Final Report

Comparison of Large-Scale (Ohmsett) and Small-Scale Dispersant
Effectiveness Test Results

For

U.S. Department of the Interior
Bureau of Ocean Energy Management, Regulation and Enforcement
Herndon, VA

By

SL Ross Environmental Research
Ottawa, ON

And

MAR Inc.

June 2011




Acknowledgements

This project was funded by the U.S. Bureau of Ocean Energy Management, Regulation and
Enforcement (BOEMRE). The authors wish to thank Joseph Mullin, of BOEMRE, for his
guidance in the work. Jim Clark and Tom Coolbaugh of ExxonMabil provided the EXDET test
results and the Corexit 9500a dispersant used in the Ohmsett testing. Pegasus Technical Services,
Inc. completed the baffled flask tests under contract to EPA. The assistance of the following
companies and their representatives in the sampling and shipping of oils used in the study is
greatly appreciated: Susan Hathcock - Anadarko Petroleum Corporation, Paul Ardoin and Mike
Kelly - BHP Billiton Petroleum (Americas) Inc., Scott Robertson - DCOR LLC, Brian Hansen —
ExxonMobil, Steve Liles - Pacific Energy Resources Ltd., Derek Sullivan - Petro-Canada, East
Coast Operations, David Rose and Byron Everist - Plains Exploration & Production Company,
and Kieth Wenal -Venoco Inc

Disclaimer

This report has been reviewed by BOEMRE staff for technical adequacy according to contractual
specifications. The opinions, conclusions, and recommendations contained in this report are
those of the author and do not necessarily reflect the views and policies of BOEMRE. The
mention of a trade name or any commercial product in this report does not constitute an
endorsement or recommendation for use by BOEMRE. Finaly, this report does not contain any
commercialy sensitive, classified or proprietary data release restrictions and may be freely
copied and widely distributed.



Table of Contents

ACKNOWIEAGEMENES ...ttt e e st e et esae e aeeseeeseenteeneesseenseeneenreeseenee e i
11 = 1 = SRR i
EXECULIVE SUMIMEIY ....eoeieieciie ittt ettt sttt e s s e st e e teeseesaeeseeseesaeentessaesneenseeneesseensennnenns i
IO o 1= o (1= PSSR 1
2. BACKGIOUNG ... et e et et e s ae e e e e e ste e teeseesneeneeneenreenne 1
3. Large-Scale ONMSEE TESHING .....veiverrerierieeieie et 2
TN I 1V 1 0 SRRSO 2
G o (== 1 OSSR 5
3.2.1 Dispersant EffECtIVENESS.........ccvcieiiere ettt e et sreeneaneens 5
3.2.2 Dispersed Oil Concentrations and Drop Size Distributions............c.ccooveeiiieicicicnnne 6

4. SMall SCAlE TESE RESUITS .....ccueiuiiiiiesiisie ettt sae e 9
4.1 Warren Spring Laboratory (WSL) Rotating FIask TeSt........cccceveieiiieninireeeeeeeesieene 9
g R I === 1Y = 1 oo USSR 9
A I B (= | PRSPPI 10

4.2 EPA Baffled FIESK TESL.....cciiiieiesisesene ettt 13
A.2. 1 TESEIMEINOUS.....cceeiieieieeee ettt e e e s reesteeneenneens 13
A.2.2 TESE RESUITS .....oviieiiieiieie ettt ettt st bbb se e e neenae st 14

4.3 SWITTING FIESK TESE ... ne e 15
4.3 1 TESE MEINOUS. .....cuiiiiiiieieee et ne et 15
A.3.2 TESE RESUITS....ceeeieeie sttt sttt e e e st e b e e e e s seenseeneesneeneeeneenneans 16

N = I I 1] o OSSP 17
|V = 1 oo SRRSO 17

A A.2 RESUITS ...ttt ettt ettt bbb b e bt et e et e et 17

5. Comparison of Small Scale Test Results to ONMSELt DE ...........ccooiiininenineeeeeeeeeeeseeens 19
6. Summary of Key Results and ReCOmMmMENdations............ccvevueeeeieeiesieeseese e 22
T REFEIBICES ...ttt b et et e b e et e e ae e s bt et e e it e nbe e benae e be e e nneas 23
Appendix A: Oil Drop Size and Concentration Graphs...........ccoeeoeierireneseneseseeeeeesee s 25
Appendix B: Cyclops C3 Calibration Curvesfor Test Crude OilS........ccccveviviieeieeciee e 33
Appendix C: Small Scale Test PrOCEUIES...........ccuoiiiriireririerieeeeee e 39
Warren SPring LabOIGLONY .......ccueiiiiiiiieiie ettt st sse e ste e sae e e ne e naeenreas 39
AN e 1= o [ = RSP SSS 44
] I I USSR 48



Executive Summary

The objective of the work was to compare the results of large-scale dispersant effectiveness tests

conducted at the Ohmsett facility to those from a number of small-scale |aboratory tests.

Large-scale DE testing was completed at the Ohmsett test tank in the week of October 26™
through 30", 2009 and on November 1% and 2™, 2010 using the standard DE test protocol
developed for dispersant testing at Ohmsett over the past several years.

A Sequoia Scientific LISST 100X particle size analyzer (LISST) was used to record data on oil
drop sizes and in-water oil concentrations. A Turner Cyclops C3 in-situ fluorometer (C3) was

also deployed to measure in-water oil concentrations.

The C3 device identified the same concentration peaks and valleys as the LISST system but the
calibration-adjusted C3 peak concentration values were lower (by afactor of 1.5 to 5 times) than
the peak LISST valuesin six of eleven tests where valid C3 values were recorded. For two of the
tests the concentrations as determined by the C3 were similar to those as measured by the LISST.
For three tests the C3 measured concentrations were higher than the LISST data by factors
between 1.5 and 3.5. The C3 measurement may be sensitive to the oil drop size distribution as

has been reported for similar in-situ fluorescence measurement systems.

