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Figure 8-30: Calorimeter average temperatures at left, center, and right stations (exterior) for Dilbit
tests.
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Figure 8-31: Total heat flux to calorimeter for heptane tests
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Figure 8-32: Total heat flux to calorimeter for Bakken tests
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Figure 8-33: Total heat flux to calorimeter for dilbit tests
8.7. Heat release rate

Figure 8-34 shows heat release rate from CGA measurements for all test series. Dilbit test 3.4 was
the only test within its series to successfully obtain CGA measurements due to difficulties with the
equipment. Based on the CGA measurements the heptane tests 1.2 and 1.3 had the highest average
heat release rate among the fuels which agrees with the result that the heptane has the highest burn
rate among the fuels. The burn rate for Bakken Tests 2.1 and 2.6 are similar, but the heat release rate
differs. Since the heat release rate for Test 2.6 agrees with the other tests it is suspected that the
measurement for Test 2.1 may not be as reliable. The heat release rate measured for the dilbit
indicates the highest range of variability which reflects the varying burn rate. Due to only acquiring a
CGA measurement for one test it’s difficult to draw firm conclusions regarding a comparison. If
CGA data was acquired for the other dilbit tests, it is anticipated that it would result in the lowest
heat release rate based on observation of the burn rate and flame height data among the fuels.
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Figure 8-34: Heat release rate from CGA measurements among the test series.

8.8. Flame height

Figure 8-35 shows the average flame height among the test series. The comparison indicates that the
heptane has the highest average flame height followed by the Bakken, then the dilbit. This agrees
with the trend indicated by the burn rate data.

9

heptane

s
.

Flame height (m)

11 1.2 13 21 22 23 24 25 26 3.1 3.2 33 34 35 3.6
Test

Figure 8-35: Average flame height among the test series.
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Q.

CONCLUSIONS

In considering the parameter effects within a test series, the results indicate the following:

The higher temperature fuel supply increased the burn rate by about 10% for the heptane
tests, whereas it did not have a significant effect for the Bakken crude oil tests. The higher
temperature fuel test for the dilbit crude oil indicated a lower average burn rate, but its range
of deviation overlapped tests with lower temperatures.

Allowing the fuel to burn down, rather than maintaining a constant fuel level, did not have a
significant effect on averaged measured values from any of the instruments.

The presence of the calorimeter had the most impact on the burn rate. For the heptane tests,
the burn rate was slightly higher (~10%) in the test without the calorimeter. For the Bakken
crude oil, the burn rate was higher overall (~10-15%) for tests without the calorimeter
compared to tests with the calorimeter. For the dilbit crude oil, any effect was not detected
though it is difficult to make a firm conclusion due to its highly variable burn rate.

The placement of the calorimeter affected the average total heat flux from the flame to the
calorimeter for the Bakken crude oil and not for the dilbit crude oil tests. The Bakken crude
oil test with the calorimeter placed 0.5 m lower in the flame resulted in lower average total
heat flux levels to the calorimeter (~78 kW /m? vs. ~100 kW /m?. For the dilbit crude oil
there was no effect since the calorimeter was above the fuel-rich regions for both positions
of 0.5and 1 m.

In comparing the behavior among the fuels, the main conclusions are the following:

The average burn rate for heptane is higher than Bakken and dilbit crude oils, ~0.04 kg/m?’s
vs. ~ 0.03 kg/m’s and ~ 0.02 kg/m?’s, respectively.

The burn rate for the dilbit crude oil was highly variable due to its mixture, comprised of a
condensate (~20 vol%) and bitumen crude oil (~80 vol%).

The average flame height for heptane is higher than the Bakken and dilbit crude oils, ~6.2 m
vs. ~4.4 m and ~3.5 m, respectively.

The average flame temperatures from the IR camera measurements are similar (~900 K) for
all fuels.

The average surface emissive power is lower for heptane than for Bakken and dilbit crude
oils, ~66 kW /m® vs. ~76 kW /m’ and ~71 kW /m®, respectively.

For calorimeter measurements, the Bakken crude oil resulted in the highest outer cylinder
and exterior temperatures and the highest average total heat flux by about a factor of 1.5 and
1.3 higher compared to heptane and the dilbit crude oil, respectively (~95 kW /m? vs ~62.5
kW/m* and ~71.9 kW/m? respectively).

255



REFERENCES

[1] D. Lord, J. Hogge and R. Allen, "Fuels Characterization for National Research Council
Canada 2-m Pool Fire Test Series,” Sandia National Laboratories, Albuquerque, NM,
SAND2020-XXXX, 2020 (to be published).

[2] A. Luketa, B. Blanchat, D. Lord, J. Hogge, A. Cruz-Cabrera and R. Allen, "Pool Fire and
Fireball Experiments in Support of the US DOE/DOT/TC Crude Oil Characterization
Research Study," Sandia National Laboratories, Albuquerque, NM, SAND2019-9189, 2019.

[3] Beck, J.V., "Users Manual for IHCP1D, a Program for Calculating Surface Heat Fluxes,"
Beck Engineering Consultants Co., Okemos, Michigan, 48864, Oct. 30 1999.

[4] Janssens, M.L., "Measuring Rate of Heat Release by Oxygen Consumption,” Fire
Technology, pp. 234-248, 1991.

[5] "Canada Crude Quality Monitoring Program,” [Online]. Available:
https://crudemonitor.ca/condensates/index.php?acr=CFT.

[6] Biteau, H., et al., "Calculation Methods for the Heat Release Rate of Materials of Unknown
Composition,” Fire Safety Science, Proceedings of the Ninth International Symposium, pp.
1165-1176, 2008.

256



APPENDIX A: EQUATIONS AND ASSUMPTIONS FOR CALCULATIONS

AA1. Heat flux calculations

The following energy balances were assumed for the DFT and calorimeter heat flux calculations.

Calorimeter:
— — 4
Qtotal = Xqincident T Gconvection = Qabsorbed T EO-Tsurface
DFT:
Qabsorbed 4 h
Qincident = —a + O'Tsurface + E (Tsurface —Tw)

where h = 30 W/m’K

Figure A-1 provides the dimensions and materials used for the calculations. The absorbed flux is
what the calorimeter absorbs and is material- and construction-dependent. Typically, it is reported as
negative because it’s considered to be an energy sink, while the total flux is positive since it is
considered to be an energy source. The total heat flux is the incident flux plus the convective flux
from the flame to the calorimeter. These two fluxes are combined because of uncertainty regarding
the convection coefficient.

DFT Calorimeter
e=0.795
R=5.375"
(0.136525 m)
55304 0.188”
” Thick
Inconel 1/8 (0.0047752 m)
Thick
(0.003175m)
8lb
Cerablanket 8 Ib Cerablanket
Compressed Un-compressed
to #4” thick 1” thick
(0.01905 m) (0.0254 m)

Figure A-1: DFT and Calorimeter specifications for heat flux calculations.

The thermal properties used for the calculations are the following.
Equations for density, thermal conductivity, and specific heat for SS304:
e p=-04678T + 7877 (kg/m’) where T is in °C.
e k=14898+0.015703T — 1.56 * 107° T? (W/m-K) where T is in °C.

e (p,=-5592+2731In(T) —417.9 In(T)? + 22.07 In(T)? (J/kg-K) where T is
in K.
Equations for density, thermal conductivity, and specific heat for Inconel 600:
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e p=—0.000035549 * T? — 0.36036496 * T + 8348.313 (kg/m’) where T is in °C.
o k=1293+0.01664 T (W/m-K) where T is in °C.

_ {427 +0.328 T —3.6x107* T? + 1.62x1077 T3, T < 600°C
P~ (486 +0.328 T —3.6x107* T? + 1.62x1077 T3, T = 600°C

where T is in °C.

(/kg-K)

Equations for density, thermal conductivity, and specific heat for Cerablanket insulation:

e The density we are concerned with is 8 Ib/ft’ (128 kg/m3). The density does change when
compressed, which occurs in DFTs. So, the compression from 1 inch blanket to % inches
when assembling DFTs increases the density by 1/3 to (1.33*8=) 10.67 Ib/ft’ or

170.67 kg/m’

e In(k) =—-3.37 +2.82x1073 T — 7.77x1077 * T? (W/m-K) where T is in °C
(compressed)

e In(k) =—-3.54 +3.13x1073* T — 7.77x10~7 « T? (W/m-K) where T is in °C
(uncompressed)

e (p=-0.00011 * T? 4+ 0.39276 x T + 788.099 (J/kg-K) where T is in °C
The measured emissivity used for the calculation is provided in Table A-1.

Table A-1: Measured emissivity for DFT instruments used for test series

Heptane and Bakken tests | Dilbit tests
Location from center of pool (m) Front plate
2 0.895 0.818
4 0.870 0.660

A.2. Heat Release Rate

To determine the heat release rate, the procedure to reduce the data followed that from reference [4].
The equations are as follows:

M, = 18 + 4(1 — X5 o) (X5, + 4XEo, + 2.5) (1)

. e e e e .
g _ (1-Xh,0)(A1-X0,~Xco,~Xco) 1ie ®)
Mg (1-Xf,0)(1-X3,-X80,)  Me

o e e e o]
_ Xo, (1—Xc02—Xco)_on (1-X¢o,)

e Mo,
L T A L ©
. (1-¢) X¢ Mg
q= [E<P — (Eco — E)Tx_g:] Mo, M_a(l - XI?IZO)X((;Z (MW) “4)
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Where,

E — energy released by complete combustion per unit mass of oxygen consumed. Average value for
hydrocarbons is 13.1 MJ/kg but if fuel composition is known, then a more precise value can be
used. However, the stoichiometric reactions for the crude oils are unknown, thus this average value
was used along with a standard deviation of 1.86 as a best estimate. The standard deviation value
was taken from reference [6].

Ec — Net heat release per unit mass of O, consumed for combustion of CO to CO» (= 17.6 M]/kg
Of()a.

X — mole fraction

a — incoming air

e — exhaust gases

m — mass flow rate (kg/s)

o — value before combustion

To determine the theoretical heat release rate based on the burn rate and heat of combustions, the
values of 44,560 k] /kg, 48,359 k] /kg, and 43,275 k] /kg were used for heptane, Bakken crude oil,
and dilbit crude oil, respectively. These were determined by measurements taken by Intertek for this
project.

A.3. IR Camera

The following procedure was used to determine the surface emissive power from measurements
taken from the MWIR camera.

The main MWIR camera is calibrated to receive photon counts with a 95% efficiency. The camera is
considered linear between 450°C and 1400°C. If pixels have temperatures in each frame that are out
of the temperature range, then the data is considered uncalibrated and the pixels is assigned a NaN
value. The NaN pixel values will not be considered or have any effect in future calculations. To
calculate temperature, an emissivity must be assumed. Most hydrocarbons will become optically
thick at a pool diameter of 2 m and thus, an emissivity of one can be assumed. A slightly lower value
was used for heptane since it does not soot as heavily as crude oil. A transmissivity value was also
required to determine temperature. This was calculated using Hitran. Due to the uncertainty of the
emissivity and transmissivity values, a sensitivity analysis was performed.

The temperature data for each pixel is then converted to surface emissive power by the following
equation:

SEP = oT*

5,4

Where SEP is the surface emissive power, o is T is the temperature in Kelvins, k is the

15¢2h3’
Boltzmann’s constant, h is Planck’s constant and ¢ is the speed of light. The SEP calculated is
corrected for transmission losses. Figure A-2 shows the counts from the camera (top-left panel),
temperature in Kelvins (top-center panel), and SEP in kW /m? (top-right panel) at 1030.3 seconds
from start of experiment. The panels at the bottom (from left to right) show the max and mean SEP
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through time, the instantaneous histogram of the SEP, instantaneous bounded dimensions of the
fire, and the dimension through time.

Bakken - Flame - NW - Radiometric Count - Time: 1530.3 sec Bakken - Flame - NW - Temperatures (K) - Temp: 1427 K Bakken - Flame - NW - SEP - Max: 235 KWatts/mt®

Figure A-2: Data frame with (top row) images from MWIR camera (from left to right) counts,
temperature, and SEP. From left to right — bottom row: History curves for maximum and average
SEP, histogram for the instantaneous SEP, Box fit for flame, and fire dimension history.

Frames taken during steady-state were averaged for temperature and SEP, see Figure A-3. Similarly,
the maximum values for temperature were determined for each frame on the list and averaged.
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Temperature (K)
Ave Temp >750K= 917 6K
StdDev Temp= 136.7K
Max Temp= 1219 1K
i StdDev MaxTemp= 26 4K
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Surface Emissive Power (kW/m?
Ave SEP >16kW/m?= 63 6kW/m’

StdDev SEP= 6 0kW/m?

Max SEP= 173 5kW/m?

100

5.14 meters

/ Sb

=70

meters

Figure A-3: Average temperature and average SEP from heptane Test 1.1. Panel (a): temperature
distribution calculated with emissivity (€) of 0.97 and air transmission (Tx) of 0.95. Panel (b): SEP
distribution calculated with emissivity (€) of 1.0 and air transmission (Tx) of 0.95.

The vertical profiles from the two averages can be seen in Figure A-4 through Figure A-16. Notice
that for the figures the temperature is calibrated between 450°C and 1200°C (723.15K and
1473.15K). In each figure, the profile in the top panel is calculated with emissivity (¢) of 0.97 and air
transmission (Tx) of 0.95. The profile in the bottom panel is calculated with € of 1.0 and air Tx of

0.95.
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Figure A-4: Average temperature and average SEP vertical profiles for heptane Test 1.1 with
calorimeter.
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Figure A-5: Average temperature and average SEP vertical profiles for Bakken Test 2.1 without
calorimeter.
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Figure A-6: Average temperature and average SEP vertical profiles for Bakken Test 2.2 with

calorimeter.
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Figure A-7: Average temperature and average SEP vertical profiles for Bakken Test 2.3 with
calorimeter.
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Figure A-8: Average temperature and average SEP vertical profiles for Bakken Test 2.4 with
calorimeter.

Temperature Vertical Profile
1300 T - T T T

] I ]
1200 - s

1100 - .

Kelvin

1000 - -

700 | ! ! ! 1 1 i —
-1 0 1 2 3 4 5 6 7

meter
SEP Vertical Profile
T

KWim?

Figure A-9: Average temperature and average SEP vertical profiles for Bakken Test 2.5 with
calorimeter.
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Figure A-10: Average temperature and average SEP vertical profiles for Bakken Test 2.6 without

Kelvin

calorimeter.
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Figure A-11: Average temperature and average SEP vertical profiles for dilbit Test 3.1 with

calorimeter.
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V Profile NW SC8313 Camera - 3-5um Cold Filter - 25mm Lens at 10 meters - Emissivity= 1 - Air Transmission= 0.95
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Figure A-12: Average temperature and average SEP vertical profiles for dilbit Test 3.2 with
calorimeter.
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Figure A-13: Average temperature and average SEP vertical profiles for dilbit Test 3.3 without
calorimeter.

266



V Profile NW SC8313 Camera - 3-5um Cold Filter - 25mm Lens at 10 meters - Emissivity= 1 - Air Transmission=0.95
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Figure A-14: Average temperature and average SEP vertical profiles for dilbit Test 3.4 without
calorimeter.

V Profile NW SC8313 Camera - 3-5um Cold Filter - 25mm Lens at 10 meters - Emissivity= 1 - Air Transmission= 0.95
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Figure A-15: Average temperature and average SEP vertical profiles for dilbit Test 3.5 with
calorimeter.
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V Profile NW SC8313 Camera - 3-5um Cold Filter - 25mm Lens at 10 meters - Emissivity= 1 - Air Transmission= 0.95
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Figure A-16: Average temperature and average SEP vertical profiles for dilbit Test 3.6 with
calorimeter.

The calculations of air path transmission were estimated using HiTran for a 10-meter path, with the
assumption of “SubArtic Lat 60N,” during the winter time. “SubArtic Lat 60N” is one of six
environmental options provided for partial pressure estimations in HiTran. While Albuquerque is
located at 35-degree latitude north, its desert area location tends to behave more like the “SubArtic
Lat 60N” for the level of humidity. We should notice that for the 3-5um transmission band, water
and CO; are the main gases that will affect absorption. COs is ubiquitous regardless of the season
and location and its effects on absorption are well defined after a couple of meters. Water
absorption effects become pronounced after 5 meters, and the calculations with HiTran predict
0.94, but given the dryness during the tests in December of 2017 and January of 2018, it was
selected at 0.95. Due to the uncertainty in values for emissivity and transmissivity, a sensitivity
analysis was performed using various values. See Table A-2 for the sensitivity analysis for Test 1.1.
Figure A-17 and Figure A-18 show a graphical depiction of the same sensitivity analysis for SEP and
temperature, respectively.
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Table A-2: SEP and temperature sensitivity to emissivity and transmissivity (Test 1.1)

Emissivity Air Peak SEP Overall SzEP Peak Temp Overall Heightzat
Path Tx (kW/m?) (kW/m?) (K) Temp (K) 30 kW/m?= (m)
1.00 0.97 168.92 62.45 1200.31 911.46 5.11
1.00 0.96 171.20 63.04 1204.07 912.70 5.13
1.00 0.95 173.55 63.64 1207.89 913.93 5.14
1.00 0.94 175.96 64.28 1211.77 915.21 5.16
1.00 0.93 178.44 64.91 1215.72 916.50 5.16
1.00 0.92 180.99 65.56 1219.73 917.78 5.19
1.00 0.91 183.61 66.24 1223.81 919.10 5.20
1.00 0.90 186.30 66.92 1227.97 920.44 5.22
1.00 0.89 189.07 67.62 1232.19 921.80 5.23
0.99 0.97 171.13 63.02 1203.95 912.67 5.13
0.99 0.96 173.45 63.63 1207.73 913.88 5.14
0.99 0.95 175.84 64.24 1211.57 915.15 5.16
0.99 0.94 178.29 64.86 1215.48 916.41 5.16
0.99 0.93 180.81 65.52 1219.45 917.69 5.18
0.99 0.92 183.39 66.18 1223.49 919.00 5.19
0.99 0.91 186.06 66.87 1227.59 920.32 5.22
0.99 0.90 188.79 67.55 1231.77 921.67 5.23
0.99 0.89 191.61 68.26 1236.02 923.04 5.25
0.98 0.97 173.41 63.62 1207.65 913.85 5.14
0.98 0.96 175.77 64.22 1211.46 915.11 5.15
0.98 0.95 178.19 64.86 1215.32 916.37 5.16
0.98 0.94 180.68 65.48 1219.25 917.62 5.18
0.98 0.93 183.24 66.15 1223.24 918.92 5.19
0.98 0.92 185.86 66.81 1227.30 920.23 5.22
0.98 0.91 188.57 67.49 1231.43 921.56 5.23
0.98 0.90 191.35 68.20 1235.63 922.91 5.25
0.98 0.89 194.22 68.91 1239.90 924.29 5.27
0.97 0.97 175.74 64.21 1211.42 915.09 5.15
0.97 0.96 178.14 64.84 1215.24 916.34 5.16
0.97 0.95 180.60 65.46 1219.13 917.59 5.18
0.97 0.94 183.13 66.12 1223.07 918.87 5.19
0.97 0.93 185.73 66.77 1227.09 920.16 5.21
0.97 0.92 188.40 67.46 1231.17 921.48 5.23
0.97 0.91 191.15 68.14 1235.32 922.81 5.25
0.97 0.90 193.98 68.87 1239.55 924.16 5.27
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Air Peak SEP Overall SEP  Peak Temp Overall Height at

EMISSVIY  path Tx  (kwim?) (kW/m2) (K) Temp (K) 30 kW/m?2 (m)
0.97 0.89 196.89 69.58 1243.85 925.56 5.31
0.96 0.97 178.14 64.84 1215.24 916.34 5.16
0.96 0.96 180.57 65.45 1219.08 917.58 5.18
0.96 0.95 183.08 66.10 1222.99 918.84 5.19
0.96 0.94 185.65 66.75 1226.96 920.12 5.21
0.96 0.93 188.29 67.43 1231.00 921.42 5.23
0.96 0.92 191.01 68.12 1235.11 922.74 5.25
0.96 0.91 193.80 68.81 1239.28 924.08 5.27
0.96 0.90 196.68 69.55 1243.53 925.46 5.31
0.96 0.89 199.64 70.27 1247.86 926.81 5.31
0.95 0.97 180.60 65.46 1219.13 917.59 5.18
0.95 0.96 183.08 66.10 1222.99 918.84 5.19
0.95 0.95 185.62 66.74 1226.92 920.11 5.21
0.95 0.94 188.23 67.41 1230.92 921.39 5.23
0.95 0.93 190.92 68.10 1234.98 922.70 5.25
0.95 0.92 193.68 68.78 1239.11 924.02 5.27
0.95 0.91 196.52 69.50 1243.31 925.39 5.30
0.95 0.90 199.45 70.24 1247.58 926.72 5.31
0.95 0.89 202.46 70.97 1251.93 928.09 5.34
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Figure A-17: Graphical depiction of the SEP sensitivity analysis from Table 2 for heptane Test 1.1.
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Figure A-18: Graphical depiction of the temperature sensitivity analysis from Table 2 for heptane
Test 1.1.
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ABSTRACT

This report provides a detailed analysis of the physical and chemical properties of three liquid
hydrocarbon fuels: heptane, Bakken crude, and a diluted bitumen, that were subsequently tested ina
series of 2-m pool fire experiments at Sandia National Laboratories for the National Research Council
Canada. Properties such as relative density, vapor pressure (VPCR,), composition, and heat of
combustion were evaluated. The heptane analysis, with relative density = 0.69 (at 15°C), confirmed
that the material tested was consistent with high-purity (>99%) n-heptane. The Bakken crude, with a
relative density = 0.81 (at 15°C), exhibited a vapor pressure by VPCR,(37.8°C) in the range 120-157
kPa. The dilbit, witha relative density = 0.92 (at 15°C) exhibited a vapor pressure by VPCR,(37.8°C)
in the range 85-98 kPa. Solids remaining in the test pans after the pool fires were also collected and
weighed. No detectable solids were left after the heptane burns. In contrast, the crude oils left some
brittle, black solid residue. On average, dilbit pool fires left about 40X more residue by mass than
Bakken pool fires for equivalent mass of fuel feed.
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EXECUTIVE SUMMARY

This report provides a detailed analysis of the physical and chemical properties of three liquid
hydrocarbon fuels: high purity n-heptane, Bakken crude, and a diluted bitumen, that were
subsequently tested in a series of 2-m pool fire experiments at Sandia National Laboratories for the
National Research Council Canada. The results of the pool fire tests are described in a separate
treport'. Fuel properties such as relative density, vapor pressure (VPCR,), composition, and heat of
combustion were evaluated. Sampling and analysis methods conformed to published industty
standards and were selected based on prior related work, industry best practice, and sponsor request.
The heptane analysis, with relative density = 0.69 (at 15°C), confirmed that the range of properties
tested were consistent with high-purity (>99%) n-heptane. The Bakken crude, with a relative density
= 0.81 (at 15°C), exhibited a vapor pressure by VPCR(,(37.8°C) in the range 120-157 kPa and
composition with peak carbon numbers in the C7-C8 range coupled with a rapidly declining heavy
end distribution, terminating in a lumped C25+ in the 5-8 mole% range. The diluted bitumen was the
densest fuel tested, with a relative density = 0.92 (at 15°C) and a vapor pressure by VPCR,,(37.8°C)
in the range 85-98 kPa. The composition was characterized by a peak mole% at C5-C6 representing
the diluent, overlaid witha long, flatheavy end distributionbetween C10 and C24 and a lumped C25+
in the 28-30 mole% range. This composition was consistent with a 20-25% mixture by volume of
condensate (diluent) with about 75-80 vol% bitumen. Heats of combustion for the three fuels ranged
from 43-48 MJ/kg. Solids remaining in the test pans after the pool fires were also collected and
weighed. No detectable solids were left after the heptane burns. In contrast, the crude oils left brittle,
black solid residue. On average, dilbit pool fires left about 40X more residue by mass than Bakken
pool fires for equivalent mass of fuel feed.

