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ll Background

* Concern about impact of chlorine dioxide ClIO2 on fluid ends and flow iron
e Current corrosion studies unrepresentative (static vs. dynamic tests)

* A test was needed that simulated flow conditions, fluid chemistry, and typical
alloys used in hydraulic fracturing

b
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l Goal

Determine the effect chlorine dioxide (ClO,) has on common field iron used in
hydraulic fracturing flow and pressure pumping equipment at

a. Typical dose rates
b. In a traditional slick water hydraulic fracturing fluid chemistry

c. Using both fresh and brine water solutions

d. Inadynamic flow environment £ 5
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[ Plan

* Design a test to simulate flow conditions, alloys, and typical fluid chemistries
e Use fresh and brine solutions

* Mimic the steps in a conventional frac stage

* Establish a baseline using fluid systems without ClO,, then repeat with CIO,
* Repeat each stage and fluid system to reduce uncertainty

* Measure critical parameters to ensure consistency between stages

* Quantify corrosion rates using multiple sensors

* Analyze data to assess impact of ClO, on selected alloys
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l Summary

 Carbon steel (CS) corrosion rates were poor (1-5 mm/yr)
* Stainless steel (SS) corrosion rates were good (<0.5 mm/yr)
* Corrosion rates of CS in brine were over 30% higher than fresh

* Overall there does not appear to be any statistically significant
impact of the CIO, in either fresh nor brine water solutions

* ClO, did not increase O, levels in any of the fluid systems used
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1.0-5.0Poor

0.5-1.0Fair

0.1-0.5 Good

Corrosion ranges taken from Corrosion Engineering (1986) by Mars G. Fontana, McGraw-Hill Book Co., NY, ISBN: 0-07-021463-8
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[l Test Fixture and Flow Plan

T9D Stage Flow  Velocity = Flow  Velocity gunTime Volume
m (BPM)  (FPS)  (GPM)  (FPS)  (Minutes) (gal)
(oo ] mET 2.0 2.1 3.0 2.2 3.0 9.0
3.5 3.8 5.0 36 320  160.0
3.0 3.2 4.5 3.3 2.0 9.0
SR ew— 70 75 tos 73 10 10s
" | Flush VA 188  26.0 18.8 60  156.0
. — " Pause 5.00
TiS{ch T1R T5SEPTSRE TGS§T6R+ T7S§T7R+ T8S P TSR 17.5 18.8 26.0 18.8 5.0 130.0
~—JN N NN 17.5 188 260 188  100.0 2,600.0
Ton  @itwe  ©oa  ©on  aloms Y 175 188 260 0 1838 60  156.0
(Cl02) (Cl02) 160.0
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Test Facility
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[l Instrumentation

* Chlorine Dioxide (ClO,):Kuntze Zircon™ DIS Sensor Model N0:231512110
Dissolved Oxygen (DO): Endress+Hauser: Oxymax COS61D Model No: COS61D-1014/0
Conductivity: Endress+Hauser: Condumax CLS21D Model No: CLS21D-C1N1

Turbidity: Endress+Hauser: Turbimax CUS51D Model No: CUS51D-10V6/0

poH & ORP: Endress+Hauser: Memosens CPS16D Model No: CPSD16D-1009/0

* Pressure: Burkert Type 8323 S 0-200psig \ Jania

Flow: Endress+Hauser ProMass 100 Flowmeter
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ll Corrosion Monitoring

Three methods of measuring corrosion were used

mponents (CS, 304SS)

LPR Probes using 304SS, 316SS, and Seven cylinder coupons 7.3ft of 0.75” ID tubular co
4130CS electrodes (4130CS, 4140CS, 4150CS,
4340CS, 17-4SS, 304SS, 316SS)
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[l Test Plan — Fluid Summary

* The simulated frac fluid consisted of
friction reducer, scale inhibitor, and
100 mesh sand at 1ppg

* The acid phase used 7.5% HC| with
corrosion inhibitor @ 2.5 gpt

* On Day 3 and 4 water was treated
with ClO, to a 5ppm residual before
beginning each stage

@ © 2018 Fountain Quail Energy Services, LLC.