Dispersant effectiveness (DE) results in the Ohmsett tank testing varied from 49 to 99%. With
only two exceptions, oils with viscosities less than 3,500 cP resulted in dispersant effectiveness
of 95% or greater in the Ohmsett tests. DE values between 49 and 78% were achieved on oils
with viscosities between 9,500 and 31,195 cP.

A comparison of the Ohmsett test results with those from the three small-scale tests methods is
summarized in the main body in Figure 5. Of the three small-scale test methods the EXDET test
results most closely matched the Ohmsett efficiencies but under-estimated dispersant
effectiveness (by between 6 and 33%) when compared to the large-scale Ohmsett results for the
majority of the oils tested.



The baffled flask test results more closely matched the Ohmsett efficiencies than the WSL or
swirling flask tests but under-estimated dispersant effectiveness by an even wider margin
(between 11 and 67%) than the EXDET tests when compared to the large-scale Ohmsett results.

The small-scale WSL dispersant efficiency test results were lower than the swirling and baffled
flask methods for the lightest oils but tended to be higher for the mid- to high- viscosity oils. We
believe this is due to an oil density bias in the WSL test that generates low DE estimates for

light, buoyant oils and inflated DE values for denser, less buoyant oils.

The swirling flask tests showed measurable dispersion (>10%) only for the lightest of the test
oils (viscosity less than about 500 cP). None of the other tests generated as consistently low DE
estimates on oils with viscosities between 500 and 20,000 cP. It appears that the swirling flask
test underestimates DE when compared to the other test methods over a significant range of oil
viscosities (between about 500 to 20,000 cP).

Oils with viscosities over 10,000 cP generally resulted in efficiencies below 10% in all of the
small-scale test methods. The Ohmsett DE estimates for these higher viscosity oils ranged from
50% to as high as 88%.



Comparison of Large-Scale (Ohmsett) and Small-Scale Dispersant
Effectiveness Test Results

1. Objective

The objective of the work was to compare the results of small-scale laboratory dispersant
effectiveness tests on a range of oil types to results from large-scale tests conducted at Ohmsett,
the National Oil Spill Response Research & Renewable Energy Test Facility.

2. Background

Bench scale dispersant effectiveness tests are routinely used around the world to rank the
potential effectiveness of a dispersant product on standard oils or to study the effect of oil and
dispersant type and environmental parameters on dispersant effectiveness. In the United States
oils must achieve a measured effectiveness of 45% or greater in the swirling flask test to be
placed on EPA’s NCP Product Schedule as an approved dispersant. But, what do the
effectiveness values recorded in these laboratory tests mean with respect to likely effectiveness
in the field and do the bench scale tests fairly evaluate dispersant products? Attempts have been
made to correlate the results of bench scale tests to one another with mixed success suggesting
that few, if any, of the tests are representative of real-world situations. Very limited field data is
available to allow the comparison of bench scale test results to field success and so this has also
not been adequately done. In this project the Ohmsett test facility has been used as a surrogate to
the field to provide “field” effectiveness estimates on a number of oils. Bench-scale tests have
been completed using the same dispersant and oil combinations and the results compared to
establish if the bench-scale test results provide a reasonable estimate of field performance. The
EPA Baffled Flask Test (BFT), the WSL Laboratory test (WSL), ExxonMobil’s EXDET test and
the swirling flask test are the bench-scale test methods used in the study.



3. Large-Scale Ohmsett Testing

3.1 Methods
Large-scale DE testing was completed at the Ohmsett test tank in the week of October 26™

through 30", 2009 and on November 1% and 2", 2010. An overhead view of the Ohmsett facility
is provided in Figure 1. The standard DE test protocol developed for dispersant testing at
Ohmsett over the past several years was used in this project. Detailed descriptions of the test
protocol, and its development, and equipment used in the testing can be found in previous
publications (SL Ross et a 2000, 2003, 2004, 2006).

Half Hull
Conference/Training Room

Chemistry Laboratory

. Machine Shop

Figure 1. Ohmsett - The National Oil Spill Response Research & Renewable Energy Test Facility

The basic test procedure used for the dispersant effectiveness testsin this project was as follows.
1. The oil containment area was established by placing booms across the north and south
ends of the Ohmsett tank.
2. The oil and dispersant were loaded into their respective supply tanks on the main bridge
deck.
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The main bridge was positioned at the southern quarter point within the boomed area.
The wave paddle was started and the waves were allowed to develop to a stage just prior
to the formation of breaking waves.

The wave paddle settings used in all of these tests were a 3.5-inch stroke and 34 to 35
strokes per minute.

The bridge was moved south at the required speed to achieve proper dlick dimensions and
dispersant application dosage (either 1 or ¥2knot (0.5 or 0.25 m/s) for thistest series).
The oil was pumped at the required rate onto the surface through the discharge manifold
mounted on the south side of the bridge (nominally 20 gpm for one minute in this test
program).

The dispersant was applied to the oil dick from the spray bar system mounted on the
north side of the bridge in the same pass as the oil discharge.

The behavior of the treated oil was observed as the bridge was moved over the treated
dlick.

Slicks were agitated by the breaking wave-field for 30 minutes after which waves were
stopped.

A LISST particle size analyzer and a Turner C3 fluorometer were towed from the main
bridge through the test tank at 1.5 m depth for in-water dispersed oil characterization
during the mixing period.

At the end of the test, surface water currents developed by the water spray from the
bridge fire monitors were used to sweep any remaning surface oil to a common
collection area at one corner of the containment boom.

The ail was then removed from the water surface using a double-diaphragm pump and
suction wand or a hand ladle and placed in a 55 gallon (208L) collection drum or a 5
galon (20L) pail.

The collected oil and water were allowed to stand at least overnight to allow the oil and
water to separate before most of the free water was drained from the bottom of the
collection container.

The remaining oil and water were well mixed and a sample was taken for water content
and physical property determination.

The quantity of remaining liquid was measured and the amount of oil determined by

subtracting the amount of water as determined using the water content analysis.
3



16. The effectiveness of the dispersant is reported as the volume of oil discharged minus the
amount collected from the surface all divided by the amount discharged.