I Luketa, A., A. Cruz-Cabrera, W. Gill, S. Adee and J. Hogge (2019). "Experimental Results of 2-m Heptane, Bakken
Crude Oil, and Dilbit Pool Fire Tests Performed for the National Research Council Canada." in press. Sandia National
Laboratories, Albuquerque, NM 87185.



ACRONYMS AND DEFINITIONS

Abbreviation

Definition

ANSI American National Standards Institute

ASTM ASTM International (standards organization)

BKN Bakken Crude Oil

CFT Fort Saskatchewan Condensate

DOE United States Department of Energy

DOT United States Department of Transportation

FPC Floating piston cylinder

GPA Gas Processors Association

NIST National Institute of Standards and Technology

NRC National Research Council Canada

TC Transport Canada

TDG Transport of Dangerous Goods

TTC Thermal Test Complex, Sandia National Laboratories

V/L Vapor to liquid volume ratio (relevant to ASTM D6377 VPCR testing)
VPCRx Vapor pressure of crude oil at vapor-liquid volume ratio “x” by ASTM D6377
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1. INTRODUCTION

This report summarizes findings from the sampling and analysis of fuels used for the National
Research Council Canada (NRC) 2-m pool fire tests run at the Sandia National Laboratories Thermal
Test Complex in Albuquerque, New Mexico, USA. The overarching purpose of the research program
is to understand how physical and chemical properties of crude oils affect their combustion properties
and hazard potential in the event of an accident involving fire during transportation and handling.

Subsamples of three liquid hydrocarbon fuels: #-heptane, Bakken crude oil from North Dakota (API
gravity = 42.9, sulfur = 0.1 wt%), and a diluted bitumen (dilbit; API gravity = 21.7, sulfur = 3.6 wt%0)
from Canada were drawn at Sandia and analyzed at offsite laboratories to monitor selected physical
and chemical properties including the composition and vapor pressure (VPCR,) of the materials at
selected times throughout the pool fire test series.

A high-level test matrix is shown below in Table 1-1. The scope of this report covers the fluids and
solids sampling in columns 4 and 5. The combustion test descriptions and results related to column
3 are givenin a separate report (Luketa, Cruz-Cabrera et al. 2019).

Table 1-1. High-level test matrix and sampling schedule.

1 2 3 4 5
Pool Fire Pre-burn Post-burn
Pool Fire Test # Fuel Test Date Fluids Sampling Solids Sampling
Test Series 1
1.1| Heptane 12/6/2017 12/4/2017 -
1.2| Heptane 12/7/2017 - -
1.3| Heptane 12/8/2017 - -
Test Series 2
2.3| Bakken 1/19/2018 1/19/2018 1/22/2018
2.4 Bakken 1/24/2018 - -
2.5 Bakken 1/25/2018 - -
2.1| Bakken 1/29/2018 - -
2.2| Bakken 1/30/2018 - -
2.6| Bakken 1/31/2018 1/31/2018 2/1/2018
Test Series 3
3.1| Dilbit 2/6/2019 1/28/2019 2/7/2019
3.2| Dilbit 2/14/2019 - 2/15/2019
3.3| Dilbit 2/20/2019 - 2/21/2019
3.4 Dilbit 2/25/2019 - 2/26/2019
3.5 Dilbit 2/27/2019 - 2/28/2019
3.6| Dilbit 3/4/2019 2/27/2019 3/5/2019

11




This page left blank

12



2. N-HEPTANE FUEL PROPERTIES CHARACTERIZATION

In this chapter, heptane sampling and property analyses are described. Heptane was used as
combustion fuel in a seties of 2-m pool fire tests that preceded the Bakken and dilbit pool fire test
series. Heptane pool fire data is useful as baseline liquid fuel data for testing and troubleshooting
analytical equipment and comparing with crude oils.

21. n-Heptane Sampling Methods

The heptane fuel arrived at Sandia from a commercial supplier in nine drums of nominally 50 gallons
capacity each. A liquid subsample was taken from each using a drum thief sampler compliant with
ASTM D4057 (ASTM 2012), Section 7.14: Tube Sampler--Drum or Barrel. See Figure 2-1 fora photo
of the sampler used in this work. A single 500-700 mL sample was pulled from each drum, giving
nine samples total. Each of these nine samples was placed into a separate unpressurized clear glass
bottle. Figure 2-2 shows a drum and several of these sample bottles. An unpressurized sampling
approach for collecting, holding, and transporting heptane samples was deemed acceptable in this
wortk because the relatively low vapor pressure (~11 kPa @ 37.8 °C; (Williamham, Taylor et al. 1945))
and uniformity in composition of n-heptane minimize risk of loss of light ends and resultant property
changes during sampling and handling at ambient conditions.

the drums to the glass bottles.
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Figure 2-2. Photo of heptane source drum (green barrel) and sampling bottles (clear glass, three

shown) used here.

The samples were labeled and boxed at Sandia, then shipped offsite for analysis. Once the samples
reached the lab, equal volumes from each of the nine bottles were combined to form a composite
sample. All analytical test results presented here represent properties of this composite sample.

2.2. n-Heptane Analysis Methods

Heptane samples were analyzed for the following properties:

1.
2.
3.
4.
5

Purity by chromatographic method ASTM D6730-M (ASTM 2011b) for heptane
Relative Density by ASTM D4052 (ASTM 2011a)
Heat of Combustion by ASTM D240 (ASTM 2014)
Water Content by ASTM E1064 (ASTM 2016g)
Flash Point by ASTM D93A (ASTM 2013b)

a. Additional Flash Point by ASTM D3828 (ASTM 2016h) by sponsor request
Average Molecular Weight by cryoscope (freezing point depression)
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3. BAKKEN CRUDE SAMPLING AND ANALYSIS METHODS

This chapter describes the methodology for sampling and analysis of the Bakken crude oil used in the
pool fire test series described in Luketa, Cruz-Cabrera et al. (2019). Six pool fires were run with
Bakken crude oil in this study. Sandia monitored and coordinated collection and analysis of the crude
oil subsamples to establish basic physical and chemical properties of the fuel.

3.1. Large Oil Sample Acquisition and Tanker Operations

Crude oil was acquired from a terminal in North Dakota that handles Bakken production and placed
in a custom-designed pressurized tanker truck. The 4,800-gal pressurized tanker (shown in Figure
3-1) used water displacement to isolate the fuel sample from changes in light ends and fixed gases.
This main sample of 2,100 gallons of oil was further sampled at different times to characterize any
loss of volatile components during the fire testingand the resulting effect on the testing process. These

»

smaller samples were called “subsamples.
Luketa, Blanchat et al. (2019).

Additional detail on sample acquisition is provided in

PRy S e 5, : 2 a
Figure 3-1. Sandia custom pressurized oil tanker (right) taking a load of crude while displacing
water to vacuum truck (left)

3.2. Subsampling Schedule

The tanker load of Bakken crude oil was shared by several sponsoring entities including the U.S.
Department of Energy (DOE), U.S. Department of Transportation (DOT), Transport Canada, (TC)
and the National Research Council Canada (NRC) during the crude oil characterization research
program. To reiterate, the 2,100-gallon tanker-load was considered the main oil sample, while the
spot samples taken from the main oil for quality testing were considered subsamples. Overall, eight
sampling events were planned, the first three and last of which were conducted under the
DOE/DOT/TC project, and the 4th-7th were conducted under the NRC/TC project. The current
report desctibes the sampling and analysis specific to the NRC/TC project, tepresented by events B4-
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B7 in the lower half of Table 3-1. Information about the DOE/DOT/TC sampling and analysis plan
(Events B1-B3 and B8, shaded) is given in Luketa, Blanchat et al. (2019).

Table 3-1. Listing of sampling events related to overall crude oil project, with NRC/TC sampling
indicated in white rows.

Event | Fuel Event Name in Multi- | Sponsor Description

# Agency Project
Schedule

Bl Bakken Loading Site DOE/DOT/TC | Fluid sampling taken at the crude
Subsampling oil loading site for oil before it

entered the tanker

B2 Bakken Burn Site Subsample 1 DOE/DOT/TC | Fluid sampling taken at the Sandia
burn site after homogenization and
just prior to use in the 5m pool fire

B3 Bakken 5-m Pool Fire Solids DOE/DOT/TC | Post-burn solids collected from the
Residue pool fire pan
B4 Bakken Burn Site Subsample 2 NRC/TC Fluid sampling taken at the Sandia

burn site (Thermal Test Complex)
after homogenization and just prior
to use in the first 2-m pool fire
(Pool Fire Test 2.3)

B5 Bakken 2-m Pool Fire Solids NRC/TC Post-burn solids collected from the
Residue pool fire pan (Pool Fire Test 2.3)
B6 Bakken Burn Site Subsample 3 NRC/TC Fluid sampling taken at the Sandia

burn site (Thermal Test Complex)
after homogenization and just prior
to use in the last 2-m pool fire
(Pool Fire Test 2.6)

B7 Bakken 2-m Pool Fire Solids NRC/TC Post-burn solids collected from the
Residue pool fire pan (Pool Fire Test 2.6)
B8 Bakken July 2018 Subsample DOE/DOT/TC | Fluid sampling taken at the Sandia

burn site in the month of July 2018

3.3. Subsampling Methods

Enough sample volume was collected at each liquid sampling point (Sampling Events B1, B2, B4, B0,
and B8) so that the relevant analytical portion of the analysis plan could be performed twice. As such,
half of the samples were utilized in analysis and the other half were retained in reserve for backup
analysis if needed.

3.3.1. Sampling Events B1, B2, and B3

Descriptions of subsampling events Loading Site Subsample (B1) and Burn Site Subsample 1 (B2) are
given in Luketa, Blanchat et al. (2019). Pool fire solids residue from B3 was acquired and shipped to
a lab that was under contract with TC.
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3.3.2. Liquid Phase Subsampling ( B4) prior to first Bakken pool fire (Test 2. 3)

A fluid subsample (B4) was taken from the pressurized tanker at the Sandia Thermal Test Complex
(TTC) to establish properties of the material within one day of the first 2-m crude oil pool fire test.

Crude oil samples for vapor pressure and composition were collected using closed cylinder sampling
methods displacing a glycol-water mixture, compliant with Gas Processors Association (GPA)
standard GPA 2174 (GPA 2014). Source oil pressure was maintained between 40-45 psig to facilitate
operation of the piston cylinder devices. Six 1-L capacity piston cylinders (see Figure 3-2) were filled
to nominally 700 mL each, displacing a water-glycol mixture as the container was loaded with oil. In
addition, six 700 mL samples for unpressurized physical property analysis were obtained by ASTM
D4057 in 1-L glass bottles.

Figure 3-2. Photo of a 1-L capacity piston cylinder (in shipping case) used to collect pressurized
crude oil during Sampling Event B4.

All the above-mentioned subsamples were pulled from a sampling manifold system attached to a
recirculationloop on the pressurized Sandia tanker (see conceptual drawingin Figure 3-3). The tanker
contents were circulated for several hours by a dedicated recirculation loop to homogenize the
contents prior to subsampling and injection into the fire testing facility. The oil was circulated for
enough time to allow atleast 3 tanker volumes of oil to pass through the circulation pump.

Recirculation pump Sa ndia Tan ker
Setup for recirculation and sampling

= i

return intake

Sampling valve

Figure 3-3. Conceptual drawing of tanker recirculation loop and sampling valve.
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3.3.3. Liquid Phase Subsample ( B6) prior to last Bakken Pool Fire (Test 2.6)

A fluid subsample from Sampling Event B6 (Burn Site Subsample 3) was taken from the pressurized
tanker at the Sandia Thermal Test Complex (T'TC) to establish properties of the material just prior to
the last 2-m crude oil pool fire test (see photos in Figure 3-3).

—

Figure 3-4. Photos taken during Sampling Event B6 (Burn Site Subsampling 3) at the Sandia

thermal test complex on January 31, 2018, prior to the sixth and final 2-m pool fire. Left photo

shows a 500-mL capacity floating piston cylinder during oil fill. Right photo shows a “Boston
Round” glass bottle containing about 700 mL Bakken crude.

The sampling method varied slightly from prior events because empty 1-L piston cylinders were not
available at the Sandia site at the time of sampling. Instead, 500-mL piston cylinders were filled in the
field using back-pressure of an inert gas to control the fill rate. The 500-mL piston cylinders were
shipped to a crude oil laboratory facility in the US where the samples were transferred to 1-L piston
cylinders (see Figure 3-4 for a photo and description of the setup). The 1-L piston cylinders were
shipped to their final destination at another crude oil laboratory in Canada where they were analyzed.
This transfer of the sample from the 500-mL piston cylinder to a 1-L piston cylinder was required
since the 1-L piston cylinders were certified for transport of crude oil samples per Transport Canada
regulations. Also, six 700 mL samples for unpressurized physical property analysis were obtained by
ASTM D4057 in 1-L glass bottles.
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Figure 3-5. Photo of transfer process from 500-mL piston cylinder to 1-L piston cylinder on
laboratory benchtop. The sample transfer line was evacuated with a vacuum pump prior to
sample transfer and then the sample was pushed from the 500-mL piston cylinder into the 1-L
piston cylinder with an inert gas.

3.3.4. Solid Phase Subsampling (B5 and B7) after Bakken Pool Fires

The 2-m Post Burn Solids Residue sample after pool fire test 2.3 (Sampling Event B5) and the 2-m
Post Burn Solids Residue after pool fire test 2.6 (Sampling Event B7) were taken to evaluate some
basic features of the residue. On-site analyses included:

* Photographs of pan
* Qualitative description of residual material (solid, slurry, viscous liquid or paste)
e Total mass of residual material

Three samples were collected and placed into plastic wide-mouth sampling jars for offsite laboratory
analyses that were outside the scope of this report. The three locations for analysis represented the
center of the pan, midpoint along the radius of the pan, and the outer edge against the lip of the pan.
Sampling procedures were guided by ASTM D4057-12 (ASTM 2012), section 9.29.2: solid and semi-

solid grab sampling,.

The Bakken post-burn solids were dry and brittle. Deposition quantity and quality did not appear to
depend on radius. Photos of the pan residue after the Jan 19 test (Sampling Event B5) and the Jan 31
test (Sampling Event B7), are shown in Figure 3-5 and Figure 3-0, respectively. Inareas where solids
deposition was thickest, a light gray dusty material appeared to sit on top of a dark black glassy solid
that was cemented to the pan.
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Figure 3-6. Photos of full pan with two insets taken after the January 19, 2018 pool fire, sampling
event B5. Spot samples were taken and sent to an offsite laboratory for analysis.

20



Figure 3-7. Photo of full pan taken after the January 31, 2018 pool fire (sampling event B7). Spot
samples were collected and sent to an offsite laboratory for analysis.

3.4. Bakken Crude Analysis Methods

The analysis methods used on the samples depended on the sample sources. The fluid subsamples
taken at tanker loading (Event B1 in Table 3-1) were subjected to a range of physical property tests
that provide a general physical description commonly used to evaluate oil quality in the midstream
sector. The fluid subsamples takenat the burn site (Events B2, B4, B6, B8 in Table 3-1) were subjected
to a more particular set of tests centered around volatility and combustion properties.

3.4.1. Analysis of Sampling Events B1 , B2and B8

Loading Site Subsampling (Sampling Event B1), Burn Site Subsample 1 (Sampling Event B2), Burn
Site Subsample 4 (Sampling Event B8) and their analyses were funded and directed under the US
DOE/DOT/TC project and ate described in Luketa, Blanchat et al. (2019).

3.4.2. Analysis of Sampling Events B4 and B6
Sampling Events B4 and B6 were taken directly before Pool Fire Test 2.3 and 2.6, respectively. As

such, detailed analyses were performed on these samples to more directly link the properties of the
crude oil to the pool fires. Analysis methods for the fluids collected in Sampling Events B4 and B6
include:
e VPCR(T) by ASTM D6377-M (ASTM 2016Db) at selected temperature and expansion points
listed in Table 3-2
e Pressurized Compositional Analysis by ASTM D8003 (ASTM 2015) + ASTM D7169 (ASTM
2016a) + GOR merge
e Density by ASTM D5002 (ASTM 2013a)
e Flash Point by ASTM D56 (ASTM 2016d) and D3828 (ASTM 2016h)
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e Heat of Combustion by ASTM D240 (ASTM 2014)
e Water Content by ASTM D4007 (ASTM 2016f) and D6304 (ASTM 2016¢)

Subsamples for ASTM D6377 VPCR, ASTM D8003 pressurized composition, and GOR analyses
were drawn from GPA 2174 pressurized cylinders due to their sensitivity to light end losses and
requirement for pressurized sample injection. Flashpoint, heat of combustion, and water content
samples were drawn from ASTM D4057 bottle samples. These unpressurized measurements did not
show sensitivity to sampling method for similar Bakken oil in prior work (Lord, Allen etal. 2017).

3.4.2.1. VPCR(T) (ASTM D6377-M) Expansion Series

A vapor pressure “curve” was developed by running a series of pressure-expansion points on oil from
the loading subsample. The selected temperature and expansion points are given in Table 3-2.

Table 3-2. Temperature and expansion settings for ASTM D6377 VPCRx(T) measurements to be
run on loading site subsamples.

Temperature Expansion Ratio (x)

(°F) (°C) V/L V/L V/L V/L V/L V/L
100 37.8 0.2 0.5 1.0 1.5 2.0 4.0
122 50 0.2 0.5 1.0 1.5 2.0 4.0

Samples must be allowed to reach an effective equilibrium for each expansion point, with ASTM
D6377 instrument equilibration requirements given in Table 3-3. The equilibrium requirements and
sample conditioning have been modified for this project, which changes these measurements from
“D6377” to “D6377-M” results, as stated in the note below Table 3-3. This analysis was run in
duplicate on separate cylinders to demonstrate reproducibility.

Table 3-3. Instrument settings for “Equilibrium Time” and “Equilibrium dP/dt” required to confirm
that the analysis run for each V/L has reached equilibrium conditions.

