter cells using the Linear Polarization Resistance (LPR) technique.  The LPR probe (figure 26) consisted of three electrodes; two Hastelloy for the reference and counter electrodes and a 1018 steel probe for the working electrode.

[image: F:\CUI\Pictures\20161012_114331.jpg]
Figure 26:  LPR probes with three electrodes.



Conclusions and Recommendations

I. Carrier liquid conclusions
The results of the carrier liquid testing indicate that isopropyl alcohol (IPA) possesses the best balance of chemical compatibility and vapor transmission rate with respect to closed-cell polyurethane foam insulation. Bentonite solubility is less than optimal. Several surfactants were investigated with the aim of increasing suspension times of bentonite in IPA. The volume fraction of surfactant required to see a significant increase was deemed unacceptable (>40% v/v) for this application. The low solubility of bentonite in IPA will need to be addressed during injection through solution agitation and injector flow line orientation (i.e. avoid dead legs). 

II. Injector Conclusions
Injector prototype testing revealed several interesting features of liquid injection at the pipe-insulation interface:
· Injection of a liquid at the pipe-insulation interface is possible
· Injection pressures must be carefully controlled to avoid fracturing the foam insulation
· Radial fracture of the foam insulation tested occurred consistently at injection pressures above 60 psi. 
· Liquid injection at the pipe-insulation interface required sustained injection pressures. 200  of solution required approximately 15-25 minutes to inject fully at the interface. Sustained pressures are easily attained using a dead weight load on a loading arm.
· Injection proceeded even in samples where foam insulation appeared to be tightly adhered to the pipe surface (i.e., no apparent macroscopic flow channel). See Figure 12.

The foam insulation in legacy weld packs is typically less tightly adhered to the pipe surface. This scenario will allow for increased injection rates (shorter injection times). The fracture strength of legacy foam insulation may be lower than that of new foam insulation due to the presence of larger flaws or a decrease in fracture toughness with age. This parameter should be investigated prior to injection on legacy weld packs.

III. Sodium Bentonite Conclusions
The results of the sodium bentonite testing were promising.  The 1-Liter cell experiments provided corrosion rates that are extremely aggressive (up to 80 mils per year).  The sodium bentonite added to the solution under the same operating conditions resulted in an approximate 50% reduction in the corrosion rate.  In the artificial seawater, LPR measurements corroborated these corrosion rate measurements.  However, the foam slurry LPR measurements were not consistent with the weight loss coupon results.  This was likely due to the low conductivity of the foam slurry.

The foam crevice cells did not initially provide the same aggressive corrosion rates that were present in the 1-Liter cells.  This was theorized to be due to oxygen mass transport restrictions. This affect was addressed by bubbling lab air through the cell.  This increased the corrosion rate significantly (approximately 300%). 

In addition, the sodium bentonite did not provide the same reduction in the corrosion rate as was demonstrated in the 1-Liter cells.  This was likely due to the replenishment solution being reverse osmosis water.  The assumption was that the ions from the initial fill of seawater or foam slurry would remain in the crevice and the replenishment of water would be adequate to maintain the corrosive environment and initial ion concentrations. Chemical testing indicated that this assumption was not valid. The source and selectivity of ion loss was not specifically investigated, but will be addressed in future work. 

None of the weight loss coupons displayed signs of localized corrosion. This is especially important in considering sodium bentonite as a candidate for injectable inhibition of CUI. Full-scale, long-term tests are necessary to confirm this finding.


Future Work 
I. Injector 
The injector prototype is complete and functional. In the future, the diameter of the supply lines will be increased to prevent obstruction of valves with bentonite deposits. The concept of applying low-level vacuum via the injector quill will be explored as an option for enhanced drying of wet weld packs in the field.

II. Sodium Bentonite
Based on the results of the preliminary experiments, sodium bentonite appears to be a viable injectable CUI inhibitor candidate. Full scale, long-term testing of bentonite inhibitors will be undertaken using the College’s new accelerated CUI pipe testing apparatus. 

The design and operating procedure of the foam crevice cell will continue to be refined in order to better simulate the aggressive environments which exist at wet structure-insulation interfaces.

Additional chemical solutions will be evaluated to assess their potential to be used as injectable inhibitors for CUI.


Appendix A: Results

Numerical results from the 1-Liter and Foam Crevice Cell testing are provided below.