17. Each test was video taped for future visual reference.

The physical properties of the eleven oils tested in October 2009 and the two oils tested in
November 2010 are provided in Table 2. Also included in this table are the properties of nine
additional oils that had been tested at Ohmsett for DE under similar test conditions (water
temperature, dispersant type and dosage) during previous test programs. All tests were
conducted using Corexit 9500 dispersant. The tank water temperature was 14 °C throughout the

test program. Air temperatures ranged from 10 to 15 °C. The tank water salinity was 32 ppt.

Table 2. Physical Properties of Oils Used in Large-Scale Tests

Generic Crude Oil Name Viscosity (cP) MDe;;!ge/d
(proper crude oil name) (a15°C) (glem? at ~15°C)

PXP 02 (Irene co-mingled) 31,195 @10s™ 0.965
Venoco E-10 (Gail E010) 11,906 @10s™” 0.961
PXP 01 (Irene Lompac) 9,400 @10s* 0.951
PER 040 (Ellen 040) 18,500 @10s™ 0.968
Rock 3,290 @100s™ 0.957
PER 038 (Ellen (038) 2,977 @100s™ 0.956
Doba 1,955 @100s™ 0.918
Endicott -fresh 120 @100s™ 0.896
BHP Billiton (Neptune) 388 @100s™ 0.924
TerraNova 380 @100s* 0.867
DCOR HE 5—Nov 2010 test 109 @200s™ 0.920
DCOR HE 26 — Nov 2010 test 64 @200s" 0.873
Venoco E-19 Gail E019) 64 @100s” 0.892
Anadarko (Independence Hub 1

Atwater Vgl IeyepBIock 37) 10 @100s 0.906
Previous Test Series Oils

Endicott (18% evaporated) 516 @100s* 0.922
ANS (fresh) 35 @100s’ 0.884
ANS (20% evaporated) 52 @100s” 0.890
Elly 9700 @20s" 0.958
Harmony 3588 @100s™ 0.942
North Star 8 @100s™ 0.848
IFO 120 1440 @100s” 0.948
IFO 380 10,490 @30s™ 0.966




3.2 Results

3.2.1 Dispersant Effectiveness
The test conditions and estimated Dispersant Efficiencies (DE) for all of the large-scale tank tests

completed in this study are summarized in Table 3. The DE values in the table were determined
using the following formula: DE= (oil volume spilled — oil volume collected from the surface) / oil volume

spilled * 100.

DE results in the Ohmsett testing varied from 49 to 99%. With only two exceptions (BHP
Billiton and PER 038 crude oils) oils with viscosities |ess than 3,500 cP resulted in DE of 95% or
greater in the Ohmsett test. DE values between 49 and 78% were achieved on oils with
viscosities between 9,500 and 31,195 cP.

Hypertext links are provided in Table 3 to video clip segments of each of the tests. The video
records can be viewed by double-clicking on alink when accessing this document digitally. The
clips are in order from the start of the test progressing through to the end of each test and each
dispersant application pass is labeled in the video record. The video clips provide a record of the
behavior of the il in each of the tests completed and it is recommended that they be viewed to
get afull appreciation of the test program and the behavior of the oil after treatment.



Table 3. Ohmsett Tank Dispersant Effectiveness (DE) Test Results Summary

WEIET || A7 o oil oil Linksto

Qil T?rcnp T(oagp (()éllj\gs:gsct)y Volume |Thickness| DOR | DE Video Tf
(liters) (mm) (%) Segments

PXP 02 14.4 | 13.0 | 31,195 @ios® 70 83 | 1:30 | 49 | VideoT1 1
\enoco E-10 145 | 150 | 11,906 @ios* 74 8.8 1:32 | 88 | VideoT2 2
PXP 01 14.3 | 13.0 | 9,400 @ios* 76 6.0 | 1.24 | 60 | VideoT3 3
PER 040 14.0 | 13.2 | 18,500 @ios* 77 8.7 1:40 | 78 | VideoT4 4
PER 038 140 | 131 | 2,977 @100s* 80 53 1:29 | 66 | VideoT5 5
Endicott 14.2 | 13.7 120 @100s* 71 1.2 1.22 | 95 | VideoT6 6
BHP Billiton 14.2 | 13.3 388 @100s* 76 1.8 | 1:40 | 89 | VideoT7 7
TerraNova 13.9 | 103 380 @100s? 83 1.3 1:38 | 95 | VideoT8 8
\enoco E-19 139 | 110 64 @100s* 80 1.1 1:20 | 98 | VideoT9 9
Anadarko 140 | 128 10 @100s? 92 1.4 1:31 | 95 | VideoT10 | 10
Anadarko 140 | 125 10 @100s* 88 1.2 1:28 | 99 | VideoT11 | 11
Rock 14.1 | 14.9 3,290 @100s* 98 6.7 1:35 | 97 | VideoT12 12
Doba 141 | 143 | 1,955 @100st 80 53 1:29 | 95 | Novideo 13
DCOR HE-5 128 | 11.2 109 @200s* 86 1.3 | 1:22 | 98 |VideoT2b'| 2b
DCORHE-26 | 11.7 | 94 64 @200s* 86 1.1 | 1:19 | 95 | VideoT4b | 4b
'tests with b designation were completed in November, 2010

3.2.2 Dispersed Oil Concentrations and Drop Size Distributions
Severa passes were made down the length of the test tank with the main bridge after the oil was

discharged in each test to measure in-water oil concentrations and drop size distributions. A
Sequoia Scientific LISST 100X particle size analyzer (LISST) recorded data on oil drop sizes
and in-water oil concentrations. A Turner Cyclops C3 insitu fluorometer (C3) was aso deployed
to measure in-water oil concentrations. These measurements were made to confirm the presence
of ail in the water column and to characterize the form of the oil (drop size distribution). Graphs
of the oil drop size distributions and concentrations are provided in Appendix A. Hypertext links
to these graphs are provided in Table 4.