V/L Minimum Equilibration Equilibration dP/dt
Time (kPa/min)
(sec)
0.20 900 0.2
0.50 600 0.15
1.0 600 0.1
15 500 0.1
2.0 400 0.1
4.0 300 0.1

Note: The “M” modifier on the ASTM D6377 test method above relates specifically to the
equilibrium criteria above in Table 3-3 and the temperature conditioning of the test fluid. Sandia
National Laboratories requires that the test fluid be pre-conditioned to the test temperature PRIOR
TO PRESSURIZED INJECTION into the sample chamber in the 6377 device, and that the sample
injection tubing and pressure regulators (if required) are also maintained at the test temperature. This
is done in order to prevent liquid thermal expansion effects from further pressurizing the cell before
the expansion sequence statts, leading to etroneously high-pressure values for low V/L.
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3.4.2.2. Pressurized Compositional Analysis

Bakken sample compositions on a “whole oil” basis were determined by combining ASTM D8003-
15, ASTM D7169, and GOR flash measurements by numerical recombination. Doing so yielded
whole oil descriptions with components including N,+0O,, CO,, carbon number groups including
major isomers from C1-C24, and a lumped heavy portion given as C25+. Density of pressurized
samples was also measured using ASTM D5002. Mole% and mass% reported in the experimental
results are given by component as a percentage of the whole, original sample.

3.4.2.3. Unpressurized Physical P roperties Determination

The burn site subsamples were analyzed for the following physical properties using unpressurized
sampling and storage techniques. Sample collection (ASTM D4057) and handling were consistent
with procedures given in each associated standard.

e Flash Point (ASTM D56 and ASTM D3828)

e Heat of Combustion (ASTM D240)
e  Water Content (ASTM D4007 and ASTM D6304)

3.4.3. Equation of State (EOS) Modeling

Bakken crude oils with compositions measured by the pressutized compositional analyses described
in Section 3.4.2.2 were simulated via commercially available process simulation software. This
simulation used a cubic equation of state (EOS) model embedded in the process simulation software
to predict properties such as vapor pressure at selected V/L and temperature based on composition.
The compositional data were used to model the oil samples for several reasons:

1. A favorable comparison of modeled properties from the compositionally-based EOS with
measured properties from the analytical lab provides a level of verification that the
composition and properties of the whole oil are self-consistent and that the EOS model is
appropriate for this particular application.

2. Producing modeled VPCR, from compositional data helps identify which compositional
factors in a crude oil affect its VPCR,, and in what ways.

3. Havingaccess to a validated simulation model can enable predictions of oil properties where
direct measurements are not feasible due to expense, difficulty, or safety concerns.

More information on the EOS modeling procedures used here canbe found in a previous study (Lord,
Allenetal. 2017).

23



This page left blank

24



4, DILUTED BITUMEN SAMPLING AND ANALYSIS METHODS

This chapterdescribes the methodology for sampling and analysis of the diluted bitumen (dilbit) crude
oil used in the pool fire test series described in Luketa, Cruz-Cabrera et al. (2019). Six pool fires were
run with dilbit crude oil in this study. Sandia monitored and coordinated collection and analysis of
crude oil subsamples to establish basic physical and chemical properties of the fuel.

4.1. Dilbit Sample Acquisition

Twelve cylinders of diluted bitumen were acquired by InnoTech Alberta on November 28" and 29",
2018 from a pipeline source in Canada. The dilbit was contained in 420-Ib customized propane tanks,
displacing nitrogen during fill. Approximate capacity for these cylinders was 360 L (95 gal), with a
tare weight of 130 kg (290 Ib). Tank ID’s (1-12) were pre-assigned by InnoTech and written directly
onto the tank shells. Ten tanks were then shipped to the Sandia facility in Albuquerque, NM USA in
December 2018. Two tanks were retained at InnoTech. Once at Sandia, the cylinders were stored
outdoors on pallets over secondary spill containment as shown in Figure 4-1.

:

Figure 4-1. Photo of eight of the ten modified propane cylinders sent to Sandia to supply the dilbit
pool fire testing.

4.2, Subsampling Schedule

The dilbit subsampling schedule is summarized belowin Table 4-1. Liter-scaleloading site subsamples
were acquired on November 28-29, 2018 (event DO) while the 420-1b tanks were loaded from the
pipeline source. The loading subsamples were collected into floating piston cylinders and Boston
Round bottles and held in retention and not analyzed. Baseline spot samples from one of the 12 tanks
(tank 5) were then drawn on December 3, 2018 (D1). Additional sampling details are given in
Appendix A on a sample-by-sample basis, as reported by InnoTech.
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The liquid phase dilbit was sampled twice at Sandia: once (event D2) before the first pool fire and
again (D4) before the last pool fire in the testing series. The solid residue that resulted from each 2-m
pool fire was also sampled and weighed after each of the six pool fire tests. T'wo of those solid samples
(event D3, D5), from the first and last fires, were packaged and sent to an offsite laboratory for
analysis.

Table 4-1. Listing of sampling events supporting the dilbit pool fire series
Event # | Event Name Description

DO Loading Site Subsampling Baseline fluid subsamples taken directly from
pipeline source at same time as the 360L
samples were collected. These samples were
held in retain and not analyzed.

D1 Baseline Subsampling Fluid sampling taken from Tank #5 to establish
initial properties prior to shipping tanks to
Sandia.

D2 Burn Site Subsample 1: Tank 12 Fluid sampling taken at the Sandia thermal test

complex after homogenization and just prior to
use in the first 2-m dilbit pool fire (Pool Fire Test

3.1).
D3 2-m Pool Fire Solids Residue Post-burn solids collected from the pool fire pan
D4 Burn Site Subsample 2: Tank 9 Fluid sampling taken at the Sandia thermal test

complex after homogenization and just prior to
use in the final 2-m dilbit pool fire.

D5 2-m Pool Fire Solids Residue Post-burn solids collected from the pool fire pan
(Pool Fire Test 3.6).

43. Subsampling Methods

4.3.1. Liquid Phase Subsampling (DZ2)Prior to First Dilbit Pool Fire (Test3.1)

Tank 12 was selected to supply the first pool fire test (3.1). The tank was fitted with a recirculation
system that drew oil up the hanging string and out of the liquid valve, through a pneumatic diaphragm
pump, and back into the vapor valve. A schematic of the recirculation loop is shown in Figure 4-2(a)
next to a photo of the actual setup in Figure 4-2(b). The tank was recirculated for about 20 minutes
at about 10 gallons per minute to assure that several complete volumes were recirculated prior to
subsample collection.

Early efforts to mix the oil were met with problems as the centrifugal pump could not move the
viscous oil. As a workaround, electrical resistance pad heaters were fixed to the outside of the dilbit
tank (see orange pads in Figure 4-2(b)) to heat the oil and decrease viscosity to facilitate flow and
mixing since the mixing and sampling were performed outdoors and subjected to winter temperatures
near 0-5°C. Also, a pneumatic diaphragm pump was installed to replace the centrifugal pump. In the
end, the heaters were never energized because the pneumatic diaphragm pump was able to move the
fluid and mix without external heating.

Pressure for subsampling was generated by adding a tecirculation/back pressure valve as shown in
Figure 4-3, with a tee that fed a sample line fitted with a sampling valve. Pressure at the sampling
valve was maintained between 20-40 psig during sampling.
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Figure 4-2. Schematic of recirculation loop (a) (reproduced from Prefontaine (2018)) and photo of
actual setup.
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Figure 4-3. Schematic of combined recirculation/sampling loop reproduced from Prefontaine
(2018).
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Dilbit liquid samples for subsampling event D2 were acquired by two methods:

o  GPA 2174-14 pressurized sampling using Proserv 700 mL capacity floating piston cylinders
(2 X 700 mL)

e  ASTM D4057 unpressurized sampling using Boston round bottles (4 X 700 mL)

The cylinders were received at Sandia already back-filled with glycol. A photo of the unpressurized
ASTM D4057 bottle sampling is shown in Figure 4-4. Subsamples wetre acquired on 1,/28/2019
between 1-2 PM local time.
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Figure 4-4. Photo of unpressurized glass bottle during ASTM D4057 fill process with dilbit from
Tank 12.

4.3.2. Liquid Phase Subsampling (D4)prior fo Last Dilbit Pool Fire (Test 3.6)

Tank 9 was selected to supply the sixth pool fire test, which was the lastin the test series. Oil pre-
mixing was performed as described above in section 4.3.1.

Samples were acquired by two methods:

e  GPA 2174-14 pressurized sampling using Proserv 700 mL capacity floating piston cylinders
(2 X 700 mL)

e  ASTM D4057 unpressurized sampling using Boston round bottles (4 X 700 mL)
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A photo of the pressurized floating piston cylinder sampling is shown in Figure 4-5. The cylinders
were received at Sandia already back-filled with glycol. As oil entered the inlet side of the cylinder,
the piston moved to displace glycol at nominally the same volume as oil captured in the cylinder.
Subsamples from Tank 9 were collected on2/27/2019 from 11 AM to 12:20 PM local time.
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Figure 4-5. Photo of pressurized piston cylinder fill process with dilbit from Tank 9. Oil feed on
the far end of the cylinder moves the internal piston while displacing glycol through the outlet
valve from the close end. The volume of glycol displaced is a primary indicator of sample volume

captured in the cylinder.

4.3.3. Solid Phase Subsampling (D3) after the first Dilbit Pool Fire (Test 3.1)

The first 2-m dilbit pool fire, Test 3.1, was run on February 6, 2019. Post-burn solids samples were

collected the next morning on February 7. The total weight of solids recovered from the pan was
69.251b (31.48 kg).

The solids took two general forms:

6) Thin, brittle, porous grey and black crust, analogous to a raised pie crust with air
underneath, effectively covering the entire pan.

(i1) A thick, glass-like, low-porosity solid that settled into low areas underneath the crust. This
material did not have air underneath and had to be chipped out of the pan with a chisel.
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Three spot samples of solid residue were collected from the pan. One was taken from pan center, a
second from half radius, and a third at the full radius (outer perimeter). Photos of the residue in the

pan on February 7 are shown in Figure 4-6 and Figure 4-7 just prior to collecting the grab samples for
offsite analysis.

X . sl ot o
Figure 4-6. Photo of post-burn solids remaining after Test 3.1. Total mass of solids was measured
at 31.48 kg.

Figure 4-7. Close-up photo of sampling post-burn residue from the center of the pan for Test 3.1
on February 7.
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4.34. Solid Phase Subsampling (D5) after the last Dilbit Pool Fire (Test 3.6)

Post-burn solids samples for test 3.6 were collected on March 5, one day after completion of the last
2-mdilbitpool fire. A photo of the pan contentsis shown in Figure 4-8. The residue was qualitatively
similar to that desctibed for residue left after the first dilbit pool fire in section 4.3.3. Spot samples
were collected as described in section 4.3.3 and total mass of solids in the pan was measured. The
spot samples were packaged and shipped offsite for analysis.

2 § of

Figure 4-8. Photo of post-burn solids remaining after test 3.6. Total mass remaining was
measured at 19.60 kg.

-

44. Dilbit Crude Analysis Methods

4.4.1. Analysis of Sampling Events D1, D2, D4

Dilbit samples were analyzed for selected physical properties as well as pressurized and unpressurized
composition. A summary of physical properties tested on samples obtained in unpressurized “Boston
Round” bottles is given in the list below.

e Initial Boiling Point by ASTM D8003 (ASTM 2015)+ ASTM D7169 (ASTM 2016a) Merge
e Flash Point, Closed Cup by ASTM D3828 (ASTM 2016h)

e Waterand Sediment by ASTM D4007 (ASTM 2016f)

e Water content by Karl Fischer

e Density @15°C by ASTM D5002M (ASTM 2013a)

e Heat of Combustion by ASTM D240 (ASTM 2014)

e Sulfur by ASTM D4294 (ASTM 2016¢)

e Viscosity by ASTM D445 (ASTM 2018)
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e Hydrogen Sulfide and Mercaptans by UOP 163 (UOP 2010)

A summary of physical properties tested on samples obtained in pressurized floating piston cylinders
(FPC) compliant with GPA 2174-14 pressurized sampling includes:

e VPCR(T) by ASTM D6377-M (ASTM 20106b) at selected temperature and expansion points
listed in Table 3-2

e Pressurized Compositional Analysis by ASTM D8003 (ASTM 2015) + ASTM D7169 (ASTM
2016a) + GOR merge

The ASTM D6377-M VPCR methodology used for the dilbit samples was the same as for the Bakken
samples described in section 3.4.2.1. Whole oil composition listed above was obtained by combining
ASTM D8003-15 measurements, ASTM D7169 measurements, and GOR flash measurements by
numerical recombination. Doing so yielded whole oil descriptions with components to include
N,+0O,, CO,, carbon number groups including major isomers from C1-C24, and a lumped heavy
portion given as C25+.
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5. EXPERIMENTAL RESULTS

This chapter presents the analytical results for the heptane, Bakken crude, and dilbit collected and
analyzed as described in Chapters 2-4. Recall these analyses were conducted in support of a series of
pool fire tests run on the same fuels at the Sandia Thermal Test complex. Description and results of
the pool fire testing are given in a separate report by Luketa, Cruz-Cabrera et al. (2019).

5.1. General statement on fuels comparison

A summary of basic physical properties of the three fuels tested here is given in Table 5-1. Properties
such as mass density, sulfur content, VPCR, and heat of combustion provide a basic profile relevant
to identification, handling, and testing. Heptane represents a refined product with a combination of
density, viscosity and VPCR that facilitate easy handling at ambient conditions. Bakken represents a
light, sweet crude oil with a wide boiling range and sufficient light ends content and VPCR that
pressurized storage and specialized handling were imposed to retain stable properties throughout
months of storage time required to complete the test series described here and elsewhere (Luketa,
Blanchat et al. 2019). The dilbit, a heavy sour crude, was the most dense and viscous fluid tested here.
Even so, the dilbit also contained sufficient light ends content that pressurized storage and specialized
handling were imposed, similarto the Bakken. Recall from section4.3.1 thata specialized recirculation
system using a pneumatic diaphragm pump was required to overcome the viscosity and adequately
mix the dilbit for sampling. Gross heats of combustion on a mass basis were similaracross all three
fuels.

Table 5-1. Summary of average fuel properties observed in this study

Property Units n-Heptane Bakken Dilbit
Density (15.56°C) kg/m3 687.5 805.9 923.9
API Gravity (60°F) ° 74.1 43.9 21.7
Sulfur mass% 0.00 0.1 3.6
VPCR,,(37.8°C) kPa 10.9° 136 93
Viscosity (40°C) mm?/s 0.005° 2.0 71.9
Heat of Combustion MJ/kg 47.8 46.8 43.0

* Vapor pressure for z-heptane calculated using process simulator. Verified
using correlation from literature (Williamham, Taylor et al. 1945).

®Viscosity for z-heptane calculated using correlation from literature (Sagdeev,
Fomina et al. 2013). Verified via process simulator.

5.1.1. Fuel Visual Properties

Example photos of heptane (12/6/17), Bakken crude (1/31/2018) and diluted bitumen (2/27/2019)
in clear glass bottles subsampled during this study are shown side-by-side in Figure 5-1. The heptane
was clear, the Bakken exhibited a muddy dark green color, and the diluted bitumen was dark black.
Generally speaking, crude oil color is driven by the heavy component contents, so the darkerthe colot,
the heavier the oil. Though not captured specifically in these photos, the Bakken also produced a
mustard-colored foam several inches deep that formed on top of the liquid phase as it was drawn
from pressurized storage into the unpressurized bottle. The foam broke up after a few minutes and
settled to the stable configuration that is shown in the photo.

33



COMNPLETE g
LT
ehrrcaey

i ;
w3t EPTANE

™ s Gk T
- {TRANSFER | SAMPLE OHLY

Shgg

M TE e aronessrren
oy

SHORE tvESSEL

Sl

el ——
5

Lg% councane, D

LR —

s

Figure 5-1. Comparison of h

5.2. n-Heptane Analysis Results

—

Diluted Bitumen

eptane (left), Bakken (center) and diluted bitumen (right) visual
properties captured during bottle sampling.

Results received from the analysis laboratory are given in Figure 5-2. The #-heptane purity measured
at 99.5 vol% compares well with the analysis certificate that accompanied the delivery from the

supplier (see Appendix C).

Other measured values such as average molecular weight, density at

ambient pressure/temperatute conditions, and heat of combustion compare well with reference
database values obtained from the U.S. Department of Commerce National Institute of Standards and
Technology (NIST). By verifying the supplier purity and comparing these properties with those of #-
heptane from a standards database, it is reasonable to say that these samples were representative of a

high-purity #-heptane.

Table 5-2. Analysis results for composite heptane sample collected from the 9 heptane drums
delivered to Sandia.

Test

Chemical Formula
Heptane Purity

Average Molecular Weight
API Gravity @ 60°F
Density @ 15.56°C
Relative Density, 15.56°C/15.56°C
Gross Heat of Combustion
Water Content

Corrected Flash Point
Flash/No Flash

Target Flash Point

Measured

Value
CsHie
99.5
102.14
74.1
0.6875
0.6882
20558
25
<50
Flash
-5

Unit

Vol %
g/mol
°API
g/cm?

BTU/Ib
mg/kg
°F
°F
°F

Method

N/A

ASTM D6730
Frz Pt Depression
ASTM D4052
ASTM D4052
ASTM D4052
ASTM D240
ASTM E1064
ASTM D93
ASTM D3828
ASTM D3828
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Value

100.2

0.6876

20710

Unit
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5.3. Crude Oil Unpressurized Properties

5.3.1.

Measured physical properties for the Bakken sample taken at the loading site in North Dakota (B1)
are listed in Table 5-3. The oil is considered a light, sweet crude according to the API gravity (42.99

Bakken Physical Properties (Sampling Event B 71— Loading Site)

and total sulfur content (0.0844 wt%)(API12011).

Table 5-3. Physical properties of Bakken samples taken at loading site (B1).

Method Test Result Unit
ASTM D5002 API Gravity @ 60°F 42.9  °API
ASTM D5002 Relative Density @ 60/60°F 0.8107
ASTM D4294 Sulfur Content 0.0844 Wt%
ASTM D445 Kinematic Viscosity 40 °C 1.996 cSt
ASTM D93A Corrected Flash Point <50 °F
ASTM D664A Acid Number <0.10 mgKOH/g
ASTM D3230 Salt Content (as electrometric chloride) 3.8 Ib/1000bbl
UOP 163 H2S <1 ppm Wt
UOP 163 Mercaptan Sulfur <3 ppm Wt
ASTM D1159 Average Bromine Number 1.1
ASTM D97 Pour Point <-33 °C
ASTM D97 Pour Point <-27.4 °F
ASTM D4007 Sediment And Water <0.05 Vol%
ASTM D4928 Sample Temp - Before Mixing 24 °C
ASTM D4928 Sample Temp - After Mixing 24 °C
ASTM D4928 Water Content 0.01 Vol %
ASTM D6560 Asphaltene Content <0.50 Wt%
ASTM D5762 Nitrogen Content 430 ppm Wt
UOP 269 Basic Nitrogen 130.0 ppm Wt
ASTM D4530 Average Micro Method Carbon Residue 0.53 Wt%
ASTM D240 Gross Heat of Combustion 20,834 BTU/Ib
ASTM D482 Average Ash 0.003 Wt%
ASTM D5708A_MOD Iron 1.30 mg/kg
ASTM D5708A_MOD Nickel <0.100 mg/kg
ASTM D5708A_MOD Sodium 7.30 mg/kg
ASTM D5708A_MOD Vanadium <0.100 mg/kg
UOP 46 Wax Content <50 Wt%
UOP 375 UOP Characterization Factor (K) 12.11
ASTM D7359 Total Fluorine <1.00 mg/kg
ASTM D7359 Total Chlorine 1.20 mg/kg
ASTM D4929B Organic Chloride in Orig. Sample-Crude Oil <10 pg/s
ASTM D5291 Carbon Content 75.00 Wt%
ASTM D5291 Hydrogen Content 10.00 Wt%
ASTM D5291 Nitrogen Content 0.10 Wt %
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5.4. Fuel Compositions

54.1. Bakken Whole Oil Composition

Pressurized composition from fluid samples taken at five sampling events (Events B1, B2, B4, B0,
and B8) are shown graphically in Figure 5-2 and Figure 5-3. Additional compositional data for each
eventare shown withblack outlined bars of the same color. For replicates, two-cylinder samples were
taken back-to-back from the same source and analyzed. The legends for these charts organize the
samples by sampling event (Event B1, B2, B4, B6, or B8) and the replicate number for that event (B1-
1 or B1-2, for example). The reader should note there is an analytical process difference for the
dissolved gas compositions determined under the DOE/DOT/TC-sponsored work (Events B1, B2,
B8) versus the NRC/TC work (Events B4, B6). The undetlying analytical method (GPA 2103-
M(GPA 2003)) used in the DOE/DOT/TC wotk did not differentiate between O, and N,, thus their
contributions to the whole oil were lumped (N, + O,) and are represented only as N, in Figure 5-2.
The method used in the NRC/TC work, ASTM D8003 merge method, did differentiate and the
separate components are shown in Figure 5-2.