Fountain Quail Al Rights Reserved

ENERGY SERVICES

Scale Inhibitor @ 0.25gpt

SC-30 sourced from X-CHEM (0.25gpt)
0.5-1.5% Sodium hydroxide
Friction Reducer @ 1.0gpt
TFR-24La sourced from Tucker Energy Services (1.0gpt)

15-20% Petroleum Distillate
<1% Ammonium Chloride
<1% Oleic Acid Diethanolaide

50 -60% Water
Corrosion Inhibitor @ 2.5gpt
TCA-6038 sourced from X-CHEM (2.5gpt)
50 -70% Methanol
20-30% Pyridine Benzyl Quaternary Ammonium Chloride
5-10% Water
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[l Test Summary

* Testing conducted on Monday, July 24,
2017 through Thursday, July 27, 2017

* Four days of testing divided into two
simulated frac stages per day

* Each stage was approximately 3 hours
and consisted of six phases
®pump down @acid @flush @®pad
®proppant ®final flush

* Flow loop was flushed each day and left
full to keep sensors wet.
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[l Test Plan B

* O, in Slurry Tank dropped unexpectedly T
e Corrosion rates were significantly lower

* Corrosion data was compromised resulting
in the loss of a baseline

A “recycle” of the 60/40 test was needed

* “Fresh” produced water was acquired
* Brine test was run again on Oct 3-4

* O, Levels were consistent

6 Run M A Hours ~ liomstamp ©~
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[l Fresh Water Quality
* Elements with concentrations sample Y water Y B

H No ClO2 - Raw B No Cl02 - w/ Chems m +Cl02 - Raw m+Cl02 - w/ Chems

1000
100
10 ||
B .III 1l .l IIII IIII I

Al Ca Fe K Na Si pH Hardness (CaCO3)
Consttvent ¥
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Produced Water Quality

60/40 Blend Water Quality

M Raw Produced W 60/40blend m60/40w/chems M 1ppg Slurry w/ ClO2

1,000,000.00
100,000.00
10,000.00

1,000.00

100.00
10.00 II I |
_='l II III III - IIII [}
S 8 ® S S 2 3 g £ E = 5 &

o~
w

1.00

Wy = o T
[ : v
g : a
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Results and Analysis
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[l Results

60/40 Blend

QA

Fountain Quail

ENERGY
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Carbon Steel Alloys

)

Stainless Steel Alloys

)

|

Metal <Y Water <Y

clo2 o

Average of Rate (mm/yr) CS Alloys in Fresh Water Fluid HNo Cl02 mw/ Clo2

5.0

4.5

4.0

35

3.0

25

Corrosion Rates mm/yr

4
Source v Alloy ~

Metal T water ¥ Run T

Coupon

0.5-1.0Fair

0.1-0.5 Good

4130
Tubular

oz v

i

Metal <Y Water Y
Average of Rate (mm/yr)

4.5

Stainless Alloys Corrosion in Fresh Water

4.0
35

3.0

Corrosion Rate mmy/yr
N
w

coz -

HNo ClO2 mw/ClO2

0.5-1.0Fair

0.1-0.5Good

304 316 17-4PH 304

Source  ~ Alloy ~ Coupon

{Meml leWaler ij

Average of Rate (mmyyn) CS Alloys in 60/40 Blend Fluid ENoClo? mw/Cl02

5.00

4.50

4.00

350

3.00

250

Corrosion Rate mm/yr

Coupon

0.5-1.0Fair

0.1-0.5Good

4130

LPR Mem

© 2018 Fountain Quail Energy Services, LLC.
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~———— Stainless Alloys Corrosion in 60/40 Blend
Average of Rate (mm/yr)