The “continuous’ traces on these plots are from the LISST and C3 instruments that were towed
back and forth through the water. The high concentration zones correspond to the times that the
sensors were in the dispersed oil cloud. Dispersed oil drops less than 70 to 100 microns in
diameter are generally considered permanently dispersed in a typical offshore environment
(Lunel 1993, Neff 1990).




The in-water oil characterizations qualitatively support the measurements of oil lost from the

surface that are used to determine dispersant effectiveness.

In-water oil concentration was also measured using a Turner Cyclops-3 (C3) submersible sensor
that measures the fluorescence of the oil in the water column. Rough calibrations of the C3 were
completed for 11 of the 14 oils tested to permit the reporting of oil concentrations rather than raw
fluorescence. The Terra Nova calibration data was applied to the Endicott C3 data and the raw
fluorescence values recorded for DCOR HE-5 and HE-26 are reported as raw/10 due to the
absence of calibration data. The available calibration data is provided in Appendix B. The
calibration-adjusted fluorescence values acquired by the C3 are plotted along with the LISST
data in Figures A1 through A13. The C3 device identified the same concentration peaks and
valleys as the LISST system but the calibration-adjusted C3 peak concentration values were
lower (by afactor of 1.5 to 5 times) than the peak LISST valuesin six of eleven tests where valid
C3 values were recorded. For two of the tests (#2 -Venoco E10 and #11 -Anadarko) the

concentrations as determined by the C3 were similar to those as measured by the LISST. For

three tests the C3 measured concentrations were higher than the LISST data by factors between
1.5 and 3.5. The C3 measurement may be sensitive to the oil drop size distribution as has been

reported for similar in-situ fluorescence measurement systems (SL_Ross 2003, Lambert 2001).

This makes it very difficult to complete valid calibrations of the system to specific oils. The ail
drop size distribution used in the calibration would have to match the drop size distribution in the
dispersed ail cloud to achieve avalid calibration. The C3 system was recently acquired by MMS
to provide an additional in-water oil concentration measurement capability at Ohmsett that will
be compatible with the new equipment being put into service by the U.S. Coast Guard Strike
Teams. The Cyclops data provides confirmation of the presence of oil in the water since it
detects oil through fluorescence at oil specific wavelengths. However, the use of the C3 to
accurately determine oil-in-water concentration values may be problematic as discussed above.



Table 4. In-Water Oil Characterization and Graph Hypertext Links

Links to Oil Qil _Drop Ave. LISST
: Drop Size/ sz e E_Ievaied Peak Oil Viscosity DE
Qil DOR Concentr ationTeﬂ # (Average % <70|0Qil Conc.| OQil (cP@ 15°C) (%)

Graphs DSO) microns| by LISST | Conc.

(microns) (ppm) | (ppm)
PXP 02 1:30 | FigureAl 1 49 68 60 425 | 31,195 @1os* 49
\/enoco E-10 1:32 | FigureA2 2 72 55 68 582 | 11,906 @1os* 88
PXP 01 1:24 | FigureA3 3 161 40 50 742 9,400 @10s* 60
PER 040 1:40 | FigureA4 4 87 50 88 525 | 18,500 @10s* 78
PER 038 1:29 | FigureA5 | 5 126 48 78 647 | 2,977 @1io0s! 66
Endicott 1:22 | FigureA6 | 6 29 82 59 168 120 @100s* 95
BHP Billiton 1:40 | FigureA7 7 70 65 76 322 388 @100s* 89
TerraNova 1:38 | FigureA8 | 8 29 83 79 239 | 380 @io0s? 95
\Venoco E-19 1:20 | FigureA9 9 10 90 100 225 64 @100s* 98
Anadarko 1:31 | FigureA10 | 10 34 78 84 292 10 @100s* 95
Anadarko 1:28 | FigureAll | 11 34 78 120 445 10 @100s* 99
Rock 1:35 | FigureA12 | 12 24 92 105 279 | 3,290 @io0s? 97
Doba 1:29 | FigureA13 | 13 22 90 118 330 | 1,955 @1o0s? 95
DCOR HE-5 1:22 | FigureA2b | 2b 57 69 29 208 109 @200s* 98
DCORHE-26 | 1:19 | FigureAdb | 4b 36 74 39 233 64 @200s* 95

3.2.2.1 Oil Drop Size Analysis

The oil drop size data collected for each experiment have been analysed to determine 1) the
average VMD drop size, 2) the volume percent of the oil present in the form of oil drops less
then 70 microns in diameter, 3) the average elevated oil concentration, and 4) the peak ail
concentration measured (see Table 4). The measured peak oil concentrations do not correlate
well with the final DE. Some of the highest peak concentrations were recorded in tests with the
lowest DE. The volume median drop diameters (d50) and the % of oil in drops smaller than 70
microns correlate very well with the measured DE. In seven out of eight tests where the d50 was
less than 50 microns complete dispersion (>95%) was measured. The only exception to this was
in test #1 with the very heavy PXP 02 oil. The “volume percent less than 70 micron” values
were computed for each test to provide an indication of the likely permanence of the dispersions
generated. In tests 6 and 8 through 13 greater than 80% of the oil volume was present in drops
smaller than 70 microns suggesting that the dispersion in these tests would be permanent. These
same tests had d50's below 35 microns and DE measurements of at least 95%. In the remaining
tests, where measured DE ranged from 49 to 89%, the % volume of oil in drops less than 70



microns dropped to between 40 and 68%. The d50 and volume % <70 micron measurements
correlate well with the DE measurements and provide additional validation of the DE results.