For the dissolved gas compositions shown in Figure 5-2, there appeared to be a spike in N, in the first
replicates of the B1, B6, and B8 samples, though the second replicates do not show the same feature.
There are several possible explanations for this behavior. First, it is possible that sample handling
during acquisition in the field, during the required transfer from the manual piston cylinders (MPC)
to the 1-L piston cylinders (for the B6 subsamples), or during cylinder hookup to the analytical
instruments in the lab introduced air into the system. Another possibility is that air could have also
been introduced into the tanker during storage times (weeks to months) under periodic vacuum
conditions at lower temperatures when the vapor pressure of the oil was less than the ambient
pressure. The fact that paired samples (i.e., B1-1 and B1-2, or B6-1 and B6-2) pulled from the same
tanker load just minutes apart showed variability similar or greater in magnitude than observed
between samples separated by months suggests that the inherent sample-to-sample variability is a more
likely explanation than air ingestion into the tanker.
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The light hydrocarbons in Figure 5-3 showed little variation across all subsamples. The light end
compositions held nearly constant across all the subsamples, providing evidence that the custom
Sandia pressurized tanker and sampling methods did not allow escape of these components from the
main sample of oil in the tanker and provided consistent fuel properties for the 2-m pool fire test

series.
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the Sandia burn site.
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Figure 5-3. Light ends compositions (C2-nC5) in Bakken samples taken at loading and at the
Sandia burn site.

Whole oil carbon number plots for the samples are given graphically as line plots in Figure 5-4, with
tables of the data in Appendix C. Note dissolved gases (N,, CO,, etc.) are included in the whole oil
composition (see Figure 5-2) but are not visible at the scale shown. The compositional analyses for
events B1, B2, and B8 were determined by numerical merge on a suite of analytical measurements by
GPA 2103-M + ASTM D2887 + ASTM D7169. Alternatively, B4 and B6 were determined by a
merge of ASTM D8003 + GOR + ASTM D7169 measurements. The different compositional
methods were used because these phases of the research project (B1,2,8 versus B4,6) were funded by
different sponsors, and were brought together here under a sharing agreement. Details of these
methods are described in a separate report (Lord, Allen et al. 2018). A close look at Figure 54
indicates that the four whole oil curves with higher C7-C8 peaks around 13-15 mole% were associated
with the GPA 2103-M merge method (referred to in Figure 5-4 as TM1), while the four whole oil
curves with lower C7-C8 peaks around 10-12 mole% were associated with the ASTM D8003 merge
method (referred to in Figure 5-4 as TM2). The differences in C7-C8 are likely associated with how
the middle hydrocarbons measured in the analytical procedures were binned into carbon number
groups during the analytical data reduction and merge processes. As described in Lord, Allenet al.
(2018), both the GPA 2103-M and ASTM D8003 merge methods were found to return whole oil
compositions that were generally comparable to those from a baseline flash separator method for
representative Bakken and Eagle Ford crude samples captured and analyzed in 2016-2017. While it
appears there is a slight method bias, the authors do not have a basis for determining which set of
whole oil curves determined via TM1 or TM2 is more accurate in this application.
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Figure 5-4. Whole oil carbon number plots for Bakken oil sampled at loading and burn sites listed
by sampling event and replicate number.

5.4.2. Dilbit Whole Oil Composition

Pressurized compositions from fluid samples taken at three sampling events are shown graphically in
Figure 5-5 and Figure 5-6. One replicate was taken for each of these sampling events. The legends
for these charts organize the samples by sampling event and replicate, similar to what was done for
the Bakken subsamples in the previous section.

The dissolved gas compositions are shown in Figure 5-5. Despite N, presence in the oil because of
the tank loading methodology (see section 4.1), the N, contents seen here are the same scale as the
Bakken N, content. At first glance, there appeared to be a spike in N, in the D2 sample. Similar to
what was described in section 5.4.1 for the Bakken compositions, inherent sample-to-sample
variability is a more likely explanation than any of the other effects.
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Figure 5-5 Dissolved gas contents for the dilbit subsamples at initial subsampling in December
and at Sandia’s thermal test complex.

The hydrocarbons in Figure 5-6 showed little variation across all subsamples. The light end
compositions held neatly constant across all the subsamples, providing evidence that the propane
storage tanks and subsequent sampling methods did not allow escape of these components from the
oils in the tanks and provided consistent fuel properties for the 2-m pool fire test series.
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Figure 5-6 Light ends (C2-nC5) measured for the dilbit subsamples

Whole oil carbon number plots for the samples are given graphically in Figure 5-7, with tables of the
data in Appendix C. In general, the whole oil compositions changed little across the three subsamples.
Of note, there was a large spike at C5, a shallow local minimum around C11,and a large C25+ residual
content across all three samples. This distribution is expected for diluted bitumen, which comprises
a mixture of bitumen, a heavy sour oil, and a diluent, which is a condensate or mixture of light
hydrocarbons, blended so that the resulting fluid meets pipeline specifications for viscosity and
density. Bitumen alone would be problematic to transport via pipeline due to its inherently high
viscosity. The amount and type of diluentadded to the base bitumen material depends upon the price
and availability of diluent and specifications for transport of the combined material. The diluentin
this case is associated with the peak in mole% around C5, and the base bitumen material is associated
with the heavier materials from about C10 up. While normal for dilbit, this carbon number
distribution is distinct from other crudes tested in this research study that exhibit a peak in the C7 to
C8 range along with a rapidly descending “tail” above C10 (recall Figure 5-4 above or see Luketa,
Blanchat et al. (2019)). Additional discussion of the diluent and base bitumen compositions that
comprise the dilbit samples is presented in section 6.2.
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Figure 5-7 Whole oil compositions measured for the dilbit subsamples
5.5. Fuel Vapor Pressures

55.1.  Bakken VPCR,(37.8 C; 100°F) Results

VPCR,(37.8°C; 100°F) results for the Bakken loading and burn site samples are summarized in Figure
5-8. Duplicate samples were collected and measured for all of the sampling events, so the error bars
in the figure represent 2 times the standard deviation among those replicates. Pressure units are given
in kPa on the left axis and psia on the right axis.

Of particular interest for this study are the VPCR, for events B4 and B0, which represent the
properties just prior to the first and last pool fires in the series run in January 2018. Events B1, B2,
and B8 provide some context for what was measured from tanker samples obtained in August 2017,
October 2017, and July 2018, respectively.

Starting at the right end of the chart with V/L = 4, VPCR,(37.8°C; 100°F) was nominally 75 kPa (11
psia) for samples from events B4 and B6. Moving to lower V/L, the vapor pressure VPCR, increases
to 135-150 kPa (20-22 psia) for events B4 and B6 at V/L = 0.2. VPCR, data were not gathered at

V/L =1and V/L = 2 for events B1, B2, and B8 because they were outside the scope of work under
US DOE/DOT/TC.
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Figure 5-8. Pressure-expansion column charts showing measured VPCRx(100°F; 37.8°C) for the
Bakken loading samples (B1) and burn site samples (B2, B4, B6, and B8).

A prior Sandia study (Lord, Allen et al. 2017) indicated that the VPCR,,(37.8°C; 100°F ) point is a
reasonable indicator of bubble point pressure at that temperature, which can be a useful reference
property. For the oils tested here, the average VPCR(,(37.8°C; 100°F) for each sampling event is
givenin Table 5-4. These dataindicate that the bubble point pressutes of the Bakkenoilat T = 100°F,
37.8°C appear to range from 120-152 kPa (17.5-22.0 psia) depending on the sampling event.

Table 5-4. Average measured VPCRy.2(37.8°C; 100°F) for the five Bakken sampling events.

Event Description VPCR,,(37.8°C; 100°F)
B1 Loading 120 kPa(17.5 psia)
B2 Burn 1 133 kPa(19.3 psia)
B4 Burn 2 138 kPa(20.0 psia)
B6 Burn 3 152 kPa(22.0 psia)
BS July 2018 133 kPa(19.3 psia)

All of the VPCR points collected on the Bakken oil in this work, including V/L. < 0.2, are reported in
Appendix B.

552  Bakken VPCR (50 C: 122°F) Results

VPCR, at 50°C or 122°F are reported as they are relevant to Transport of Dangerous Goods (TDG)
regulations. VPCR,(50°C; 122°F) results for the Bakken burn site samples are summarized in Figure
5-9. Only one sample at this temperature was measured for sampling events B4 and B6. Pressure
units are given in kPa on the left axis and psia on the right axis.
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Starting at the right end of the chart with V/L = 4, VPCRy(50°C; 122°F) was nominally 97 kPa
(14 psia) for samples from events B4 and B6. Moving to lower V/L, the vapor pressure VPCR,
increases to 165-175 kPa (24-25 psia) for events B4 and B6 at V/L = 0.2.
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Figure 5-9. Pressure-expansion column charts showing measured VPCRx(50°C; 122°F) for the
Bakken burn site samples (B4 and B6).

5.5.3. Dilbit VPCR ,(37.8°C; 100°F) Results

VPCR,(37.8°C; 100°F) results for the dilbit loading and burn site samples ate summarized in Figure
5-10. Pressure units are given in kPa on the left axis and psia on the right axis. Of particularinterest
for this study are the VPCR, for D2 and D4, which represent the properties just prior to the first and
last pool fires in the series run in Luketa, Blanchat et al. (2019). Starting at the right end of the chart
with V/L = 4, VPCR,(37.8°C; 100°F) was nominally 55 kPa (8 psia) all three samples. Moving to
lower V/L, the vapor pressure VPCR, increases to 85-98 kPa (12-14 psia) at V/L =0.2.
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Figure 5-10. Pressure-expansion column charts showing measured VPCRx(37.8°C; 100°F) for the
dilbit baseline samples (D1) and burn site samples (D2 and D4).

As stated previously, VPCR,,(37.8°C; 100°F) is a reasonable indicator of bubble point pressure at
37.8°C (100°F). For the oils tested here, the average VPCR,,(37.8°C; 100°F) for each sampling event
is given in Table 5-5. These data indicate that the bubble point pressures of the dilbit at T=37.8°C;
100°F appear to range from 85.7-98.1 kPa (12.4-14.2 psia).

Table 5-5. Average measured VPCRy.2(37.8°C; 100°F) for the three dilbit sampling events.

Event | Description VPCRo.2(100°F; 37.8°C)
D1 Loading 85.7 kPa (12.4 psia)
D2 Burn Site 1 98.1 kPa (14.2 psia)
D4 Burn Site 2 94.4 kPa (13.7 psia)

5.54. Dilbit VPCR (122°F; 50°C) Results

VPCR,(122°F; 50°C) results for the dilbit burn site samples are summarized in Figure 5-11. Starting
at the right end of the chart with V/L = 4, VPCR,(122°F; 50°C) was nominally 80 kPa (11.5 psia) for
the three samples. Moving to lower V/L, the vapor pressure VPCR, increases to 115-135 kPa (17-20
psia) at V/L = 0.2.
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Figure 5-11. Pressure-expansion column charts showing measured VPCRx(50°C; 122°F) for the
dilbit samples.

5.5.5. Equation of State -Modeled VPCR,(T)

The compositional data were used as received from the analyticallaboratories and passed through an
equation of state (EOS) model to simulate VPCR, at 37.8°C (100°F) and 50°C (122°F). These results
are shown in Figure 5-12 through Figure 5-15. The average of measured VPCR, replicates (given by
solid bars) for each sampling event are given with EOS-modeled VPCR, from V/L = 0.2 to 4 (shown
as striped bars). Error bars shown for the EOS-modeled VPCR, represent twice the standard
deviation between simulations using different measured compositions from the same sampling event.
Since only one composition was measured for each of the B2 and B8 sampling events, no error bars
are shown. The magnitude of deviation between the measured VPCR, values and the EOS modeled
VPCR;, values are consistent with sample to sample variations observed between cylinders in prior
work by the authors (Lord, Allen et al. 2017).

Bakkenresultsare givenin Figure 5-12 and Figure 5-13. Inparticular, the first compositional replicates
for Bakken subsamples B1 and B6 showed high N, levels (see Figure 5-2). These correlated to larger
EOS-modeled VPCR,(100°F; 37.8°C) in Figure 5-12, especially at low V/L.

46



29.0

[%2] v [%2] (%3] [%)]
o] 0 @] 0O @)
Ll wl wl L [N}
— — o~ o <t <t [Ce] [Ce] 0 [
o o o o o [=a] o [aa] o [=1]
E N m O = O O = ©
eisd (4,00T)¥4DdA
= o o % e
[t} on o ~ < — ™~ «Q S <
o~ o~ o~ — — — ] w o~ o

V/L, -

edy (2,8°LE)XYIdA

Figure 5-12. Column chart comparing measured VPCRy to EOS-modeled VPCRy for Bakken
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Dilbit VPCR; results are given in Figure 5-14 and Figure 5-15. No error bars are shown for the
measured or EOS-modeled VPCR; since no additional replicates were analyzed in either case. The
reasonable agreement between measured and modeled VPCR, indicates that the compositions and
vapor pressures measured for these oils are self-consistent, and that the EOS model performance for
VPCR; in this pressure and temperature range is reasonably accurate. A close review of the higher
temperature 50°C case reveals a bias, however: the EOS-modeled VPCR, values are all around 10-
15% lower than the measured values. This same bias is not seenin the T = 37.8°C case. The authors
pose several possible explanations for this temperature sensitivity in EOS performance. A primary
factor is likely associated with the diluent composition, dominated by C5 and C6 components, many
of which exhibit pure component boiling points in the range from 37.8 to 50°C. The EOS-simulated
heatingappears to volatilize less material,indicated by lower simulated VPCR,, than the actual heating,
There is a practical necessity to lump the continuum of different components that actually appear in
a crude into bins, in this case by carbon number, for facilitating laboratory reporting and subsequent
modeling. It is possible that this simplification was more compatible with EOS performance and
VPCR calculations at T = 37.8°C than at 50°C. Another possibility is that some of the EOS empirical
tuning parameters, namely binary interaction coefficients (BICs), that were likely optimized by the
EOS software vendor for a wide range of oils, were not optimized for dilbit. The dilbitis an extreme
case of co-existence of large concentrations of light and heavy end carbon molecules that may require
some attention to tuning BICs for those component pairs.

The general finding from the EOS modeling effort is that the measured VPCR, for each sample
correlates well with the underlying composition, providing confidence that the property measurements
and compositional measurements are sufficiently accurate and self-consistent for the purpose of this
work.
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Figure 5-14. Column chart comparing measured VPCRy to EOS-modeled VPCR for dilbit loading
and burn site samples at T = 37.8°C; 100°F. Measured values are solid bars, modeled values are
striped bars.
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5.6. Other Selected Properties
5.6.1. Other Bakken Properties

Physical properties from fluid samples taken for the Bakken crude at the four different sampling
events are shown in Table 5-6. The VPCR,(37.8°C; 100°F) data ate reproduced from section 5.5.1.
Heat of combustion for samples B4 and B6 are around 46.0 MJ/kg, which is typical of a hydrocarbon
liquid fuel (Luketa, Blanchat et al. 2019). Note that subsamples B1, B2, and B8 underwent different
methods for determining density, water content and flash point than events B4 and B0, as listed in the
table below. The density was measured with a digital density analyzer (ASTM D5002), within 0.3%
through time. For water content, ASTM D4377 referenced potentiometric Karl Fischer titration
(range: 0.02-2 % water), while ASTM D6304 was for coulometric Karl Fischer titration (range: 0.001-
2.500 % water). The water contents were low for subsamples B1, B2, B4, and B8. The water content
for subsample B6 was an order of magnitude larger than the others and hints at the possibility of small
amounts of entrained water, as explained in Section F.3.2.5 of the cotresponding DOE/DOT/TC
project report (Luketa, Blanchat et al. 2019). ASTM D93A, D56A, and D3828 all used closed cup
testers to determine flash points, though ASTM D93A and D56A required a slow, constant heating
rate, and ASTM D3828 specified isothermal testing at discrete temperatures. Measured flash points
were at the lower limits of resolution (< 10°C; < 50°F and < -30°C; < -22°F) for the methods used.
ASTM D3828 covers tests within a range of -30°C to 300°C, while the ASTM D56A test results only
applied down to 10°C; 50°F. The Bakken crude flashed at the lower temperature limit of the
laboratory setup (1°C; 34°F) using ASTM D93A and D56A, but the test methods indicated that the
analyst should begin checking when the sample is 10°C (18°F) below the expected flash point, so <
10°C (< 50°F) was reported, though the actual observed flash point was < 1°C (< 34°F). The viscosity
for subsample B1 was similar to that measured for other light oils, which is higher than condensate
streams, but smaller than many blends commonly seen in pipelines (Enbridge Pipelines and Enbridge
Energy Partners 2018). The initial boiling points were measured for B4 and B6 using ASTMD8003
+ ASTM D7169 merge.
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Table 5-6. Physical properties of Bakken samples taken at loading site and Sandia burn site.

Property Unit Method B1 B2 B4 B6 B8
Description Loading Burn Site 1 Burn Site 2 Burn Site 3 July 2018
Sampling Date 8/17/2017 10/2/2017 1/18/2018 1/31/2018 7/18/2018
VPCRo.2 kPa ASTM D6377-M 120 133 138 152 133
(37.8°C; 100°F)
Density kg/m3 ASTM D5002-M 812.3 811.3 809.6 810.0 812.4
(15.6°C; 60°F)
Sulfur wt% ASTM D4294 0.0844 - - - -
Heat of Comb. Mi/kg ASTM D240 48.5 49.3 46.0 46.0 44.1
Water Content wt% ASTM D4377 0.012 0.016 - - 0.009
Water Content wt% ASTM D6304 - -- 0.01 0.16 -
Flash Point °C, °F ASTM D93A <10;<50 - - -- -
Flash Point °C; °F ASTM D56A - <10;<50 -- - <10;<50
Flash Point °C, °F ASTM D3828 -- -- <-30;<-22 <-30;<-22 --
Viscosity mm?/s ASTM D445 1.996 -- -- -- -
(40°C; 104°F)
Initial Boiling °G°F ASTM D8003 + - - -42.2;-44.0 -42.2;-44.0 -
Point D7169 merge

5.6.2. Other Dilbit Properties

Physical properties from fluid samples taken for the dilbitat three different sampling events are shown
in Table 5-7. Subsample D1 was taken from tank 5, subsample D2 from tank 12, and subsample D4
from tank 9. This is different from the Bakken subsamples, which were taken from the same tanker
at several points through time. Thus, the dilbit data shown in the table do not represent a change in
properties of one material through time, but rather, a glimpse into the properties of three separate
samples from three different tanks on three different dates. Most of the properties listed showed little
variation among the tanks, which is expected because the tanks were filled from the same pipeline
source over the course of two days. The VPCR,(37.8°C; 100°F) data were reproduced from section
5.5.3,and showa 1.8 psia variation, whichis typicalat V/L = 0.2. Heats of combustion for the samples
were around 43.0 MJ/kg, which is typical of a hydrocarbon liquid fuel. The water contents for the
dilbit were high relative to approximations of the water solubility, which were calculated from density
and elemental hydrogen content to be somewhere around 0.1 wt% (Amani, Gray et al. 2014). Water
is ever-present in the production and processing of dilbit, so it is actively removed to help meet the
pipeline specification of < 0.5 wt% basic sediment and water. The water contents measured here are
consistent with the pipeline specifications, yet may indicate free-phase water in the samples. The dilbit
flashed at the lowest temperature for the ASTM D3828 setup, thus they are listed as < -30°C; < -
22°F. There was about 10% variation in the measured viscosity, which is high relative to variation that
would have been expected had the same sample been measured, as shown in the test method (ASTM
2018). Additionally, these viscosities measured high relative to historical records of comparable dilbits,
which list viscosity at 40°C between 50-55 mm*/s (Enbridge Pipelines and Enbridge Energy Partnets
2012; Enbridge Pipelines and Enbridge Energy Partners 2018). The initial boiling points were
measured using ASTM D8003 + ASTM D7169 merge.

51



Table 5-7. Physical properties of dilbit samples taken at loading site and Sandia burn site.