Figure A1:  Corrosion rates for 1-Liter cells.  Inhibitor efficiency displayed in red above each experiment.


Figure A2:  Corrosion rates for foam crevice cells.  Inhibitor efficiency displayed in red above each experiment.


Figure A3:  Corrosion rates for 1-Liter cells displayed with weight loss coupons and LPR measurements.  Inhibitor efficiency displayed in red above each experiment.

Figure A4:  Corrosion rates for 1-Liter cells displayed with weight loss coupons and LPR measurements.  Inhibitor efficiency displayed in red above each experiment.


Figure A5:  Corrosion rates for foam crevice cell with constant immersion compared to air pumped through the bottom port.  Corrosion rate percentage increase shown in red.

1 Liter Cell Experiments

Without Sodium Bentonite	
Seawater, 180 deg	Seawater, 160 deg	Seawater, 140 deg	Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	21.676595874060293	28.01094732559724	31.528134295685977	83.634413087915291	58.646755810053293	42.605425805695653	With Sodium Bentonite	
Seawater, 180 deg	Seawater, 160 deg	Seawater, 140 deg	Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	10.768073637437132	13.491199561638858	15.537579573860645	35.013901880510012	25.697624550014108	23.710382131299369	
Corrosion Rate (mpy)




Foam Crevice Cell Experiments

Without Sodium Bentonite	
Seawater, 180 deg	Seawater, 160 deg	Seawater, 140 deg	Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	2.1362260952157337	2.782852624248942	2.8556347902327541	8.6680886901305065	2.2438990706710142	1.8869915476230552	With Sodium Bentonite	
Seawater, 180 deg	Seawater, 160 deg	Seawater, 140 deg	Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	2.1593595948376714	8.7384747400160467	2.3087240071263322	2.4070793385860005	2.0440449566979981	2.084303128894518	
Corrosion Rate (mpy)




LPR Measurements Assuming Tafel Constants of 0.1 V

LPR Without Bentonite	
Seawater, 180 deg	Seawater, 160 deg	Seawater, 140 deg	Seawater and bentonite, 180 deg	Seawater and bentonite, 160 deg	Seawater and bentonite, 140 deg	94.82	72.86	55.82	LPR With Bentonite	
Seawater, 180 deg	Seawater, 160 deg	Seawater, 140 deg	Seawater and bentonite, 180 deg	Seawater and bentonite, 160 deg	Seawater and bentonite, 140 deg	33.590000000000003	37.65	35.950000000000003	WLC Without Bentonite	
Seawater, 180 deg	Seawater, 160 deg	Seawater, 140 deg	Seawater and bentonite, 180 deg	Seawater and bentonite, 160 deg	Seawater and bentonite, 140 deg	21.676595874060293	28.01094732559724	31.528134295685977	WLC With Bentonite	
10.768073637437132	13.491199561638858	15.537579573860645	
Corrosion Rate (mpy)




LPR Measurements Assuming Tafel Constants of 0.1 V

LPR Without Bentonite	
Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	Foam slurry and bentonite, 180 deg	Foam slurry and bentonite, 160 deg	Foam slurry and bentonite, 140 deg	8.0779999999999994	4.1539999999999999	4.4180000000000001	LPR With Bentonite	
Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	Foam slurry and bentonite, 180 deg	Foam slurry and bentonite, 160 deg	Foam slurry and bentonite, 140 deg	11.92	12.12	9.5690000000000008	WLC Without Bentonite	
Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	Foam slurry and bentonite, 180 deg	Foam slurry and bentonite, 160 deg	Foam slurry and bentonite, 140 deg	83.634413087915291	58.646755810053293	42.605425805695653	WLC With Bentonite	
Foam slurry, 180 deg	Foam slurry, 160 deg	Foam slurry, 140 deg	Foam slurry and bentonite, 180 deg	Foam slurry and bentonite, 160 deg	Foam slurry and bentonite, 140 deg	35.013901880510012	25.697624550014108	23.710382131299369	
Corrosion Rate (mpy)




Foam Crevice Cell Experiments

Constant Immersion	
Foam slurry, 180 deg	8.6680886901305065	Air Pump Oxygen Replenishment	
Foam slurry, 180 deg	35.483391366347902	
Corrosion Rate (mpy)
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