4. Small Scale Test Results

4.1 Warren Spring Laboratory (WSL) Rotating Flask Test

4.1.1 Test Method
A detailed description of the Warren Spring Laboratory (WSL) test method is provided in

Appendix C. The following is a brief description of the test. Two hundred and fifty milliliters of
32 ppt salt water (prepared with instant ocean) is placed in a 250 ml separating funnel. Five ml of
the test ail is placed on the water surface using a pipette. Dispersant is then applied drop-wise to
the surface oil at a 1:20 dispersant-to-oil (DOR) ratio. The funnel is then rotated at 33 rpm’s for
2 minutes. Fifty ml of water and dispersed oil is sampled from the bottom tap after the funnel
and contents have remained stationary for 1 minute. The ail is then extracted from the sample
using three successive 10 ml additions of dichloromethane. The extractions are filtered through a
Whatman No 1 micron paper filter with 1.5g of anhydrous sodium sulphate to remove any water
from the extraction. The filter is washed with an additional 10 ml of dichloromethane and the
final extract made up to atotal volume of 50 ml. The concentration of oil in the extraction is then
determined using a spectrophotometer that is calibrated using a standard developed for the ail
tested. The Labofina Test Apparatusis shown in Figure 2.



Figure 2. WSL Test Apparatus

4.1.2 Test Results
The WSL dispersant efficiency test results are summarized in Table 5 and plotted against oil

viscosity in Figure 3. From Figure 3 it is evident that the WSL dispersant efficiency is not a
strong function of oil viscosity. The measured efficiencies generally varied between 15 and 35%
over nearly the full range of oil viscosities tested with some notable exceptions. There were three
relatively viscous oils (3,500 to 10,000 cP) that achieved the highest efficiencies (45 to 60%).
These are aso relatively dense oils and it has been speculated based on past experimental
experience with the WSL test that droplets of higher density oils rise out of suspension more
slowly than those of lighter oils during the one-minute settling period prior to sampling and thus
can result in higher efficiency measurements (A. Lewis pers. comm.). The very low effectiveness
of the TerraNova crude, a medium viscosity oil, (380 cP, 0.867 g/cc) may be dueto its very light
density and subsequent rapid rise of droplets in the settling period. With one exception, oils with
viscosities over 10,000 cP resulted in efficiencies below 10%. These low efficiencies would be
expected for these very viscous oils.

10



Dispersion Effectiveness Index vs Oil Viscosity: WSL Method (oil density)
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Figure 3. WSL Effectiveness Index vs Oil Viscosity (oil densities reported in top figure)
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Table 5. WSL Small-Scale Laboratory Test Result Summary

_ B
Density Viscosoity 2 g WSL Efficiency

Qil @15 °C 5§58

i

@) | (0 | (P |@hearrae)| (%) Efféf,‘/‘j)'w StdDev

North Star 0.848 | 15.7 8 100s* 99 36.9 2.0
Anadarko 0.906 | 16.2 10 10st 97 25.0 2.9
ANS-Fresh | 0884 | 156 35 100s? 08 28.4 15
ANS-20% | 0.800 | 15.7 52 100s* 97 26.9 0.7
Venoco E19 | 0.892 | 14.7 64 100s* 08 14.7 15
Endicott Fresh | 0.896 | 15.6 120 100s* 95 26.7 4.1
TerraNova | 0.867 | 15.6 380 100s* 95 4.2 24
BHPBiIlliton | 0.924 | 15.6 388 100s* 89 17.8 24
Endicott 18.6% | 0.922 | 15.6 516 100s* 94 17.9 1.9
IFO120 0948 | 158 | 1,440 | 100s’ 66 27.6 0.1
Doba 0918 | 16.3 | 1,955 | 100s’ 95 16.9 3.8
PER-038 0956 | 159 | 2,977 | 100s! 66 36.7 6.9
Rock 0.957 | 166 | 3,290 | 100s? 97 58.7 15.5
Harmony 0942 | 151 | 3588 | 100s’ 99 50.4 13.3
PXP-01 0.951 | 154 | 9,400 10s* 60 29.4 2.7
Platform Elly | 0.958 | 16.4 | 9,700 20s™ 65 46.6 9.6
IFO380 0.966 | 15.8 | 10,490 | 30s? 66 9.2 5.7
VenocoE10 | 0961 | 151 | 11,906 | 10s! 88 7.8 3.0
PER-040 0.968 | 156 | 18,500 | 10s® 78 20.3 4.7
PXP-02 0.965 | 16.0 | 31,195 | 10s? 49 2.6 0.7

The WSL results are plotted against the corresponding large-scale Ohmsett test results in Figure
5. In al casesthe WSL measured dispersant efficiencies are significantly lower than the Ohmsett
dispersant effectiveness estimates. If the Ohmsett results are accepted as more indicative of
likely field effectiveness results then it can be concluded that the efficiency ratings provided by

the WSL results are not agood indicator of possible field performance of the dispersant.

12



WSL Small Scale vs Large Scale Ohmsett: Dispersant
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Figure 4. Comparison of Small-Scale WSL to Large-Scale Ohmsett Test Results

4.2 EPA Baffled Flask Test
The baffled flask tests were completed under an Inter-Agency agreement between MMS and

EPA. Pegasus Technical Services, Inc. completed the tests under contract to EPA (Venosa and
Holder, 2011).

4.2.1 Test Methods
A detailed description of the materials, methods and procedures used in EPA’s Baffled Flask

dispersant testing is provided in Appendix C. The following description of the genera
procedures used in the Baffled Flask test has been extracted from Venosa and Holder, 2011.

“A volume of 120 mL of synthetic seawater was added to the baffled flask, followed sequentially
by addition of the oil and finally by the dispersant. A volume of 100 mL of oil was carefully
dispensed directly onto the surface of the synthetic seawater using an Eppendorf repeater pipettor