Property Unit Method D1 D2 D4
Description Loading Burn Site 1 Burn Site 2
Sampling Date 12/3/2018 1/28/2019 2/27/2019
Sample Tank 5 12 9
VPCR,, kPa ASTM D6377-M 85.7 98.1 94.4
(37.8°C; 100°F)
Density kg/m3® | ASTM D5002-M 923.5 924.2 923.9
(15°C; 59°F)
Sulfur wt% ASTM D4294 3.68 3.65 3.42
HydrogenSulfide | ppm UOP 163 6 0 2
Mercaptans ppm UOP 163 114 100 120
Heatof Comb. MJ/kg ASTM D240 42.8 43.1 43.2
Water Content wt% ASTM D4007 0.450 0.200 0.275
Flash Point °C; °F ASTM D3828 <-30;<-22 | <-30;<-22 | <-30;<-22
Viscosity mm?/s ASTM D445 76.41 70.26 68.99
(40°C; 104°F)
Initial Boiling °C;°F | ASTM D8003 + -0.6; 30.9 -0.6; 30.9 -0.6; 30.9
Point ASTM D7169

merge
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6. ADDITIONAL OBSERVATIONS

6.1. Comparison of Bakken and Dilbit Properties

Table 6-1 gives a concise comparison of the two crudes tested as part of this project. Oil properties
averaged over all sampling events are listed, with the higher of the two in bold. The Bakken crude
showed higher vapor pressure than the dilbit, though the dilbit had a higher < C6 content than the
Bakken. This may seem counterintuitive at first glance, but further analysis reveals that the dilbit
contained > 5.5 wt% C5, while the Bakken crude was around 3 wt% C5. This means that the majority
of the material in the dilbit below C6 had relatively low volatility,leading to a lower vapor pressure
than the Bakken, whichhad greater C1-C4 contents. The heats of combustion for the Bakken samples
were slightly higher than the heats of combustions for the dilbit samples, though they were both
relatively close and within the region expected for hydrocarbons. Since the flash points for both
materials were below the lower limit of the test methods, several methods were employed to predict
the flash points of each material. These predictions were based on VPCR,, the temperature at which
10 vol% of the material vaporizes, and the normal boiling point (Algaheem and Riazi 2017). Each
method predicted the Bakken crude to have a lower flash point than the dilbit, though both were
calculated to be below the lowest temperature for ASTM D3828 (-30°C; -22°F). The dilbit was
approximately 35 times more viscous than the Bakken crude at 40°C, which is expected since the dilbit
is a mixture of an extremely viscous base bitumen material that is diluted with light condensate
hydrocarbons to meet pipeline specifications.

Table 6-1. A brief comparison of Bakken crude and dilbit properties; bold values represent the
larger of the two.

Property Units Bakken Dilbit
VPCR;,(37.8°C; 100°F) kPa 136 92.7
Density (15°C; 60°F) kg/m? 805.9 923.9
Sulfur Content wt% 0.08 3.58

< C6 Content wt% 6.0 6.7
Heat of Comb. MJ/kg 46.8 43.0
Water Content wt% 0.06 0.3
Flash Point °C; °F <-30;<-22 | <-30;<-22
Viscosity (40°C) mm?/s 2.0 71.9
Initial Boiling Point °C; °F -42.2; -44.0 -0.6; 30.9

6.2. Diluent Composition in the Dilbit

Observations from the pool fire testing described in Luketa, Cruz-Cabrera et al. (2019) indicated that
the dilbit exhibited distinct behavior from the Bakken crude in several key combustion parameters,
calling for a closer look at the compositional makeup of the dilbit to possibly understand why this
occurred.

One important question pertaining to the burns was the compositional breakdown of the diluent, the
bitumen, and the diluent-to-bitumen ratio in the dilbit. The carbon number plot in Figure 6-1 shows
the average dilbit composition across the loading and burn samples. Also included in the plot are
distributions of a condensate from 12/7/2018 (converted from a vol% distribution found at
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https://crudemonitor.ca/condensates), and a bitumen (neatbit), from 2018 samples (converted from
a boiling point distribution taken as part of the Bitumen Assay Program by the government of
Alberta). Neatbitis definedin Birn, Osunaet al. (2014) as “..a neatly pure bitumen product containing
about 1-2% diluent.” The dilbit supplier noted that the dilbit was likely blended from these two
streams. The condensate shows a clear peak at C5, with gradually decreasing composition as carbon
number increases. The bitumen contained very little material up to C8, with gradually increasing
compositions at C9 and above.
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Figure 6-1. C4-C14 compositions for the dilbit fuel alongside a condensate and bitumen that were
likely used in the stream.

The condensate and neatbit compositional data were combined using a commercially available process
simulator and compared to the loading dilbit sample in Figure 6-2. A mixture of 20-25 vol%
condensate and 75-80 vol% bitumen matched the dilbit composition well. According to Sandia
contacts in industry, this type of mixture can be found in the supply chain. The composition of such
a mixture (22 vol% condensate, 78 vol% bitumen) was plotted below with the dilbit. The calculated
mixture showed a local minimum around C12, which is consistent with the minimum observed in the
dilbit compositional data. Thus, the diluent in the dilbit caused the spike at C5, while the overlapping
diluent and bitumen distributions caused the minimum at C11.
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Figure 6-2. Measured C4-C14 composition for dilbit fuel (circle, solid line) and a simulated dilbit
composition using likely constituents (square, dashed line).

6.3. Boiling Point Distributions of the Fuels

As mentioned in the parallel Sandia report on burn characteristics (Luketa, Cruz-Cabrera et al. 2019),
the dilbit fuel showed transient burn behavior consistent across all the burns that was not seenin the
Bakken burns. In Figure 6-3, composition is represented by assigning each component a boiling point
and simulating the distillation of the material with increasing temperature using a commercially
available process simulator equipped with an Equation of State. Carbon numbers associated with each
temperature regime are marked in the plot for reference. Several interesting characteristics can be
gleaned from the figure. First, since the #-heptane was > 99 mass% pure, nearly all the material would
boil off at one temperature. Thus, the #7-heptane curve is shown as a vertical line near the temperature
regime assigned to C7. The Bakken and dilbit oils contained multiple components that would boil at
different temperatures, thus resulting in more gradual distributions. Below ~ 95 °C, the Bakken and
dilbit boiling point distributions were similar, reaching ~ 12 mass% boiled at 95 °C. Above 95 °C, the
Bakken distributions climb smoothly before leveling off around 500 °C — echoing a smoothly
decreasing carbon number distribution. The dilbit curves show three basic regimes: steeply increasing
mass% with temperature up to 100 °C (slope = 0.13 mass%/°C), a less steep region between 100-250
°C (slope = 0.06 mass%/°C), and steeply increasing mass% with temperature above 250 °C (slope =
0.14 mass%/°C). This behavior indicates a dip in the carbon number distribution between C7 and
C12 relative to the overall distribution, which was verified in the previous section.

55



Temperature, °F
-148 32 212 392 572 752 932 1112 1292 1472
100 } 1 { 1 1 1 1 1

90 +

80 +

70 T

60 T

50 +

a0 +

30 +

Boiling Point Distribution, mass%

20 + P R I Heptane

Bakken Samples
10 +

- - - Dilbit Samples

R ; } ! = | = } =
-100 0 100 200 300 400 500 600 700 800

Temperature, °C

Figure 6-3 Temperature vs. boiling point distribution for the fuels in the burn series

6.4. Density vs. VPCR

Some perspective on where these oil properties fall relative to other oils in the North American supply
chain may be gained from reviewinga plot of VPCR,(37.8°F) versus density (60°F), shown in Figure
6-4. A brief summary of the data sources and the measurement methods are given in Table 6-2. In
the figure, ASTM D6377-measured VPCR, values (closed symbols) are shown where available.
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Figure 6-4: Overlay of density vs VPCR4(37.8°C) for oils from SPR, PHMSA, NDPC and
DOE/DOT/TC COCRS with the fuels tested as part of this project.

For systems where only compositional data were available, calculated VPCR, points (open symbols)
are shown based on equation of state calculations. Note that PHMSA did not list individual density
values, so the mean VPCR, and 2 standard deviation (20) lines from that body of data were computed
and added to the figure. Likewise, CrudeMonitor tracked the density, but not VPCR,, of a
representative dilbit (Cold Lake dilbit, abbreviated CL) through time. Thus, the mean density and 2
standard deviation (20) lines from that body of data over the past ten years were computed and added
to the figure.

As densities increase in the figure, smaller VPCR, values were observed for incrementally lighter oils,
with three notable exceptions: dilbit, the heavy sour streams from CrudeMonitor, and jet fuel. Dilbit
was a combination of diluent (very light constituents) and bitumen (very heavy constituents) blended
to achieve low enough viscosity to meet pipeline specifications. The diluent comprises light
components which drive vapor pressure, while the bitumen comprises heavy ends which drive the
density. Thus, the dilbit occupies an interesting place on the plot. The heavy sour streams from
CrudeMonitor were stated to exhibit seasonality, which includes strategic blending of light and heavy
constituents depending on ambient conditions. This effectis captured by the wide band on the CL
dilbit density. Jet fuel wasa specific cut of C9-C13 hydrocarbons with no light ends and no heavy ends
that is specifically engineered for jet engine performance. Thus, fluids blended or engineered to
optimize other properties (flashpoint, viscosity, vapor pressure, etc.) occupy different zones on the
density vs. VPCR, plot than crudes that are only lightly-conditioned.
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The fuels from this study occupy interesting spots in the parameter space compared to other historical
data. The Bakken-NRC oil exhibited around the same VPCR and density as the NDPC, PHMSA,
and COCRS Bakken oils — VPCR, ranged from about 70-100 kPa (10-14 psia) with a mean value
around 86 kPa (12.5 psia). The dilbit-NRC oil sits close to other dilbit determinations: within the
historical density band for CL dilbit from CrudeMonitor, and just 7 kPa (1 psia) above the CL dilbit
measurement from Enbridge. The dilbit-NRC oil sits in the middle of a cluster of data from the
“Heavy Sour” group on the CrudeMonitor website, which consists of several dilbits. Heptane density

= m’) was below the lower limit shown on this chart, though its was aroun 2
p =688 kg/m’ below the | limit sh. his ch hough its VPCR, d 12 kP;

(1.6 psia).
Table 6-2: Sources and methods for VPCR and Density data in Figure 6-4.
0 abe 0 S R 0d De ethod
Dilbit — NRC This Report ASTM D6377 ASTM D5002
CL Dilbit — Enbridge (Enbridge Pipelinesand | VPCR, at 37.8°C Not Listed
Enbridge Energy
Partners 2018)
CL Dilbit — CM (Crudemonitor 2019) N/A Not Listed
Bakken —NRC This Report ASTM D6377 ASTM D5002
Bakken—NDPC (Auers, Couture et al. ASTM D6377 ASTM D5002
2014)
Bakken - PHMSA (Auers, Couture et al. ASTM D6377 N/A
2014; PHMSA 2014)
Bakken - COCRS (PHMSA 2014; Lotd, ASTM D6377 ASTM D5002
Allen et al. 2018;
Luketa, Blanchat et al.
2019)
Bakken — COCRS (Lotrd, Allen et al. 2018; Calculated ASTM D5002
Calculated Luketa, Blanchat et al.
2019)
TX Eagle Ford — (Lord, Allen et al. 2018; ASTM D6377 ASTM D5002
COCRS Luketa, Blanchat et al.
2019)
TX Eagle Ford — (Lord, Allen etal. 2018; Calculated ASTM D5002
COCRS Calculated Luketa, Blanchat et al.
2019)
West Texas Shale - (Lord, Allen etal. 2018; ASTM D6377 ASTM D5002
COCRS Luketa, Blanchat et al.
2019)
SPR — COCRS (Luketa, Blanchat et al. ASTM D6377 ASTM D5002
Weathering 2019)
Jet Fuel A — COCRS (Luketa, Blanchat et al. ASTM D6377 ASTM D5002
2019)
SPR Sweet SPR Database Calculated ASTM D5002
SPR Sour SPR Database Calculated ASTM D5002
SPR Recent Commercial SPR Database Calculated ASTM D5002
Receipts
Sweet Synthetic — CM (Crudemonitor 2019) | VPCR, at 37.8°C Not Listed
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| Plot Label Source VPCRx Method Density Method
Medium Sour — CM (Crudemonitor 2019) | VPCR, at 37.8°C Not Listed
Heavy Sour — CM (Crudemonitor 2019) |  VPCR, at 37.8°C Not Listed
Heavy Low Residual — (Crudemonitor 2019) | VPCR, at 37.8°C Not Listed
CM

Figure 6-5 shows density at 60°F versus VPCR,(50°C; 122°F), with a brief summary of the data
sources and measurement methods in Table 6-3. The vapor pressure at 50°Cis important in regulation
of transportation of dangerous goods as a delineation point between a material that is defined as a
liquid or a gas (TC 2019). Also, in practical hydrocarbon transportation scenarios, the actual vapor-
to-liquid volumes are much less than 4:1 due to economic drivers, with 1% (0.01:1) referenced in
ANSI/API (2014). Previous work has shown that uncertainties in ASTM D6377M measurements of
VPCR increase as V/L decreases, and V/L = 0.2 was identified as a practical minimum for crude oil
with the available technology that correlated well with an independent measure of bubble point
pressure (Lord, Allen etal. 2018). Thus, V/L = 0.2 was selected as the smallest V/L for display here.
In the plot, there is more variationin the VPCR,,(50°C; 122°F) values than the VPCR4(37.8°C; 100°F)
data on the previous plot. Data from this study are listed (squares) with those performed in a previous
TC study (Prefontaine 2015) and the COCRS (Luketa, Blanchat et al. 2019). The dilbit data from this
report fell in the same VPCR»(50°C; 122°F) and density region as the dilbits measured in the TC
study. The Bakken VPCR,(50°C; 122°F) data from this report compared well to the calculated
Bakken data from the COCRS. In general, the Bakken VPCR,(50°C; 122°F) and density points sat
between the light oils and condensates from the TC study.
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Figure 6-5: Overlay of density vs. VPCRo.2(50°C) for oils from SPR, COCRS, and TC with the fuels
tested as part of this project
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Table 6-3. Sources and methods for VPCRx(50°C) and density data in Figure 6-5.

ot Labe 0 e R 0d De ethod
Dilbit — NRC This Report |  ASTM D6377 ASTM D5002
Dilbit—TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
Diluted Synthetic Bitumen—TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
CL Dilbit — CM (Crudemonitor N/A Not Listed
2019)
Bakken—NRC This Report |  ASTM D6377 ASTM D5002
Bakken— COCRS Calculated (Luketa, Blanchat Calculated ASTM D5002
etal. 2019)
Diluted Heavy Oil - TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
Synthetic Bitumen—TC (Prefontaine 2015) ASTM D6377 ASTM D5002
Medium Oil - TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
Sour Medium Oil — TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
Light Oil - TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
Synthetic Crude — TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
Condensate — TC (Prefontaine 2015) |  ASTM D6377 ASTM D5002
Heptane Various Calculated * Supplier Value ”

* Vapor pressure for n#-heptane calculated using process simulator. Verified using correlation from
literature (Williamham, Taylor et al. 1945).
b Density for heptane given in the Certificate of Analysis in Appendix C.

6.5. Post-Burn Solids Mass

6.5.1. Bakken Residue

Post-burn solids from the first and last Bakken pool fires were collected and quantified in Table 6-4.
Oil feed (kg) was determined by measuring fuel tank weight before and after each test, and residue
(kg) was measuted from residue remaining in the pan. The residue ratio (mass residual /mass oil feed)
is given for both tests and measured at 0.003 to 0.004. Mean residue ratio for the Bakken pool fire
series was 0.003 with standard deviation 0.001.
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Table 6-4. Residue mass (kg) and ratio to oil feed (kg/kg) for the 2-m Bakken pool fire series.

Pool Fire Test ID 2.3 2.6
Pool Fire Test Date 1/19/2018 1/31/2018
Sampling Event # B3 B7
Sampling Post-test residue grab Post-test residue grab
Description sample +residue mass sample +residue mass
Fuel Suppl

A (°C) 2045 2045
Temperature

Non-continuous fuel feed,
Fuel Feed Method Constant Level
allow to burn down
Oil Feed (kg) 253 203
Residue (kg) 0.7 0.8
Ratio
(kg/kg) 0.003 0.004

(Residue/Feed)

6.52. Dilbit residue

Table 6-5 contains a summary of solids remaining after the six tests in the dilbit pool fire series. Tests
are listed chronologically. The residue ratio (mass residual/mass oil feed) is given for each test, and
ranged from 0.089 t00.179 dependingon test conditions. Mean residue ratio across the six dilbit tests
was 0.129, with standard deviation at 0.03. The constant-level fuel feed method with fuel supply
temperature at 20 £ 5°C exhibited the most tepeatable results for residue ratio, with all four tests in
the range 0.117 t00.139. Allowingthe fuel to simply burn down with no fresh feed created the highest
residue ratio at 0.179. Test 3.6 where the fuel was heated to 60 = 5°C left the lowest residue ratio of
0.089. All of the dilbit residue ratios were much higher than observed for the Bakken 2-m pool fire
test series summatized in Table 6-4, where ratios measured 0.003-0.004. As such, dilbit left, on
average, about 40 times more residue by mass than Bakken in the 2-m pool fire configuration.
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Table 6-5. Summary of post-burn solids residue recovered from pan

Pool Fire Test ID 3.1 3.2 3.3 34 3.5 3.6
Pool Fire Test
D::e ire tes 2/6/2019 | 2/14/2019 | 2/20/2019 | 2/25/2019 | 2/27/2019 | 3/4/2019
Sampling Event D3 - - - - D5
Post-test Post-test
Sampling residue grab | Residue mass | Residue mass | Residue mass | Residue mass | residue grab
Description sample + only only only only sample +
residue mass residue mass
Fuel Suppl
e PR (°C) 2045 2045 20+5 20+5 2045 60+5
Temperature
Non-
ti
Fuel Feed Constant Constant Constant continuous Constant Constant
fuel feed,
Method Level Level Level Level Level
allow to burn
down
Oil Feed Mass (kg) 268 256 243 221 243 230
Residue Mass (kg) 31.5 28.4 32.9 39.7 29.3 19.6
Rati
atio (kg/kg) 0.12 0.11 0.14 0.18 0.12 0.09

(Residue/Feed)
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7. SUMMARY

This report documents the sampling methods and analysis results of fuel characterization associated
with 2-m pool fire testing of high-purity n-heptane, Bakken crude, and a diluted bitumen at Sandia
National Laboratories for the National Research Council Canada.

Sampling and analysis methods were selected to be consistent with published industry standards and
best practices. Basic physical and chemical properties were evaluated. Where available, measured
values obtained here were compared to reference values, properties of similar oils, and equation of
state model output.

High-level findings were as follows:

1) Heptane sample properties were consistent with high-purity (>99%) n-heptane and checked
against the manufacturer statement of purity and NIST reference standard values

2) Bakken samples represented a light (43.9 °API), sweet (sulfur = 0.084 mass%) crude

a) Bakken VPCR,(37.8°C) ranged from 120 kPa-152 kPa depending on sampling time and
analysis laboratory

b) While some variations in sample-to-sample Bakken VPCR,and composition were noted, these
correlated strongly with laboratory and analytical methods, suggesting that method bias in
sampling & analysis was more likely the cause than property changes of the base crude sample
with time during sample storage

c) Calculated VPCR, (37.8°Cand 50°C) using whole oil composition passed through an EOS
model compared well with measured VPCR, by ASTM D6377-M

3) The diluted bitumen represented a heavy (21.7 °API), sour (sulfur = 3.6 mass%) crude
a) Dilbit VPCR,»(37.8°C) ranged from 86 kPa-94 kPa

b) A compositional analysis was consistent witha mixture of 20-25 vol% condensate (comprising
C4-C8) and 75-80 vol% bitumen

c) Dilbit properties were stable with time across grab samples

d) Calculated VPCR, (37.8°C and 50°C) using whole oil composition passed through an EOS
model generally compared well with measured VPCR, by ASTM D6377-M. Some method
bias appearedin the T = 50°C comparison where EOS-modeled VPCR, values were all around
10-15% lower than the measured values, but compared betterat T = 37.8°C.
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APPENDIX A.