45
40
35
30
25

20

Corrosion Rate mm/yr

15

10

0.5

0.0

LPR

316 ‘

304 316 17-4PH 304 316

Coupon LPR

Source Y Alloy ~

304

LPR Mem

316

316

Tubular

Tube

Corrosion ranges taken from Corrosion Engineering (1986) by Mars G. Fontana, McGraw-Hill Book Co., NY, ISBN: 0-07-021463-8

clo2 A

mNo Clo2 mw/ClO2

0.5-1.0 Fair

0.1-0.5 Good

Page 17



Jl Carbon Steel Individual Coupons (Fresh Water)

[ Metal vYI Water le

cloz2 G

Average of Rate (mm/yr) CS Alloys in Fresh Water Fluid B No Cl02 B w/ Clo2
5.0

4.5

4.0

3.5

3.0

2.5

2.0

Corrosion Rates mm/yr

15

1.0

0.5-1.0Fair

0.5
0.1-0.5 Good

0.0

4130 4140 4150 4340 4130

Source leAIon ~
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Jll CS4130 Alloy (Fresh Water)

The spikes in corrosion O
are a reaction to the acid
pad, but rates dropped back
to a lower equilibrium each
time.

©
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Water h ¢ Alloy

vY Source ,Y
CS4130 Corrosion in Fresh Water Fluid

Average of Rate (mm/yr) n
5.U

4.5

4.0

3I

Avg 2.05 Avg 2.03
| | | Avg 1.62 | |
43 03 :20 :33 54 13 :31 25 58 :15 :33 5 30 :5§ 19 34 (02 20 (23 4
10 A 11 AM 12 PM 1PM| 2 PM 3 PM A PO AM 11 AM 12 PM
1 2 5

Run = Hours ~ Date ~

© 2018 Fountain Quail Energy Services, LLC.
All Rights Reserved

cloz2 G

H No ClO2 mw/ ClO2

| sosoren |
©

Avg 1.87

0.5-1.0 Fair
0.1-0.5 Good

:07 :A45 (01 :15 :36 :44

2 PM 3 PM 4 PM
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[l Carbon Steel Coupons Averages (A&B) (60/40)

Metal  -Y Water Y Run T clo2 v

[Avemg,eofRate(mrrWr] ] CS A”OVS in 60/40 Blend Fluid ENoClo2 mw/ ClO2
5.00

4.50

4.00

3.50

3.00

2.50

2.00

Corrosion Rate mm/yr

1.50

1.00

0.5-1.0Fair
0.50

0.1-0.5 Good

0.00

4130 4140 4150 4340 4130 4130 4130

Coupon LPR LPR Mem Tube

Source2 Y So Y Alloy ~
Hres | l aree l 24 Coupon LPR1 Tube
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Jll CS4130 Alloy in 60/40 Blend

Y Y Y
[Water - lAIon - lSouroe - l clo2 'l

Average of Rate mmpy) |  CS4130 Alloy in 60/40 Blend mNoClo2 mwj/Clo2

5.0

4.5

40 3.73 Avg

35
0 2.42 Avg

2.32 Avg

2.

(=]

95 2.45 Avg
1.

[®a]

1.

(=]

0.5-1.0Fair

0.

[®a]

0.1-0.5 Good

0.0
R0 :29:38 :53(:07 :18 :37 :51(:08 :21 :32 :45 :5p|:15:27 42 :58 :11 :24 :36 :p0 :17 :30 :4D :18 :32 :5D :35 :49/:08 :24 :48(:11 :24 :40 :53[:05 20 :36 :50[:10 :25 40

10 AM 11 AM 12PM 1P 1PM 2PM 3PM 12 PM 1PM 2PM 3PM 4PM 5PM
3N

(s
RunI leDays 'IHOU"i’ vlDate G 5 3 4
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[l 4130 Corrosion in 60/40 Blend w/ ClO2 Residuals & pH

Note the low pH
spikes resulting
from the acid pad
residual flushing
thru the system
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Process value
Flow —— 1130

Average of Value

— (|02

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

pH - ClO2 ppm - 4130 mm/yr

2.00

4

A

0.00

A1023236:49:02:15:28:41 :54:07:20:23:46:59:12:25:38:51:04:17:30:42:56:09:22 35:48:00:13:26:29:52:05:18:31:44:57:10:23:36:49:02:15:28:41:54:07 20:33:46:59:12 25 :38:51 04