with a5 mL syringe tip attachment. The dispersant was then dispensed onto the center of the oil
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glick by using a100-mL syringe tip attachment set to dispense 4 mL, giving avolumetric ratio of
dispersant-to-oil of 1:25 (DOR). This was similar to the average DOR reported in the BOEMRE
Ohmsett report (~1:30) for 12 test oils. The DOR was not reported for the other 8 oils. Care was
taken to make certain the dispersant contacted the oil without first touching the water. The flask
was then placed on an orbital shaker (New Brunswick G24 shaker incubator) and mixed for 10
minutes at a rotation speed of 200 rpm. At the end of the mixing period, the flask was removed
from the shaker and allowed to remain stationary on the bench top for 10 minutes. At the
conclusion of the quiescent period, the first 2 mL of sample was drained from the stopcock and
discarded, and then 30 mL of sample was collected in a 50 mL graduated cylinder. The 30 mL
sample was transferred to a 125 mL separatory funnel and extracted 3 times with 5 mL fresh
DCM. The extract was adjusted to a final volume of 20 or 25 mL and transferred to a 50 mL
crimp style glass vial with an aluminum/Teflon seal. The vials were stored at 5 °C until the time
of analysis. Dilutions were made in volumetric flasks for some of the oilsto achieve the LDR of
the spectrophotometer. Each of the four replicates was done separately so that shaking and
settling times were exactly the same for all. In addition to the 4 replicate dispersant / oil /
seawater mixtures, 4 replicate oil / seawater mixtures with no dispersant, and an overall total of 4

replicate method blanks (seawater alone) were also run for quality control purposes.”

4.2.2 Test Results
A summary of the Baffled Flask test resultsis provided in Table 6. The average % oil dispersed
values DE, in column 3 of this table were derived in a similar manner to the dispersant

effectiveness values reported for the Ohmsett and WSL test methods and so these values have
been used when comparing test outcomes between test methods in this report. The Baffled flask

results are compared to the other test method results in Section 6.
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Table 6. Baffled Flask Results sorted in descending order by Dispersant Effectiveness L CL gspe
(from Venosa and Holden, 2011)

o .
Kinematic | AV %Sgé' dﬁi\q\ggrgg Iiln D'\il;)prg::lnt Final Dispersant
Test Oil Viscosity, ﬁ ! LCLgsq controls, LCL g5 Effectiveness, Effectiveness,
cSt D Ed D_EC DE, . LCLgspe

Anadarko 1 112.33 88.00 14.81 10.66 97.52 77.14
TerraNova 438 81.00 75.91 357 2.20 77.43 73.08
EE?;?“ 134 80.01 72.47 4.15 232 75.86 69.45
ANS Fresh 40 76.33 74.00 5.08 459 71.25 69.29
North Star 9 87.84 82.37 1087 0.60 76.96 67.36
N eAaml\rEr’ o 58 81.98 67.86 4.00 331 77.98 66.31
V'\fe”;ﬁ;t;a 560 71.97 68.24 5.32 151 66.64 62.24
IFO 120 1519 7311 65.88 5.58 331 67.53 61.28
Venoco E-19 72 70.88 57.86 2.28 1.87 68.60 57.85
BHP Billiton 420 58.14 54.95 551 3.93 52.63 49.69
Rock 3438 56.84 50.40 2,50 172 54.35 48.98
Doba 2130 55.00 51.03 5.64 452 49.44 45.97
PER038 3114 53.89 37.97 297 163 50.92 37.73
Venoco E-10 | 12389 3152 26.42 150 131 30.02 25.81
IFO 380 10859 40.44 26.93 4.34 2.0 36.10 24.78
Elly 10125 31.34 24.14 0.95 0.74 30.39 24.44
PER040 19112 3156 21.34 0.61 0.24 30.96 2251
Harmony 3800 32.28 19.78 1.6 0.83 30.59 20.24
PXPOL 9834 11.12 4.67 0.72 0.56 10.40 5.07
PXP02 32326 7.04 3.88 0.99 0.46 6.05 341

4.3 Swirling Flask Test
Environment Canada conducted the swirling flask tests under separate contract with MMS.

4.3.1 Test Methods

The swirling flask test was developed by Environment Canada to provide a quick and simple

testing procedure for evaluating dispersant effectiveness. It uses a modified Erlenmeyer flask

with an added side spout for sampling water near the bottom of the flask without disturbing the

surface oil layer. Seawater and a surface layer of oil are added to the flask. Mixing is provided by

placing the flask on a shaker table at 150 rpm for 20 minutes to induce a swirling motion to the
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liquid contents. Following shaking, the flask is immediately removed from the shaker table and
maintained in a stationary position for 10 minutes. A sample of water for chemical analysis is
then removed from the bottom of the flask through the side spout, extracted with methylene
chloride (dichloromethane-DCM), and analyzed for oil content by UV-visible absorption
spectrophotometry at wavelengths of 340, 370, and 400 nm (2). Detailed test specifications are
available as ASTM F2059.

4.3.2 Test Results
The swirling flask test results are summarized in Table 7. Only half of the oils tested registered a

dispersant effectiveness above the lower reporting limit (10%) of the swirling flask test. When
graphically comparing test results between test methods in Section 6, 5% DE has been used for
the test results for the swirling flask reported as <10%.

Table 7. Swirling Flask Test Results

= Et@ Swirling
. Density Viscosity 2 § -Flask
il - 3 Dispersant
= Efficiency
(g/co) (°O) (cP) | (shear rate) (%) Efficency (%)
North Star 0.848 | 157 8 100s* 99 755
Anadarko 0.906 | 16.2 10 10s? 97 74
ANS-Fresh | 0.884 | 156 35 100s* 08 67.0
ANS-20% | 0.890 | 15.7 52 100s™ 97 49.2
Venoco E19 | 0.892 | 14.7 64 100s* 08 <10
DCORHE-26 | 0.873 | 195 64 200s? 95 68.7
DCORHE-05 | 0.920 | 20.0 109 200s* 08 67.1
Endicott Fresh | 0.896 | 15.6 120 100s* 95 62.4
TerraNova | 0.867 | 15.6 380 100s* 95 434
BHPBiIlliton | 0.924 | 15.6 388 100s™ 89 <10
Endicott 18.6% | 0.922 | 15.6 516 100s* 94 418
IFO120 0.948 | 158 | 1,440 | 100s? 66 12.4
Doba 0918 | 163 | 1,955 | 100s’ 95 10.1
PER-038 0956 | 159 | 2,977 | 100s? 66 <10
Rock 0957 | 166 | 3,290 | 100s! 97 <10
Harmony 0942 | 151 | 3588 | 100s! 99 <10
PXP-01 0951 | 154 | 9,400 10s? 60 <10
Platform Elly | 0.958 | 16.4 | 9,700 20s* 65 <10
IFO380 0.966 | 15.8 | 10,490 | 30s? 66 8.9
VenocoE10 | 0961 | 151 | 11,906 | 10s? 88 <10
PER-040 0.968 | 156 | 18,500 | 10s® 78 <10
PXP-02 0.965 | 16.0 | 31,195 1of§ 49 <10