DILBIT TANK FILL DATA

Ambient Barometric | Sample Source | Sample Source Volume
Sample Reference Means of Containment Sample Date Sample Point Start Time End Time | Temperature | Pressure Fluid Pressure Fluid Comments
o N o Collected (L)
(°C) (hPa) (psi) Temperature (°C)
. Baseline samples were

Day 1Baseline samples .

o . . - . . collected directly from the
FPC S/N 831453, CL7 Dilbit, Day 1 Baseline Floating Piston Cylinder  |28/Nov/18 Terminal 8:26 10:43 0 921 143 9.8 0.56 source (pipeline) on each
Bottle #1 Day 1 1LBoston Round Bottle  |28/Nov/18 Terminal 8:26 10:43 0 921 143 9.8 1 sampling day. These
Bottle #1 Day 2 1LBoston Round Bottle  |28/Nov/18 Terminal 1 N

- samples are being held at

Day 2 Baseline samples i

o . . . . . InnoTech Alberta in case
FPC S/N 830748, CL7 Dilbit, Day 2 Baseline Floating Piston Cylinder  |29/Nov/18 Terminal 8:05 10:46 -5 925 140 2.3 0.56 further analysis is required
Bottle #1 Day 1 1L Boston Round Bottle 29/Nov/18 Terminal 8:05 10:46 -5 925 140 23 1 v q )
Bottle #1 Day 2 1L Boston Round Bottle 29/Nov/18 Terminal 8:05 10:46 -5 925 140 2.3 1
Tank 5, CL7 dilbit 4201b propane tank 28/Nov/18 Terminal 8:26 10:43 0 921 143 9.8 360
Tank 6, CL7 Dibit 420 |b propane tank 28/Nov/18 Terminal 8:26 10:43 0 921 143 9.8 360
Tank 1, CL7 Dibit 420 |b propane tank 28/Nov/18 Terminal 11:45 14:06 4.5 923 130 10.4 360
Tank 2, CL7 Dibit 420 |b propane tank 28/Nov/18 Terminal 11:45 14:06 4.5 923 130 10.4 360
Tank 12, CL7 Dibit 4201b propane tank 28/Nov/18 Terminal 15:00 17:30 7.9 922 132 10.4 360
Tank 8, CL7 Dibit 4201b propane tank 28/Nov/18 Terminal 15:00 17:30 7.9 922 132 10.4 360
Tank 11, CL7 Dibit 420 |b propane tank 29/Nov/18 Terminal 8:05 10:46 -5 925 140 23 360
Tank 3, CL7 Dibit 4201b propane tank 29/Nov/18 Terminal 8:05 10:46 -5 925 140 2.3 360
Tank 10, CL7 Dibit 4201b propane tank 29/Nov/18 Terminal 11:27 13:43 -1 931 140 5.2 360
Tank 7, CL7 Dibit 420 |b propane tank 29/Nov/18 Terminal 11:27 13:43 -1 931 140 5.2 360
Tank 4, CL7 Dibit 4201b propane tank 29/Nov/18 Terminal 14:23 16:51 3 929.3 140 5.2 360
Tank 9, CL7 Dibit 4201b propane tank 29/Nov/18 Terminal 14:23 16:51 3 929.3 140 5.2 360
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APPENDIX B. TABULAR LISTING OF VPCR x DATA
B.1. Bakken VPCRXx Data

B.1.1. Direct measurements taken at 37.8 °C and 50 °C

Direct measurements

Label B4-100-FPC--1- B4-100-FPC—-1- B4-100-FPC-2- B4-100-FPC-2- B4-100-FPC--3- B4-100-FPC-3- B4-122-FPC-1- B4-122-FPC-1- B6-100-FPC-1- B6-100-FPC-1- B6-100-FPC-2- B6-100-FPC-2- B6-100-FPC--2- B6-100-FPC-2- B6-122-FPC—-1- B6-122-FPC-1-

Event Abbreviation
Sampling Date

aM
B4

b-m
B4

a-M
B4

1/18/2018 1/18/2018 1/18/2018

b-m
B4

amM
B4

b-m
B4

a-M
B4

b-M
B4

aM
B6

b-m
B6

a-M
B6

b-M
B6

M
B6

d-m
B6

a-M
B6

b-m
B6

1/18/2018 1/18/2018 1/18/2018 1/18/2018 1/18/2018 1/31/2018 1/31/2018 1/31/2018 1/31/2018 1/31/2018 1/31/2018 1/31/2018 1/31/2018

Temperature 100 100 100 100 100 100 122 122 100 100 100 100 100 100 122 122
Sample Container FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC
Cylinder Replicate 1 1 2 2 3 3 1 1 1 1 2 2 2 2 1 1
Repeatability Replicate a b a b a b a b a b a b c d a b
Sampling Temperature (F)
Sampling Pressure (psig)
Measured/SimUlated M M M M M M M M M M M M M M M M
0.0
= 0.05
= o1
E 0.2 20.00 19.99 19.97 19.97 19.93 19.93 24.03 24.03 22.66 22.64 21.86 21.84 21.03 21.03 25.09 25.06
= 0.5 16.62 16.62 17.01 17.03 16.80 16.84 20.73 20.74 18.42 18.46 17.87 17.85 17.54 17.54 21.51 21.52
‘E 1.0 14.68 14.69 15.19 15.19 14.74 14.74 18.57 18.55 15.88 15.87 15.56 15.56 14.98 14.99 19.03 19.03
§ 1.5 13.63 13.63 13.98 13.98 13.67 13.66 17.22 17.23 14.26 14.26 14.17 14.17 13.75 13.72 17.41 17.61
> 2.0 12.84 12.84 13.10 13.11 12.88 12.89 16.36 16.38 13.42 13.40 13.27 13.29 12.93 12.92 16.71 16.72
4.0 11.04 11.05 11.17 11.18 10.99 10.99 13.92 13.94 11.21 11.20 11.21 11.21 11.01 11.01 14.26 14.24
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B.12. Summary of measurements on shared Bakken samples from  Lukela, Blanchat et al. (2019)
Label B1-100-FPC-1-- B1-100-FPC--2-- B2-100-FPC-1- B2-100-FPC--1- B2-100-FPC--2-- B6-100-MPC- B6-100-MPC-- B6-100-MPC- B6-100-MPC-- B8-100-MPC-- B8-100-MPC-- B8-100-MPC- B8-100-MPC--
M M a-M b-Mm M 1-a-M 1-b-M 2-a-M 2-b-Mm 1-a-M 1-b-M 2-a-M 2-b-M
Event Abbreviation B1 Bl B2 B2 B2 B6 B6 B6 B6 B8 B8 B8 B8
Sampling Date 8/17/2017 8/17/2017 10/2/2017 10/2/2017 10/2/2017 7/18/2018 7/18/2018 7/18/2018 7/18/2018 10/4/2018 10/4/2018 10/4/2018 10/4/2018
Temperature 100 100 100 100 100 100 100 100 100 100 100 100 100
Sample Container FPC FPC FPC FPC FPC MPC MPC MPC MPC MPC MPC MPC MPC
Cylinder Replicate 1 2 1 1 2 1 1 2 2 1 1 2 2
Repeatability Replicate a b a b a b a b a b
Sampling Temperature (F 75 70 70 70
Sampling Pressure (psig) 148 45 45 45
Measured/SimUlated M M M M M M M M M M M M M
0.0
= |o.05 18.53 18.10 27.71 28.00 26.61 22.64 23.56 20.75 21.49
% 0.1 17.40 19.78 19.95 21.50 22.33 22.32 19.66 19.82 19.18 18.99 19.02 19.01
& |02 17.83 17.07 19.18 19.15 19.42 20.11 20.08 18.60 18.31 18.15 18.10 17.79 18.05
= o5 15.70 15.40 16.09 16.04 16.21 16.23 16.56 15.22 15.37 15.25 15.25 15.30 15.40
< |wo
§ 1.5 12.79 13.16 13.08 12.96 13.06 13.03 12.53 12.34 12.40 12.37 12.25 12.40
> |20
4.0 9.87 10.61 10.18 10.23 10.18 10.10 10.38 9.54 9.58 9.58 9.68 9.58 9.65
B.1.3. Values calculated from process simulator
Values calculated from process simulator
Label B1-100-FPC-1- B1-100-FPC-2-- B1-122-FPC--1- B1-122-FPC-2-- B2-100-FPC--2-- B2-122-FPC--2-- B4-100-FPC--1-- B4-122-FPC--1-- B4-100-FPC--2-- B4-122-FPC—2-- B6-100-FPC~1-- B6-122-FPC-1-- B6-100-FPC--2-- B6-122-FPC--2-- B8-100-WD--4-- B8-122-WD--4--
u u u u u ) u u u u u u u u u u
Event Abbreviation B1 B1 B1 B1 B2 B2 B4 B4 B4 B4 B6 B6 B6 B6 B8 B8
Sampling Date 8/17/2017 8/17/2017 8/17/2017 8/17/2017 10/2/2017 10/2/2017 1/18/2018 1/18/2018 1/18/2018 1/18/2018 1/31/2018 1/31/2018 1/31/2018 1/31/2018 7/18/2018 7/18/2018
Temperature 100 100 122 122 100 122 100 122 100 122 100 122 100 122 100 122
Sample Container FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC WD WD
Cylinder Replicate 1 2 1 2 2 2 1 1 2 2 1 1 2 2 4 4

VPCRXx (at these V/L)

Repeatability Replicate
Sampling Temperature (F)
Sampling Pressure (psig)

Measured/SimUlated U U U U u U U U U U U U u U U U

0.0 192.16 148.17 223.40 178.28 152.31 181.00 143.14 171.49 150.17 178.54 198.51 222.42 167.18 195.51 212.71 240.93
0.05 177.41 140.04 208.41 169.99 142.45 170.97 139.42 162.88 140.46 168.77 175.78 205.04 153.95 182.19 190.99 219.30
0.1 166.79 134.11 197.44 163.80 135.21 163.57 134.66 156.54 133.45 161.57 163.53 192.63 144.59 172.61 175.82 203.96
0.2 152.10 125.76 182.13 154.93 125.35 153.15 120.04 147.57 123.79 151.46 147.20 175.82 131.99 159.50 155.69 183.36
0.5 129.35 112.11 157.52 139.73 109.63 136.09 106.53 132.65 108.64 134.99 123.21 150.33 113.05 139.10 126.59 152.83
1.0 111.99 100.67 137.96 126.28 97.39 122.00 95.51 119.85 96.83 121.43 106.24 131.39 99.04 123.18 106.80 131.05
15 102.18 93.63 126.51 117.67 90.19 113.41 88.95 111.76 89.92 113.15 97.06 120.69 91.14 113.81 96.46 119.25
2.0 95.41 88.43 118.37 111.19 85.06 107.12 84.03 105.71 84.96 107.07 90.79 113.17 85.60 107.06 89.57 111.20
4.0 79.36 75.22 98.66 94.42 72.40 91.23 71.71 90.03 72.65 91.54 76.06 94.97 72.18 90.28 74.12 92.43
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B.2.

B21.

Dilbit VPCRx Data

Direct measurements taken at 37.8 and 50 °C

Direct measurements

VPCRx (at these V/L)

Label D1-100-FPC-1- D1-100-FPC--1- D1-122-FPC-1- D1-122-FPC~1- D2-100-FPC~1- D2-100-FPC~1- D2-122-FPC—1- D2-122-FPC~1- D4-100-FPC~1- D4-100-FPC~1- D4-122-FPC--1- D4-122-FPC-1-
a-M b-M a-M b-M a-M b-M a-M b-M a-M b-M a-M b-M
Event Abbreviation D1 D1 D1 D1 D2 D2 D2 D2 D4 D4 D4 D4
Sampling Date 11/28/2018 11/28/2018 11/28/2018 11/28/2018 12/3/2018 12/3/2018 12/3/2018 12/3/2018 1/28/2019 1/28/2019 1/28/2019 1/28/2019
Temperature 100 100 122 122 100 100 122 122 100 100 122 122
Sample Container FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC FPC
Cylinder Replicate 1 1 1 1 1 1 1 1 1 1 1 1
Repeatability Replicate a b a b a b a b a b a b

Sampling Temperature (F)
Sampling Pressure (psig)

Measured/SimUlated M M M M M M M M M M M M
0.0

0.05 117.10 116.60 141.20 141.20 143.60 143.70 194.30 194.40

0.1 91.20 90.70 123.30 123.30 115.70 115.40 145.40 145.40

0.2 85.80 85.60 116.30 116.30 98.10 98.10 134.50 134.70 94.40 94.30 129.80 129.60
0.5 74.70 74.70 104.40 104.40 81.50 81.40 112.60 112.40 79.70 79.50 109.30 109.20
1.0 67.90 64.70 95.50 95.70 69.80 69.50 97.20 97.30 68.90 68.90 96.60 96.60
1.5 64.40 64.50 92.10 92.00 66.00 66.00 93.90 93.90 64.90 65.00 92.20 91.80
2.0 61.50 61.60 86.40 86.80 61.10 61.50 88.40 89.30 62.40 62.30 88.70 88.70
4.0 55.30 55.30 78.10 78.20 56.20 56.20 81.60 81.60 54.90 54.90 81.40 81.50
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B22

Values calculated from process simulator

Values calculated from process simulator

VPCRXx (at these V/L)

Label

Event Abbreviation
Sampling Date
Temperature

Sample Container
Cylinder Replicate
Repeatability Replicate

D1-100-FPC--1- D1-122-FPC--1- D2-100-FPC--1-- D2-122-FPC--1- D4-100-FPC--1- D4-122-FPC--1-
U U U U U U

D1 D1 D2 D2 D4 D4
11/28/2018 11/28/2018 12/3/2018 12/3/2018 1/28/2019 1/28/2019

Sampling Temperature (F)

Sampling Pressure (psig)
Measured/SimUlated
0.0

0.05

0.1

0.2

0.5

1.0

1.5

2.0

4.0

100 122 100 122 100 122
FPC FPC FPC FPC FPC FPC
1 1 1 1 1 1
U u U u U u
99.58 122.23 144.15 167.76 114.44 137.35
91.55 114.10 127.25 150.86 103.36 126.24
86.06 108.47 115.95 139.46 95.90 118.68
78.92 101.07 101.66 124.90 86.39 108.90
68.78 90.29 82.51 105.01 73.34 95.20
62.00 82.77 70.79 92.45 65.02 86.10
58.56 78.75 65.32 86.35 60.95 81.43
56.31 76.00 61.96 82.45 58.35 78.31
51.22 69.33 55.01 73.83 52.65 70.98
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APPENDIX C.
C.1.

n-Heptane manufacturer certificate of analysis

n-Heptane Compositional Data

TABULAR LISTING OF COMPOSITIONAL DATA

parchem

das B ipec swdealy

Certificate of Analysis

N-HEPTANE, HIGH PURITY

Lot Batch # C17H29DRM-000HPIS

Customer PO # 00001
Parchem Order # 33008
Test I Limit Result £
Aseay (s n-Heptang) =900% 99.45%
Assay (a5 7 Hydrocarbons) | 2 99.5% 99.58%
Asﬁa_-, 'Tota H '1r-;|r=:r|:u:-n-. | 2 *T"E_'J __‘]'9 ?S‘}u
Spiecific Gr. 1I.|T, 15.56"C) | 0.680 — 0.695 10 549
Titrable Acid | £ 0.0003 meqg/g < 0.003 megrg
| Residue after Eveporaticn | £ 10 ppm | D ppm
| Sulfur Compounds (as 5) | = 0.005% | DO00S
| Wiater | £ 0.03% 1= 001%
QA Raview:

A g

o .
"':-"_h.]t"l

I !ﬁ." |

Qi Approval:

x

1| B =IO om

n-Heptane analytical laboratory report of analysis
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Sample 1D: 2018-NOLA-DD01TT-010 Date Taken: 8-Jan-13
Sample Designated As: HEFTANE Date Submitted: &-Jan-13
VessellLocation: TTC SANDIA HEFTANE Date Tested: ii-Jan-13
Representing: TTC SANDIA HEPTANE Equal Composite

Method Test Result Unit
ASTM D4052 API Grawity @ 60°F 741 “API
ASTM D4052 Density @ 15.56°C 0.8875 glom”®
ASTM D4052 Relative Density, 15.56°C/15.56°C 0.88a2

ASTM DET3I0 Ignition Fuels by 100-m GC See Attached Report

ASTM DET30 Heptane Purity el Vol %
ASTM D240 Gross Heat of Combustion 20558 BTWMb
ASTM E1084 Water Content 25 mglkg
ASTM DB3 Procedure Used A

ASTM D3 Comected Flash Point <60 F
ASTM D3E2E Procedure Used A

ASTM D3E2E Flash/Mo Flash Flash

ASTM D3E2E Target Flash Point 5 F
LWI_ELDF_007_001 Average Molecular Weight 102.14 g/mal

T Quitside Scope of Method

2 Qufside Laharatory
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C.2.

Bakken Compositional Data and Whole Oil Properties

Bakken
Label
Event Abbreviation B1 B1 B2 B4 B4 B6 B6 B8
Sampling Date 8/17/2017 8/17/2017 10/2/2017 1/18/2018 1/18/2018 1/31/2018 1/31/2018 7/18/2018
Sample Container FPC FPC FPC WD
Event Replicate 1 2 3 1 2 1 2 4
Cco2 0.0260 0.0070 0.0070 0.0018 0.0000 0.0015 0.0012 0.0040
co 0.0000 0.0000 0.0000 0.0000
H2S 0.0000 0.0000 0.0000 0.0000
He 0.0000 0.0000 0.0000 0.0000
H2 0.0002 0.0000 0.0000 0.0000
02 0.0038 0.0013 0.0169 0.0025
N2 0.1150 0.0610 0.0770 0.0662 0.0756 0.1540 0.1101 0.1900
C1 0.1100 0.0590 0.0580 0.0469 0.0524 0.0475 0.0496 0.0580
Cc2 0.6350 0.6300 0.5470 0.5441 0.5460 0.5569 0.5398 0.5300
c3 2.7560 2.7370 2.5570 2.6734 2.6442 2.7427 2.6453 2.5660
iC4 1.0110 0.9560 0.9080 0.9522 0.9366 0.9733 0.9350 0.9120
nC4 4.8920 4.7840 4.5760 4.7931 4.7295 4.9279 4.7297 4.5660
neo C5 0.0097 0.0000 0.0000 0.0000
iC5 2.3390 2.2520 2.1600 2.2594 2.2321 2.3082 2.2295 2.1680
nC5 4.5910 4.5260 4.3500 4.5298 4.4741 4.6407 4.4715 4.3390
Cc6 5.83 6.54 7.83 7.17 7.08 7.31 7.06 6.65
Benzene 0.43 0.50 0.64 0.45 0.43 0.46 0.42 0.47
c7 12.80 13.35 15.12 10.54 10.41 10.72 10.36 13.47
c8 14.51 14.35 15.31 11.50 11.36 11.68 11.30 14.33
Cc9 7.91 7.16 7.35 8.09 8.01 8.10 7.94 717
C10 6.10 6.17 5.88 6.81 7.51 6.72 7.43 6.31
C11 4.69 4.74 4.46 5.09 4.75 5.05 4.68 4.85
C12 3.85 3.86 3.60 4.35 4.34 4.32 4.37 3.96
C13 3.47 3.48 3.28 3.81 3.90 3.79 3.84 3.60
C14 294 2.95 2.76 3.34 3.42 3.33 3.45 3.02
C15 2.49 2.50 232 2.69 2.76 2.68 2.70 2.55
Cl6 2.12 2.10 1.96 2.20 2.19 213 2.21 2.16
C17 1.81 1.81 1.68 213 2.19 2.20 214 1.86
C18 1.59 1.58 1.47 1.69 1.75 1.64 1.76 1.62
C19 1.43 1.43 131 1.36 1.36 1.38 137 1.46
C20 1.24 1.23 1.15 1.24 1.30 1.26 1.25 1.26
c21 1.08 1.08 0.99 1.17 1.23 1.14 1.24 1.10
C22 0.97 0.96 0.88 1.01 1.01 0.98 1.02 0.98
Cc23 0.84 0.83 0.76 0.87 0.92 0.94 0.93 0.85
C24 0.74 0.73 0.67 0.84 0.83 0.81 0.84 0.74
C25 0.66 0.66 0.61 7.85 7.57 6.97 7.96 6.25
C26 0.61 0.59 0.54
Cc27 0.54 0.54 0.50
Cc28 0.49 0.48 0.43
C29 0.44 0.44 0.38
C30+ 3.96 3.93 2.86
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Bakken

Label B1-FPC-1 B1-FPC-2 B2-FPC-3 B4--1 B4--2 B6--1 B6--2 B8-WD-4
Event Abbreviation B1 B1 B2 B4 B4 B6 B6 B8
Sampling Date 8/17/2017 8/17/2017 10/2/2017 1/18/2018 1/18/2018 1/31/2018 1/31/2018 7/18/2018
Sample Container FPC FPC FPC WD
Event Replicate 1 2 3 1 2 1 2 4
IBP, °C (ASTM D86) 32.90 32.90 27.30 27.30

Flash Pt-closed cup, °C (ASTM D3828) <-30 <-30 <-30 <-30

Sediment, % (ASTM D4007) 0.03 0.03 0.03 0.03

Water, % (ASTM D4007) 0.00 0.00 0.12 0.12
Water+Sediment, % (ASTM D4007) 0.03 0.03 0.15 0.15

Water, mass% (Karl Fischer) 0.01 0.01 0.16 0.16

Density @ 15 °C, kg/m”3 (ASTM D5002) 809.60 809.60 810.00 810.00

Heat of Combustion, MJ/kg (ASTM D240) 46.02 46.02 45.97 45.97

Sulfur, mass% (ASTM D4294)

Viscosity, cSt (ASTM D445)

H2S, ppm (UOP 163)

Mercaptans, ppm (UOP 163)

Specific Gravity at 60°F 0.80 0.80 0.80 0.80
API Gravity at 60°F 44.54 44.84 45.18 44.67
Molecular Weight 160.55 156.56 153.83 156.30
Pounds per Gallon (in Vacuum) 6.70 6.69 6.68 6.70
Pounds per Gallon (in Air) 6.69 6.68 6.67 6.69
Cu. Ft. Vapor per Gallon @ 14.696 psia 15.84 16.22 16.47 16.26
Specific Gravity at 60°F 0.94 0.94 0.95 0.95
API Gravity at 60°F 18.66 18.50 17.30 18.17
Molecular Weight 548.66 550.07 537.56 544.56
Pounds per Gallon (in Vacuum) 7.86 7.87 7.93 7.88
Pounds per Gallon (in Air) 7.85 7.86 7.92 7.87
Cu. Ft. Vapor per Gallon @ 14.696 psia 5.43 5.43 5.60 5.49
Shrinkage Factor 0.99 0.99 0.99 0.99
Flash Factor, Cu.Ft./STBblI. 211 7.10 15.27 5.74
Simulated Flash Factor (69F) 2.30 0.50