10 AM 11 AM 12 PM 1PM

Run Y Hours ~ Timestamp ¥

© 2018 Fountain Quail Energy Services, LLC.
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2PM

2

3PM

12 PM

1PM

3

2PM

3P

3PM

4PM

4

\]

5PM 6P

30.00

25.00

20.00

15.00

10.00

5.00

0.00

Flow gpm
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[l Carbon Steel Statistical Analysis

e Statistical analysis of the corrosion
coupon data in the 60/40 blend
shows no statistically significant
difference with or without addition
of ClO, in either group.

* This can be seen graphically in the
overlap of confidence intervals.

@ © 2018 Fountain Quail Energy Services, LLC.
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450

4.00

350

3.00

250

2.00

1.50 4

100

050 -

Q.00 -

Coupon Average Corrosion Rate in 60/40 Blend Fluid
(mm/yr with 95% Confidence Interval)

B HNo Cio2
B/ CO2

C5,n=8
A5, n=6

Carbon Steel Alloy Steel

Page 24




[l Stainless Alloys

etal Y Water Y o Y

* Corrosion of the stainless alloys was e T
consistently in the excellent to good range ;o

* No statistically significant impact of the CIO, in
either fresh nor brine water solutions

* The average of both observed and memory o L o
LPR data was <0.1 mm/yr while coupon f e | ]
CorrOSion rates We re <O.29 mm/yr in freSh S Stainless Alloys Corrosion in 60/40 Blend o .

water and <0.35 mm/yr in the 60/40 blend .

0.5-1.0 Fair

0.1-0.5 Good
|| - [ |
316 - 316 3 316 316
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Conclusions
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Conclusions — Water Chemistry

ClO, did not change water chemistry
ClO, did not increase O, saturation

Excess acid in poor quality ClO, effected carbon steel when pH < 5.8 and CIO,
residuals > 3.0

Process value X
Average of Value T Average of Value Process value X
Flow e ()2 —TEMP
110 30 110 Flow w— Saturation —Temperature 30
0 25
90 25 9 5
o~ - £ n 7 20
o 70 20 ¢ 2 £
8 > 5
R g o -
% 50 15§ ¥ 5
o & o 3 — s, Ny, 10
o i A e +~ — :
a 30 10 3
10 5 10 :10:24:38:52:06:20:34:48:02:16:30:44:58:12:26:40:54:08:22:36:50:04:18:32:46:00:13:27:41:55 :09:23:37:51:05:19:33:47:01:15:29:43:57:11:25:39:53:07:21:35:49:03 0
10 AM 11 AM 12PM 1 1PM 2PM 3IPMM 4 12PM 1PM 2PM 3PM 3PM 4PM 5PM 6PM
.10 :45:00:15:30:45:00:15:30:45:00:15:30:45:00:15:30:45:00:15:30:45:00:15:30:45:00:15:30:45:16:31:46:01:16:31:46:01:16:31:46.:11:26:41:56:11:26:41:56:11:26:41:56:11:26:41 M
12PM  1PM 1PM  2PM 3 PM apm 10AM  11AM 12 PM 2PM 3PM apm 5PM
Run Y Hours ~ Timestamp ¥ Run =Y Hours Yy Timestamp s
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Jl Conclusions - Corrosivity

Fresh Water

©The application of ClO, had very little
effect on stainless alloys

= Carbon steel corrosion rates showed
some slight increase but less than 4%
overall

@ © 2018 Fountain Quail Energy Services, LLC.
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Brine Water

©The application of CIO, had very little
effect on stainless alloys

$Carbon steel (CS) corrosion rates were
over 30% higher than fresh water

$CS exposed to low pH and high CIO,
residuals appears more susceptible to
corrosion

< Adding ClO, shows no detrimental
impact over a statistically significant
population of CS samples and test runs
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