4.4 EXDET Testing
ExxonMobil Research and Engineering Co. conducted the EXDET dispersant effectiveness tests.

4.4.1 Methods
The Exxon dispersant effectiveness test (EXDET) method is described in detail in Becker, 1993.

The test uses three or four 250 ml separatory funnels clamped in a Burrell wrist-action shaker.
One ml of oil is added to 250 ml of salt water in each funnel. The funnels are shaken for 15
minutes. Sorbent pads are then added to the water surface without stopping the shaking action.
The mixing continues for another 5 minutes after the placement of the sorbent pads. The shaking
is stopped, the water isimmediately drained from the funnels and the oil in the water is extracted
with solvent. The non-dispersed oil remaining in the funnel and on the sorbent pad is extracted
separately. The oil content of the two extracts is determined using a spectro-photometer operated
at an appropriate wavelength (e.g. 460 nm). The ratio of dispersed oil to dispersed plus
undispersed ail is determined for each of the funnels and the average and standard deviations of
the percent dispersed oil are determined.

4.4.2 Results

Two sets, of three tests, each were conducted on different days on each oil. The average and

standard deviations from these six tests, for each oil, are summarized in Table 8.
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Table 8. EXDET Test Results

.8
. . RS EXDET
BIETISIL blSeesby E % Dispersant Efficiency
oil O
LLl
(God) | (°0) | (P |(shearrate)| (%) Aveage | SO
CcC Cl ear rale, (1) . evialon
Sieznay () (from 6 tests)

North Star 0.848 | 15.7 8 100s* 99 85.1 1.9
Anadarko 0.906 | 16.2 10 10s* 97 87.5 9.6
ANS-Fresh | 0.884 | 15.6 35 100s™ 98 91.8 1.6
ANS-20% | 0.890 | 15.7 52 100s™ 97 88.4 1.3
Venoco E19 | 0.892 | 14.7 64 100s™ 08 87.5 4.3
DCORHE-26 | 0.873 | 19.5 64 200s* 95 na na
DCORHE-05 | 0.920 | 20.0 109 200s? 08 na na
Endicott Fresh | 0.896 | 15.6 120 100s™ 95 86.0 0.7
TerraNova | 0.867 | 15.6 380 100s™ 95 83.1 59
BHPBilliton | 0.924 | 15.6 388 100s™ 89 90.3 2.3
Endicott 18.6% | 0.922 | 15.6 516 100s™ 94 89.9 3.2
IFO120 0.948 | 158 | 1,440 | 100s? 66 82.7 48
Doba 0918 | 163 | 1,955 | 100s? 95 89.3 27
PER-038 0956 | 159 | 2,977 | 100s? 66 90.6 1.0
Rock 0.957 | 166 | 3,290 | 100s’ 97 89.9 4.4
Harmony 0942 | 151 | 3588 | 100s* 99 85.1 2.1
PXP-01 0951 | 154 | 9,400 10s? 60 83.2 7.4
Platform Elly | 0.958 | 164 | 9,700 20s? 65 57.0 10.4
IFO380 0.966 | 158 | 10,490 | 30s? 66 68.3 5.1
Venoco E10 | 0.961 | 151 | 11,906 | 10s? 88 67.9 17.4
PER-040 0968 | 156 | 18500 | 10s* 78 46.3 14.2
PXP-02 0.965 | 160 | 31,195 | 10s? 49 16.1 4.7
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5. Comparison of Small Scale Test Results to Ohmsett DE

A summary of all of the DE test results collected for the 22 different oilsis provided in Table 9.
These results are plotted in Figure 5.

Asdiscussed in section 5.1.2 the WSL test results correlated poorly with the Ohmsett test results.
Thisis highlighted again in Figure 5. The WSL DE values also were lower than the swirling and
baffled flask methods for the lightest oils but tended to be higher for the mid- to high viscosity
oils. We believe this is due to the oil density bias in the WSL test that generates low DE

estimates for light, buoyant oils and inflated DE values for denser, less buoyant oils.

The swirling flask tests showed measurable dispersion (>10%) primarily for the lightest of the
test oils (less viscous than about 500 cP). None of the other tests generated as consistently low
DE estimates on oils with viscosities higher than 500 cP. It appears that the swirling flask test
underestimates DE when compared to the other test methods over a significant range of ail
viscosities (between about 400 to 20,000 cP).

The baffled flask test results more closely matched the Ohmsett efficiencies than the WSL or
swirling flask tests but generally under estimated dispersant effectiveness when compared to the
large-scale Ohmsett results. The baffled flask DE was higher than the Ohmsett result for only 2
of the 20 oils and for one of these (Anadarko) the baffled flask estimate was higher only because
it was >100% whereas the Ohmsett result was 99%. The other case was for IFO 120 where the
baffled flask test DE was about 7% higher. For the remaining oils the baffled flask DE estimate
were between 11 and 67% lower than the Ohmsett test results (on average they were about 38%

lower).