Color Visual Straw Straw Straw Dark Amber
API Gravity @ 60° F 42.52 42.55 42.76 42.51
< C6 mass% 6.17 6.17 5.99 5.91 5.84 6.22 5.80 5.91

76




C.3. Dilbit Compositional Data and Whole Oil Properties

Dilbit
Label | oreect  pafeca parect
Event Abbreviation D1 D2 D4
Sampling Date 12/3/2018 1/28/2019 2/27/2019
Sample Container FPC FPC FPC
Event Replicate 1 1 1
CcOo2 0.0220 0.0183 0.0230
co 0.0000 0.0000
H2S 0.0000 0.0000
He 0.0000 0.0000
H2 0.0000 0.0000
02 0.0000 0.0127
N2 0.0606 0.1375 0.0915
C1 0.0649 0.0504 0.0498
Cc2 0.0382 0.0417 0.0430
Cc3 0.3601 0.3962 0.4125
iC4 0.7012 0.7416 0.7538
nC4 2.6936 29511 2.9819
neo C5 0.1803 0.0689 0.0646
iC5 8.9704 9.1680 8.8073
nC5 9.8367 9.9882 9.6282
Cc6 8.34 8.60 8.40
Benzene 045 0.47 047
c7 6.23 6.55 6.51
c8 5.29 5.53 5.62
c9 2.70 3.04 3.11
2.16 1.76 2.15
149 1.45 1.77
1.66 1.62 1.76
1.80 1.76 1.75
1.92 1.88 1.99
1.65 1.61 1.72
1.64 1.60 1.70
1.95 1.90 1.89
1.74 1.61 1.79
148 1.45 1.53
141 1.47 1.46
1.50 1.47 1.54
135 1.32 1.32
1.30 1.20 1.26
1.10 1.15 1.14
30.00 28.98 28.25
C30+
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Dilbit

Label D1-FPC-1 D2-FPC-1 D4-FPC-1
Event Abbreviation D1 D2 D4
Sampling Date 12/3/2018 1/28/2019 2/27/2019
Sample Container FPC FPC FPC
Event Replicate 1 1 1
IBP, °C (ASTM D86) 33.30 33.60 34.00
Flash Pt-closed cup, °C (ASTM D3828) <-30.0 <-30.0 <-30.0
Sediment, % (ASTM D4007) 0.05 <0.025 0.03
Water, % (ASTM D4007) 0.45 0.20 0.28
Water+Sediment, % (ASTM D4007) 0.50 0.20 0.30
Water, mass% (Karl Fischer) 0.75 0.51 0.56
Density @ 15 °C, kg/m”3 (ASTM D5002) 923.50 924.20 923.90
Heat of Combustion, MJ/kg (ASTM D240) 42.84 43.28 43.41
Sulfur, mass% (ASTM D4294) 3.68 3.65 3.42
Viscosity, ¢St (ASTM D445) 76.41 70.26 68.99
H2S, ppm (UOP 163) 6.30 0.50 2.00
Mercaptans, ppm (UOP 163) 113.60 99.60 120.00
Specific Gravity at 60°F

API Gravity at 60°F

Molecular Weight

Pounds per Gallon (in Vacuum)

Pounds per Gallon (in Air)

Cu. Ft. Vapor per Gallon @ 14.696 psia

Specific Gravity at 60°F

API Gravity at 60°F

Molecular Weight

Pounds per Gallon (in Vacuum)

Pounds per Gallon (in Air)

Cu. Ft. Vapor per Gallon @ 14.696 psia

Shrinkage Factor

Flash Factor, Cu.Ft./STBbI.

Simulated Flash Factor (69F)

Color Visual

API Gravity @ 60° F

< C6 mass% 6.54 6.85 6.67
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Executive Summary

The current work stems from a literature review, conducted by NRC in 2015, on the behaviour of
crude oil, condensates and ethanol in rail tank cars exposed to pool fires established by these
fuels. A recommendation resulting from the literature review was to improve understanding of
the fire-related parameters affecting heating of the tank car by conducting initially 1/10™ scale
experiments simulating a tank car engulfed in a crude oil pool fire. Larger scale experiments
could be conducted later, if desired. These experiments would focus on the fire environment
external to the tank car and would not involve any lading behaviour. A key parameter of interest
in the experiments would be the presence of light-end hydrocarbon components in the crude oil
and their effects on the fire behaviour. This report describes all work completed prior to
March 31, 2016 for the 1/10™ scale experiments.

In preparation for testing, crude oil from a rail loading facility in Alberta was sampled into
customized, air-tight barrels using a water displacement method. This method allowed the oil to
be transferred without being exposed to atmospheric air, thus permitting capture and retention
of all light-end components. The same method, but in reverse, would be used to pump the oll
out of the barrel and into the fuel pan while the oil in the pan was burning. As a result, the light-
end components would contribute directly to the fire, simulating an accident scenario involving a
leaking rail tank car continuously feeding fuel into the fire.

All fires were established over a 1.2 m by 2.4 m (4' x 8') fuel pan. A pipe calorimeter of 0.33 m
(13-1/8") outer diameter and 1.8 m (6') length was used to simulate the tank car inside the fire.
The calorimeter was instrumented so that the temperature at and the heat flux to its outer
surface could be assessed. Additional measurement parameters included the fuel burning rate,
temperatures in the fuel and substrate layers, flame temperatures near the calorimeter, and
heat release rate.

Two preliminary tests using diesel and one reference test using heptane were conducted in
FY2015/16. In all tests, the fuel was floated on top of water inside the pan. The preliminary tests
were intended to verify operation of the fuel feed system and optimize the test protocol, while
the reference test generated baseline data for comparison to crude oil.

Based on these three tests, it is recommended that several improvements be made to the fuel
feed system before proceeding with the crude oil tests. A suitable pressure vessel should be
installed as a run tank, instead of using the crude oil drum. With the vessel designed to
withstand higher pressures than the drum, higher flow rates could be achieved, increasing the
length of the steady burning period during each test. An additional recommendation is to
automate control of the fuel feed system in order to improve control of the fuel layer thickness
inside the pan.
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1. Introduction

In 2015, NRC conducted a literature review for Transport Canada [1] on the behaviour of crude
oil, condensates and ethanol in rail tank cars exposed to pool fires established by these fuels.
Based on this review, a research plan was recommended to improve current understanding of
the behaviour of both the fire and lading. The research plan included a progression of
experimental testing, starting at the small scale and gradually building up to larger scales. As an
initial step, a series of 1/10" scale tests was proposed to allow examination of a variety of
pertinent parameters, before selecting the most critical ones and proceeding to larger scale
testing. The 1/10™ scale tests would be divided into two phases: one involving no lading to allow
focus on the fire environment external to the tank car, and the other focussing on the lading
behaviour. The current report describes the work completed prior to March 31, 2016 that was
related to the 1/10"™ scale tests without lading.

The objective of the present experiments was to simulate a tank car engulfed in a crude oil pool
fire and to examine the fire-related parameters affecting the level of heat flux incident on the
outer surface of the tank car. A key parameter of interest was the presence of light-end
hydrocarbon components in the crude oil and their effects on the fire behaviour. Thus, much
effort was put into properly sampling and handling the crude oil so that the light-end
components could be retained in the oil until burnt.

It should be noted that Sandia National Laboratories of Albuquerque, NM is conducting a related
series of experiments on crude oil, allowing for potential comparison of the results from both
laboratories. However, the Sandia research is focussed on the properties of crude oils produced
in the US. The research conducted by NRC will cover a representative range of crude oils
transported by rail in Canada, and will focus on the interaction between the fire and engulfed
tank car.

2. Experimental Setup

2.1 Test Facility

The fire tests described in this report were conducted in the Burn Hall at the NRC full-scale fire
test facility in Mississippi Mills, Ontario. The test bay was situated under a 6 m x 6 m (20' x 20"
exhaust hood connected to a duct and exhaust fan system that collected the smoke and hot
gases produced by the fire. The test bay was surrounded on three sides (north, east and west)
by a concrete block wall approximately 3 m (10" high.

Due to the flow patterns inside the Burn Hall, fires in this test bay have traditionally exhibited a
tendency to tilt slightly towards the north wall. To mitigate this effect in the present experiments,
wind screens were positioned south of the test bay (where no concrete block wall was present)
to try to reduce the fire-generated air flow that would push the flames towards the north wall.
The wind screens were constructed from 1.2m x 2.4 m (4' x 8') steel sheets perforated with
6 mm (¥2") holes, spaced 10 mm (3/8") apart, to give an opening equivalent to 42% of the total
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area. Ten of these steel sheets were individually mounted on wooden frames and situated to
partially block the air flow from the south side of the test bay in order to reduce the tilt of the fire.

2.2 Fuel Pan

The fuel pan was a 1.2 m x 2.4 m (4' x 8") steel pan, with a height of 0.20 m (8"). Supplement A
contains engineering drawings for the fuel pan. A pipe nipple (1" NPT) passed through the
centre of the pan base and formed part of the fuel feed system (Section 2.4). Two pipe nipples
passed through one side wall — one of these (2" NPT) served as a drainage port and the other
(¥2" NPT) was used in the system for monitoring the level of the fuel surface (Section 2.3.3).

The pan was attached to legs with adjustable height. Attached to the base of the legs were ‘feet’
that rested on load cells to measure the weight of the pan and its contents. These ‘feet’ were
designed such that only vertical downward forces could be transmitted to the load cell. The load
cells are described further in Section 2.3.1.

The pan was surrounded by a cement board floor, level with the base of the pan. This was
intended to be similar to the setup at Sandia National Laboratories and would permit better
comparison between the experiments performed by the two labs.

2.3 Fuel Pan Instrumentation

2.3.1 Load Cells

The fuel pan rested on four Honeywell Model 41 load cells, each with 227 kg (500 Ib) capacity.
The load cells measured the change in weight of the pan and its contents over time, providing
an independent measure of how much fuel was supplied to the pan and of the rate of burning
when fuel was not being supplied to the pan.

2.3.2 Thermocouple Rake

A thermocouple rake (Figure 1) was located inside the fuel pan to measure temperatures in the
fuel layer and the substrate below the fuel layer. It consisted of 19 Type K (chromel-alumel)
thermocouples spaced 6 mm (¥4") apart in the vertical direction and spanning heights of 76 to
191 mm (3" to 7.5") above the base of the fuel pan. The thermocouples were held in place by
Swagelok fittings welded to a vertical stainless steel plate of 6 mm (¥4") thickness. Due to the
size of the fittings, the thermocouples could not be positioned along a single vertical line but
instead spanned a horizontal distance of approximately 45 mm (1%"). The thermocouples
protruded out from the vertical plate by approximately 64 mm (2.5"). Each thermocouple was
enclosed in a stainless steel sheath with an outer diameter of 3 mm (1/8") to permit submersion
in liquids.
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Figure 1. Thermocouple rake for measuring temperatures in the fuel and substrate.

2.3.3 Liquid Level Sight Tube

The %" port in the side wall of the fuel pan (Section 2.2) was connected to a 0.6 m (2') long
stainless steel flexible hose, which was then connected to approximately 2 m (6.5") of clear
plastic tubing. The open end of the plastic tubing was shielded from the fire by a concrete block
wall located along one side of the test bay. This portion of the tubing was mounted vertically to a
wooden board, beside a ruler, and its image recorded by a nearby video camera, as shown in
Figure 2.

Prior to each test, the ¥4" port was capped off inside the pan and the tubing was filled with either
water or antifreeze (depending on the ambient temperature). Once the pan was filled with
enough water such that the 4" port was fully submerged, the cap was removed. Because the
liquid in the tubing was connected directly to the liquid in the pan, this method offered a remote
and visual way of monitoring the level of the liquid inside the pan through equivalence of
hydrostatic pressure in the pan and at the open end of the tubing. The recorded video images
could also be used to estimate the fuel burning rate when fuel was not being supplied to the
pan. When calculating the fuel burning rate, differences in density (o) between the fuel and the
liquid in the sight tube would need to be accounted for, via Equation 1 (where Ah refers to the
rate of change in height of the liquid).

psight tubeAhsight tube
Ahfuel = (1)
pfuel
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Figure 2. Typical recorded image of liquid level sight tube.

2.4 Fuel Feed System

As described in Section 3.1 and Supplement D, the crude oil was supplied in barrels with ball
valves screwed into both bungs in the lid of the barrel. These valves protected the crude oil
inside the barrel from being exposed to the ambient surroundings. A water displacement
method was used to transfer the crude oil from the barrel to the fuel pan at a controlled flow
rate. This method involved pumping water into the barrel through one valve to displace the
crude oil and force it to exit the barrel through the other valve at an equivalent volumetric flow
rate. The same method, but in reverse, was used to transfer the crude oil sample into the barrel
(Section 3.1). The water displacement technique permitted retention of all light-end hydrocarbon
components in the crude oil because the oil was transferred in single phase and was not
exposed to atmospheric pressure until it reached the fuel pan.

Supplement B contains an overall sketch of the crude oil feed system. Water was supplied from
the Burn Hall at approximately 690-830 kPa (100-120 psi). It was sent through a pressure
regulator, which limited the maximum pressure that could be placed on the fuel feed system.
The water then passed through either of two lines: a 19 mm (%4") diameter line for higher flow
rates or a 13 mm (*2") diameter line for lower flow rates. Each line contained a ball valve for
controlling flow into the line, a globe or needle valve to allow adjustment of the flow rate, a flow
meter to measure and record the flow rate, and a check valve to prevent backflow through the
meter. From there, the water was sent to either the crude oil barrel or a bypass. A flow totalizer
before the barrel inlet measured how much water was sent to the barrel.

The purpose of the bypass was to divert some of the water away from the crude oil barrel in
order to lower the pressure in the barrel. A needle valve in the bypass line allowed the pressure
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to be controlled by changing how much water was diverted away from the barrel. As an
emergency precaution, an additional bypass containing initially a manually-actuated ball valve,
but subsequently replaced by an automatic pop-up safety relief valve, was inserted close to the
barrel inlet to allow all of the water to be diverted away from the barrel if the barrel suddenly
experienced overpressure.

The crude oil exited the barrel at the same volumetric flow rate as the water entering the barrel.
As indicated in Section 3.2, a floating piston cylinder (FPC) was used to collect a sample of
crude oil from the barrel immediately prior to testing. For this, the oil was directed away from the
fuel pan (by closing a ball valve) and sent to the inlet of a three-way valve. The three-way valve
was connected to a vacuum pump on one side and the FPC on the other. The vacuum pump
was used to purge air from the line up to the inlet of the FPC. A set of ball and needle valves at
each end of the FPC was used to control flow into and out of the FPC. A drain was available
before the needle valve at the FPC inlet to allow venting of approximately three times the
volume of the sampling line prior to filling the FPC with a fresh sample of oil. As the FPC was
filled with oil, an equivalent volume of the water/glycol mixture that was used to precharge the
FPC was discharged from the outlet. The protocol for collecting the crude oil sample is
described in greater detail in Supplement B.

After sampling, the crude oil from the barrel was directed towards the fuel pan. On its way there,
the oil passed through a sight glass so that the system operator could visually confirm when all
the crude oil was emptied out of the barrel. A flow meter was also installed to verify the flow rate
of the oil.

At the fuel pan, the oil passed through a pipe nipple in the base of the pan (Section 2.2) before
entering a dispersion head inside the pan. The dispersion head consisted of two 0.9 m (3') long
pipe nipples connected by a tee and capped at the open ends. Each pipe nipple had 8 holes (4
in front, 4 in the back) of 10 mm (3/8") diameter spaced equally along its length. The oil entered
the dispersion head through the tee and exited through the 10 mm holes into the fuel pan. The
dispersion head was positioned such that the holes were located above the substrate existing
below the fuel layer in the pan. This would ensure that the fuel sat on top of the substrate and
prevent formation of any emulsion when the substrate was water.

2.5 Pipe Calorimeter

The design of the pipe calorimeter was based on a cylinder of 0.33 m (13-1/8") outer diameter
and 1.8 m (6') length, approximately 1/10" the size of a rail tank car. Supplement C contains
engineering drawings for the calorimeter. The cylinder was constructed from two half-pipes that
were rolled to size from 4.8 mm (3/16") thick stainless steel plate. The half-pipes had flanges
running along their length that were bolted together to form a cylinder. These flanges contained
a slot for insertion of a high-temperature silica rope seal to prevent any direct entry of hot gases
into the cylinder. Support ribs were attached to the outer circumference of the cylinder in four
equally-spaced locations to permit the cylinder to sit on a flat surface without rolling. Pegs of
13 mm (¥2") diameter and 51 mm (2") length also protruded from the outer surface of the
cylinder at various locations to serve as attachment points for thermocouples (described later).
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The thermal mass of these external features was kept as low as possible in order to minimize
their effects on the instrumentation inside the calorimeter.

A smaller stainless steel pipe, of 0.27 m (10%4") outer diameter and 1.8 m (6") length, was
located concentrically inside the cylinder. This pipe was sized so that there was a 25 mm (1")
space between its outer surface and the larger cylinder. It was held in place by three spacer
rings that just fit inside the larger cylinder. The thermal mass of these rings was kept small in
order to minimize conduction between the two cylinders. The space between the cylinders was
filled with a layer of 25 mm (1") thick, 128 kg/m*® (8 Ib/ft®) density, Fibrefrax Durablanket S
insulation. A roll of this ceramic fibre blanket insulation was also inserted inside the smaller
cylinder to minimize convective effects within the calorimeter.

Three cross-sectional measurement planes were spaced equally (0.46 m or 18" apart) along the
length of the calorimeter, halfway between the exterior support ribs. As shown in Figure 3, each
measurement plane contained eight measurement stations spaced uniformly (every 45°) around
the circumference of the calorimeter. Each measurement station contained three thermocouples
aligned along the same radius. One thermocouple was located outside the calorimeter, attached
to the peg described earlier, such that it was offset from the outer surface of the calorimeter by
51 mm (2"). This thermocouple measured flame temperature. The peg was offset from the
measurement plane by 51 mm (2") in order to minimize its effects on the thermocouple
measurements. The other two thermocouples were located inside the calorimeter, attached to
the inner surface of the larger cylinder and to the outer surface of the smaller cylinder. The
temperatures measured by these thermocouples were subsequently input into a one-
dimensional inverse heat conduction analysis [2] to determine the temperature at and the heat
flux to the fire-exposed surface of the calorimeter.

0° Outer cylinder

315°, Inner cylinder

e 900°

Thermocouple

°
225° 135°

180°

Figure 3. Thermocouple locations in each measurement plane in the calorimeter (not to
scale).
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The ends of the calorimeter were covered with stainless steel end caps to prevent flames from
entering the calorimeter. At the centre of each end cap was a 0.1 m (4") diameter hole for
thermocouple wires to pass through. Each bundle of thermocouple wires was wrapped in
ceramic fibre blanket insulation to protect the wires from direct exposure to the fire.

The entire outer surface of the calorimeter was painted with Pyromark 2500 flat black paint in
order to achieve a diffuse, gray surface. After drying, the painted pieces were cured as per the
manufacturer instructions (480°F for 2 hours, followed by an increase to 1000°F over a 1 hour
period) to maximize resistance to thermal shock.

A minor modification was made to the calorimeter design shown in Supplement C. A portion of
the exterior support ribs along the bottom of the calorimeter was cut out, as shown in Figure 4.
This was so that the ribs would fit over top of the dispersion head of the fuel feed system when
the calorimeter was placed just above the fuel surface. In addition, in all tests, the calorimeter
was centred longitudinally in the fuel pan, but shifted by 25 mm (1") off the long axis of the pan
(to the north side, as shown in Figure 5). This would prevent interference between the pegs
protruding from the bottom of the calorimeter and the dispersion head when the calorimeter was
just above the fuel surface, yet allow comparison of results between tests in which the
calorimeter elevation was varied.

U | / 50 mm approx.

-

100 mm approx.

Figure 4. Modification to bottom portion of exterior support ribs (not to scale).
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Figure 5. Location of calorimeter in fuel pan (not to scale).

2.6 Other Instrumentation

2.6.1 Heat Flux Meters

Two Gardon gauges [3] were used to measure radiative heat flux from the fire. One gauge was
4.3 m south of the fuel pan centre, while the other was 3.5 m west of the pan centre. Both
gauges were elevated approximately 1.2 m above the base of the fuel pan.

2.6.2 Heat Release Rate Measurement

Smoke and gases produced by the fire were collected using the exhaust hood system located
above the test bay. The hood system was connected through a duct system to an exhaust fan
system. A measuring station in the duct system contained a thermocouple to measure the gas
temperature and a bi-directional probe (pitot tube) to measure the pressure difference produced
by the flow in the duct. These measurements were used to estimate the equivalent volumetric
flow rate at standard atmospheric conditions.