The EXDET test results most closely matched the large-scale Ohmsett results. This may be due
to the fact that in both of these tests a settling time is not used prior to making the effectiveness
determination. The EXDET test DE was significantly higher (16 to 25%) than the Ohmsett
results for IFO 12, PXP 01 and PER 038. For the remaining oils the EXDET DE results were
between 6 and 33% lower than the Ohmsett results (on average they were about 13% lower).
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Table 9. Dispersant Effectiveness Summary: All test Methods

o — Véslcgi‘éy Dispersant Efficiency (%)
| -
@ 15°C shear Baffled | Swirling | EXDET
P | Tao |Ohmsett| wsL | “EUCE SIS
North Star 0.848 8 |100st| 99 36.9 87.8 75.5 85.1
Anadarko 0.906 10 | 10s? 97 25.0 112.3 74 87.5
ANS - Fresh 0.884 35 |100s!| 98 28.4 76.3 67.0 91.8
ANS - 20% 0.890 52 |100s'| 97 26.9 82.0 49.2 88.4
Venoco E19 0.892 64 |100s'| 98 14.7 70.9 <10 875
DCOR HE-26 0.873 64 |200s'| 95 - - 68.7 -
DCOR HE-05 0920 | 109 |200s!| 98 - - 67.1 -
Endicott Fresh 0.896 | 120 |100s'| 95 26.7 80.0 62.4 86.0
TerraNova 0.867 | 380 |100s'| 95 4.2 81.0 434 83.1
BHP Billiton 0924 | 388 |100s!| 89 17.8 58.1 <10 90.3
Endicott 18.6% 0922 | 516 |100s'| 94 17.9 72.0 41.8 89.9
IFO120 0.948 | 1,440 |100s'| 66 27.6 73.1 12.4 82.7
Doba 0918 | 1,955 |100s!| 95 16.9 55.1 10.1 89.3
PER-038 0.956 | 2,977 |100s'| 66 36.7 53.9 <10 90.6
Rock 0.957 | 3,290 |100s!| 97 58.7 56.8 <10 89.9
Harmony 0.942 | 3588 |100s*| 99 50.4 32.3 <10 85.1
PXP-01 0.951 | 9,400 | 10s* 60 29.4 11.1 <10 83.2
Platform Elly 0.958 | 9,700 | 20s? 65 46.6 323 <10 57.0
IFO380 0.966 | 10,490 | 30s? 66 9.2 40.4 8.9 68.3
Venoco E10 0.961 | 11,906 | 10s? 88 7.8 315 <10 67.9
PER-040 0.968 | 18,500 | 10s? 78 20.3 316 <10 46.3
PXP-02 0.965 |31,195| 10s| 49 2.6 7.0 <10 16.1
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Figure 5. Comparison of Dispersant Efficiency Estimates
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6. Summary of Key Results and Recommendations

The C3 device identified the same concentration peaks and valleys as the LISST system but the
oil-specific calibration-adjusted C3 concentration peaks were generally lower or higher (by
factors of 2 to 5x’s) than the LISST values due to difficulty in preparing valid C3 calibration
curves for the test oils. The C3 measurement may be sensitive to the oil drop size distribution.

This problem has been reported for similar in-situ fluorescence measurement systems.

The use of the C3 system to accurately quantify the concentration of dispersed oil should be
investigated more fully using a range of oils under differing dispersion conditions (drop size

distributions) to improve the utility of this system in field monitoring programs.

Dispersant effectiveness (DE) results in the Ohmsett tank testing varied from 49 to 99%. With
only two exceptions, oils with viscosities less than 3,500 cP resulted in dispersant effectiveness
of 95% or greater in the Ohmsett tests. DE values between 49 and 78% were achieved in the
Ohmsett test tank on oils with viscosities between 9,500 and 31,195 cP.

The EXDET test results most closely matched the Ohmsett efficiencies but for the majority of
the oils under- estimated dispersant effectiveness (by an average of about 13% for 15 oils) when

compared to the large-scale Ohmsett results.

The baffled flask test results under- estimated DE, when compared to the Ohmsett results, by a
greater amount than the EXDET test (by an average of about 38% for 18 ails).

The WSL dispersant efficiency test results were lower than the swirling and baffled flask
methods for the lightest oils but tended to be higher for the mid- to high- viscosity oils. We
believe this is due to an oil density bias in the WSL test that generates low DE estimates for

light, buoyant oils and inflated DE values for denser, |ess buoyant oils.

The swirling flask tests showed measurable dispersion (>10%) only for the lightest of the test
oils (viscosity less than about 500 cP). None of the other tests generated as consistently low DE
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estimates on oils with viscosities between 500 and 20,000 cP. It appears that the swirling flask
test underestimates DE when compared to the other test methods over a significant range of oil
viscosities (between about 500 to 20,000 cP).

Oils with viscosities over 10,000 cP generally resulted in efficiencies below 10% in all of the
small-scale test methods. The Ohmsett DE estimates for these higher viscosity oils ranged from
50% to as high as 88%.
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Appendix A: Oil Drop Size and Concentration Graphs

LISST Oil Drop Size & Concentration & C3 Concentration : Run 1 PXP 02
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Figure Al: Oil Drop Size and Concentration Data: Test #1, PXP 02 Crude Oil

LISST Oil Drop Size & Concentration & C3 Concentration : Run 2 Venoco E10
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Figure A2: Qil Drop Size and Concentration Data: Test #2, Venoco E10 Crude Oil
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LISST Oil Drop Size & Concentration & C3 Concentration : Run 3 PXP 01
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Figure A3: Oil Drop Size and Concentration Data: Test #3, PXP 01 Crude Qil
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LISST Oil Drop Size & Concentration & C3 Concentration : Run 4 Pacific Energy Resources 040
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Figure A4: Qil Drop Size and Concentration Data: Test #4, PER 40 Crude Oil
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LISST Oil Drop Size & Concentration & C3 Concentration : Run 5 Pacific Energy Resources 038
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Figure A5: Oil Drop Size and Concentration Data: Test #5, Rock Crude Oil
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LISST Oil Drop Size & Concentration & C3 Concentration : Run 6 Endicott Crude
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Figure A6: Oil Drop Size and Concentration Data: Test #6, Endicott Crude Oil
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LISST Oil Drop Size & Concentration & C3 Concentration : Run 7 BHP Billiton
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Figure A7: Oil Drop Size and Concentration Data: Test #7, BHP Billiton Crude Oil

LISST Oil Drop Size & Concentration & C3 Concentration : Run 8 Terra Nova
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Figure A8: QOil Drop Size and Concentration Data: Test #8, Terra Nova Crude Qil
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