Meanwhile, gas samples were taken from the centre of the duct and sent to a combustion gas
analyzer that used non-dispersive infrared to measure CO and CO, concentrations and an
electrochemical cell to measure O, concentrations. These concentrations, along with the
estimated volumetric flow rate of the exhaust gases, were used to determine the heat release
rate of the fire using the oxygen depletion method [4].

2.6.3 Fourier Transform Infrared Spectroscopy

A gas sampling probe was placed in the northwest region of the fuel pan, approximately 50 mm
above the rim of the pan and in the same plane as the west wall of the pan. The probe was
connected to a 10 m long, unheated sampling line and the gas sample passed through a 50°C
trap before being heated to 150°C and introduced into a Fourier Transform Infrared (FTIR)
spectrometer/continuous gas analyzer (MKS 2030). This setup was to allow the heavy-end
hydrocarbon components to be excluded and only light-end components to be sent to the
spectrometer. Although it could not be used to accurately measure concentrations of individual
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hydrocarbons, it could provide relative indications of whether the types of hydrocarbons being
burned changed throughout a test.

2.6.4 Video

In addition to the video camera on the liquid level sight tube (Section 2.3.3), video cameras
were used to live-stream and record the instrumentation in the fuel feed system (2 pressure
gauges, 3 flow meters and 1 totalizer). Three additional cameras were used to record the fire,
from the southwest, south and southeast sides.

2.6.5 Data Acquisition System

All instrumentation cables were connected to a data logger with a sampling frequency of 1 Hz.

3. Crude Oil Sampling

3.1 Sample Collection

Omnicon Consultants Inc. of Edmonton, Alberta was subcontracted to advise on sourcing and
selecting an appropriate crude oil for fire testing, as well as to coordinate the collection of the
crude oil samples and their transportation to the NRC test facility in approved means of
containment. A key criterion for the crude oil sampling method was that the properties of the
crude oil at the source conditions should not change during sampling, handling and
transportation. All light-end components (including methane, ethane, propane and butane)
present in the crude oil at the sample point should be captured and retained in the same
concentrations throughout sampling, handling and transportation. Thus, the samples had to be
taken under pressure and transferred in single-phase condition to the sample container. To
meet this criterion within reasonable budget and schedule, Omnicon Consultants customized an
off-the-shelf barrel that was already approved for transporting crude oil to allow for single-phase
transfer of the oil into and out of the barrel without exposure to atmospheric pressure via a
water/glycol displacement method. Details of the sample container and sample collection
method are provided in Supplement D.

Ten barrels of a full-range distribution crude oil, with limited bias on either the light or heavy end
components and representative of typical crude oil production being transported by rail in
Canada, were collected and delivered to NRC. Initial properties of the crude oil were measured
using sub-samples taken at the midpoint of sample transfer into each of the 10 barrels. Testing
on the 10 sub-samples was conducted for composition (ASTM D8003), simulated distillation
(ASTM D7169), vapour pressure (ASTM D6377), density (ASTM D5002) and H,S content (UOP
163). The test results are summarized in Supplement E. The results demonstrate that the 10
barrels of crude oil were reasonably homogeneous when the samples were collected.

3.2 Post-Delivery Sampling

Upon arrival at NRC, the crude oil barrels were placed in a temporary storage area that was
maintained at approximately 12°C. Shortly afterwards (within 24 h of arrival), crude oil was
found to have seeped through the threads of the larger (2") bung in the lid of the barrel. It was
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not noticed at the time of arrival whether there was already evidence of oil seepage. This
seepage may have occurred as a result of thermal expansion of the crude oil when the barrels
were placed in the storage area at NRC, since the samples were collected at -5°C (Supplement
E) and the storage area was at 12°C. Although unconfirmed, exposure of the barrels to
temperatures higher than -5°C may have also occurred during transportation, resulting in
thermal expansion of the oil and seepage through the bung threads.

To minimize experimental uncertainty, a sample of the crude oil from each barrel will be taken
using a floating piston cylinder (as described in Section 2.4) immediately prior to testing for
further compositional analysis. The results will then be compared to the initial property data from
the samples taken at the time of collection (Section 3.1 and Supplement E) to determine
whether the composition of the oil in the barrels has been affected.

4. Test Protocol

The following general protocol was followed during the tests discussed in Section 5. Test-
specific deviations from the general protocol are detailed in the individual subsections pertaining
to each test.

First, the fuel pan was filled with water to a depth of 121 mm (4.75") through a hose connected
to the building water supply. Fuel was then fed into the pan using the system described in
Section 2.4. The fuel was ignited by means of a propane torch. Fuel continued to be fed into the
pan at a rate higher than the burning rate until the desired fuel thickness was reached. At this
point, the fuel feed rate was reduced to the expected burning rate in order to maintain an
approximately constant fuel thickness. Once the drum of fuel was completely filled with water
(and thus empty of fuel), all flow to the pan was stopped and the fire was allowed to burn itself
out.

5. Results
5.1 Preliminary Test #1 (Diesel)

5.1.1 Test-Specific Protocol

The primary objective of the preliminary tests was to test the fuel feed system and the sampling
protocol for the floating piston cylinder. As such, there was no calorimeter in the fuel pan, and
diesel was burned on top of a 124 mm (4 7/8") thick water substrate. Although the initial
temperatures of the fuel and substrate were not strictly controlled, they were measured to be
approximately 8°C and 10°C for the diesel and water, respectively.

Ignition via propane torch was attempted at the southeast corner of the fuel pan once diesel
started exiting the dispersion head (at approximately 19 L/min). However, it was quickly
determined that an accelerant was needed, so approximately 1 L of methyl hydrate was poured
into the pan to facilitate ignition. A second attempt at ignition occurred approximately 2 min later
and was successful. The fire took approximately 1 min to spread over the entire pan area. The
fuel flow rate was raised to 40 L/min in order to allow the fuel layer to grow, but this caused the
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crude oil drum to overpressure, so the fuel flow rate was immediately decreased and the test
aborted 3.5 min after ignition. The fuel that was already in the pan was allowed to mostly burn
out. Boiling of the water substrate (boilover) was observed starting 9.3 min after ignition, and the
fire was suppressed 10.6 min after ignition.

5.1.2 Load Cells Under Pan

Figure 6 shows the total weight of the fuel pan measured by the load cells during the test. With
each of the two ignition attempts, the weight increased as fuel started flowing into the pan. Once
the fuel was ignited, it continued to flow into the pan until 3.5 min (210 s), when it was allowed to
burn out. The slight decrease and then increase in slope that occurred prior to stoppage of the
fuel flow corresponded to the fuel feed system operators varying the flow rate to verify changes
in the crude oil drum pressure.

630
620 .
610 Start of fuel flow | Start of
(19 L/m|n) for boilover
second ignition
D 600 attempt ] Fuel flow to _
= pan stopped Suppression
5 Start of fuel flow
'g 590 (19 L/min) for first

ignition attempt

580 .

570 .

560

-300 -200 -100 0 100 200 300 400 500 600 700 800
Time after ignition (s)

Figure 6. Measured weight of fuel pan in Preliminary Test #1.

The fuel regression rate during the period between stoppage of the fuel flow and the start of
boilover was estimated to be 0.036 kg/m?s, or 2.7 mm/min, assuming a fuel density of
800 kg/m®. This is in reasonable agreement with values found in the literature, which range from
2.4 to 3.4 mm/min for slightly smaller diesel fires of 1.3-1.5 m diameter [5-7], to 3.5 mm/min for
slightly larger diesel fires of 2.6 m diameter [7].

During boilover, the load cell measurements fluctuated noticeably, as water and fuel were
ejected from the pan. As to be expected, the average slope of the graph during this period was
higher than that during the period before boilover.
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5.1.3 Thermocouple Rake in Pan

Figure 7 contains a plot of the temperatures measured by the thermocouple rake located near
the southwest corner of the pan. Temperatures indicative of flame presence were measured at
152 mm elevation and above once the fire reached the thermocouple rake approximately 1 min
after ignition. The thermocouple at 146 mm elevation was initially in the fire, but became
submerged in the fuel layer as more diesel entered the pan.
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Figure 7. Temperatures measured in the fuel pan in Preliminary Test #1. Legend gives
height of thermocouples above pan bottom.

Fuel regression rate could be estimated during the limited period from the time the fuel flow to
the pan was stopped to the time when boilover started. As indicated by the oval drawn in Figure
7, the passage of the fuel surface over the thermocouples at 146 mm and then 140 mm
elevation could be identified from the temperature time curves. As the fuel surface approached
each of these thermocouples, the measured temperature gradually increased and then levelled
off somewhat, before increasing again as the thermocouple exited the liquid and entered the
fuel vapour/flame zone. (For a pure fuel, the temperature levels off at the boiling point, but since
diesel is a mixture of compounds with different boiling points, the reaching of the boiling
temperatures in Figure 7 is not as steady.) For the purposes of estimating fuel regression rate,
the instant at which the fuel surface was considered to pass each thermocouple was taken to be
the data point immediately before the sudden increase in temperature indicating that the
thermocouple was inside the fuel vapour/flame zone. The time taken for the fuel surface to pass
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from the 146 mm to the 140 mm thermocouple, divided by their separation distance, then gives
the regression rate, 3.6 mm/min.

The regression rate estimated using the thermocouple data was 33% higher than that estimated
using the load cell data. The accuracy of the thermocouple method was limited by the relatively
large size of the thermocouples (3 mm O.D.) and their coarse spacing (6 mm apart). Smaller,
more closely spaced thermocouples would be expected to give higher accuracy and better time
resolution.

5.1.4 Liquid Level Sight Tube

Readings of liquid level were taken from the video of the liquid level sight tube, during the period
between stoppage of the fuel flow to the pan and the start of boilover. The values are plotted in
Figure 8, with a trendline fitted to the data. The slope of the trendline can be used to obtain an
estimate of the fuel regression rate through Equation 1, giving a result of 3.3 mm/min. This is
within 22% of the regression rate estimated from the load cell data.

9

6 - y =-0.0040x + 8.8222
R2 =0.9988

Ruler reading (cm)

0 100 200 300 400 500 600 700 800
Time after ignition (s)
Figure 8. Liquid level sight tube readings for Preliminary Test #1.

5.1.5 Heat Flux from Fire

No heat flux data were available for this test.

5.1.6 Heat Release Rate

No heat release data were available for this test.
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5.1.7 FTIR

No useful FTIR data were obtained in this test because the detector response saturated within
3-5 minutes after ignition.

5.2 Preliminary Test #2 (Diesel)

5.2.1 Test-Specific Protocol

Similar to Preliminary Test #1, this test involved burning diesel on top of a 121 mm (4.75") thick
water substrate, with no calorimeter in the fuel pan. Although not strictly controlled, the initial
temperatures of the diesel and water were approximately 4°C and 11°C, respectively. Ignition
via propane torch was attempted at the southeast corner of the fuel pan once diesel started to
exit the dispersion head (at approximately 12 L/min). Two attempts were required, with 1-2 L of
heptane added to the pan to facilitate ignition. Once ignited, the fire took approximately 1 min to
spread over the entire pan area. The fuel flow rate was maintained at approximately 12 L/min
for about 4 min to allow the fuel layer to grow, then decreased to approximately 5 L/min and
stopped 9.7 min after ignition. The remaining fuel was then allowed to burn out. Boilover was
observed starting 8.7 min after ignition and the fire went out 12.6 min after ignition.

5.2.2 Load Cells Under Pan

Figure 9 shows the total weight of the fuel pan measured by the load cells during the test. Prior
to ignition, the weight increased as fuel started flowing into the pan. Once the fuel was ignited, it
continued to flow into the pan at approximately 12 L/min, resulting in a continued increase in the
measured weight. At 250 s, the fuel flow rate was reduced to approximately 5 L/min. Since this
was lower than the fuel burning rate (estimated to be 8 L/min from Section 5.1.2), the weight
then started to decrease. At 524 s, when boilover began, the weight started to decrease more
quickly due to both water and fuel being ejected from the pan. After the fuel flow to the pan was
stopped, the rate of decrease became even greater until the fire was nearly out.

REPORT A1-007572.1 14 N2C-CN3C



580

Start of
575 Start of fuel flow] boilover
(12 L/min) for
570 second ignition
attempt
565 §
Start of fuel flow Fuel flow rate
= 560 (12 L/min) for first 8 reduced to 5 L/min
< ignition attempt
£ 555 y
=2
(]
= 550 - Fire
entirely
545
Fuel flow out
to pan

540 T stopped

535 §

530 T

-400  -300 -200  -100 0 100 200 300 400 500 600 700 800
Time after ignition (s)

Figure 9. Measured weight of fuel pan in Preliminary Test #2.

5.2.3 Thermocouple Rake in Pan

Figure 10 contains a plot of the temperatures measured by the thermocouple rake located near
the southwest corner of the pan. Temperatures indicative of flame presence were measured at
140 mm elevation and above once the fire reached the thermocouple rake approximately 1 min
after ignition. The thermocouples at 127 and 133 mm elevation were initially in the fire, but
entered the fuel layer (starting at 120 s for the 127 mm thermocouple and 235 s for the 133 mm
thermocouple) as more diesel entered the pan. At 250 s, when the fuel flow rate was reduced to
5 L/min, the 133 mm thermocouple was already near the fuel surface, so the measured
temperatures remained in the boiling range until the fuel surface receded enough for the
thermocouple to fully exit the fuel layer. Since this was the only thermocouple to exit the fuel, no
estimate of regression rate could be made from the thermocouple data for this test.
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Figure 10. Temperatures measured in the fuel pan in Preliminary Test #2. Legend gives

height of thermocouples above pan bottom.

5.2.4 Liquid Level Sight Tube

Readings of liquid level were taken from the video of the liquid level sight tube, during the period
of steady decrease from 250 s to the start of boilover. Based on Figure 11 and correcting for
differences in density via Equation 1, the rate of fuel level decrease was estimated to be
1.5 mm/min. This value may be compared to that derived from the load cell data of Figure 9.
Assuming a fuel density of 800 kg/m?, the load cell data corresponded to a fuel level decrease
of 1.4 mm/min after the flow rate to the pan was reduced. Despite the limited resolution
available in the video data, the results from both methods are within 7%, a very reasonable

agreement.
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Figure 11. Liquid level sight tube readings for Preliminary Test #2.
5.2.5 Heat Flux from Fire

No heat flux data were available for this test.

5.2.6 Heat Release Rate

The heat release rate data are shown in Figure 12. The average heat release rate during the
period prior to boilover was 3.6 MW, with a maximum of 4.6 MW.
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Figure 12. Heat release rate for Preliminary Test #2.
5.2.7 FTIR

No useful FTIR data were obtained in this test because the detector response saturated within
3-5 minutes after ignition.

5.3 Reference Test (Heptane)

5.3.1 Test-Specific Protocol

The objective of this test was to burn heptane, a well-characterized fuel, in order to provide
baseline data against which the crude oil test results could be compared. The calorimeter was
placed in the fuel pan such that the bottom of the cylinder was 0.27 m (10.5") above the base of
the pan. This allowed the calorimeter to sit above the fuel surface at 1/10™ the typical height of a
rail tank car above the ground. Prior to ignition, the pan was filled with fuel to the desired initial
thickness in order to minimize the potential for boilover. Given the expected high burning rate of
heptane, the fuel feed system would not have been able to supply fuel to the pan at a sufficient
rate to allow the fuel layer to grow. Thus, prior to ignition, a 0.39 m (1.5") thick layer of heptane
was floated on top of a 0.12 m (4.75") thick water substrate, with the bottom of the calorimeter
(cylindrical portion) situated 0.11 m (4.25") above the fuel surface. The initial temperatures of
the heptane and water were 5°C and 7°C, respectively.
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Ignition via propane torch occurred without any need for accelerant. The fire took approximately
1s to spread over the entire pan area. Heptane was supplied to the pan at a rate of
approximately 14 L/min until 6.3 min, when no more fuel was available. The fuel remaining in
the pan was then allowed to burn out. The fire was observed to tilt by about 25° toward the west
end of the calorimeter throughout much of the test, possibly due to overall flow patterns existing
in the Burn Hall at the time. No boilover was observed during the test, and the fire went out
7.9 min after ignition.

5.3.2 Load Cells Under Pan

Figure 13 shows the total weight of the fuel pan measured by the load cells during the test. Prior
to ignition, the weight increased as fuel started flowing into the pan. The dome shape of the
weight-time curve between 0 and 378 s reflects transient changes in the burning rate, which
increased with time as the fire grew to reach steady state and eventually overcame (at around
220 s) the 14 L/min rate of fuel supply to the pan. After 378 s, when the fuel flow was stopped,
the weight steadily decreased until near the end of the test.

The fuel regression rate after 378 s was estimated to be 0.079 kg/m?s, or 6.9 mm/min using a
fuel density of 680 kg/m®. This is higher than values found in the literature for 2 m diameter
heptane fires with no engulfed large object, which range from 4.6-5.6 mm/min [8,9]. The higher
burning rate of the present fire likely resulted from additional heat feedback to the fuel surface
from the hot calorimeter.
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>
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Figure 13. Measured weight of fuel pan in Reference Test.
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5.3.3 Thermocouple Rake in Pan

Figure 14 contains a plot of the temperatures measured by the thermocouple rake located near
the southwest corner of the pan. Temperatures indicative of flame presence were measured at
159 mm elevation and above throughout the test. The sudden temperature increase at
approximately 240 s coincided with the fire starting to tilt toward the west side of the pan (as
observed in the videos), resulting in better engulfment of the thermocouple rake in the fire. At
the same time, the thermally massive calorimeter came into quasi-equilibrium with the fire, as
discussed later in Section 5.3.10.

The thermocouple at 152 mm elevation was initially in the fire, but entered the fuel layer starting
at 180 s, as fuel entered the pan more quickly than it was being burned during the early stages
of the fire. As the burning rate gradually increased, this thermocouple remained near the fuel
surface, so the measured temperatures stayed near the boiling point until the fuel surface
receded enough for the thermocouple to fully exit the fuel layer.

Using a method similar to that described in Section 5.1.3, fuel regression rate could be
estimated by examining the temperature time curves for the thermocouples between 121 and
152 mm, indicated by the oval drawn in Figure 14. The instant at which the fuel surface passed
each thermocouple was identified using two methods: (1) immediately before the sudden
increase in temperature indicating that the thermocouple was inside the fuel vapour/flame zone,
and (2) the time when the boiling point of 98.4°C [10] was reached. As seen in Figure 15, both
methods yielded approximately 7.6 mm/min as the fuel regression rate. (The thermocouple at
152 mm was not included in Figure 15 because it clearly did not fit well with the other values on
the graph.) This regression rate was within 10% of that estimated using the load cell data, in
reasonable agreement.
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Figure 14. Temperatures measured in the fuel pan in Reference Test. Legend gives height
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Figure 15. Time when fuel surface passed thermocouples in fuel layer.

5.3.4 Liquid Level Sight Tube

No useful data were obtained from the liquid level sight tube because it was plugged during the
first half of the test.

5.3.5 Heat Flux from Fire

No heat flux data were available for this test.

5.3.6 Heat Release Rate

The heat release rate data are shown in Figure 16. The heat release rate gradually increased
until approximately 300 s, when it levelled off somewhat between 8 and 10 MW. After 450 s, it
increased slightly, fluctuating between roughly 9 and 11 MW for the remainder of the test. The
peak heat release rate reached was 11.5 MW. These values are somewhat higher than those
reported in the literature for 2 m diameter heptane fires with no engulfed large object, 6.9-
7.8 MW [8], in accordance with the higher burning rate discussed in Section 5.3.2.
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Figure 16. Heat release rate for Reference Test.

5.3.7 FTIR

No FTIR data were obtained in this test.

5.3.8 Flame Temperatures Near Calorimeter

Figure 17 to Figure 19 show the temperatures measured at a distance of 51 mm (2") from the
outside surface of the calorimeter. (See Figure 3 for the thermocouple positions.) In general, the
temperatures below the calorimeter (180°, 225°) were lower than those above the calorimeter
(0°, 45°, 315°) because the bottom of the calorimeter was facing the oxygen-starved, fuel-rich
vapour zone that exists just above the fuel surface in large pool fires. In Figure 19, which shows
the east measurement plane, the temperatures at 180° and 225° suddenly increased at 240 s,
while those at 0° and 45° simultaneously decreased. This corresponded to the fire tilting
towards the west end of the calorimeter, as observed in the videos.

Figure 20 to Figure 22 contain time-averaged profiles of the flame temperatures for the periods
100-200 s, 300-400 s and 500-600 s. As expected based on the temperature-time plots (Figure
17 to Figure 19), the profiles corresponding to the 100-200 s time period differed from those
corresponding to the 300-400 s and 500-600 s time periods because of the change in tilt of the
fire after 240 s. Nevertheless, these profiles clearly show that the gases below the calorimeter
were cooler than those above it when the calorimeter was fully engulfed by the fire.
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Figure 17. Temperatures measured 51 mm (2") away from outer surface of calorimeter,
along west measurement plane.
1000

900

800

700

600

500

400

Temperature (deg. C)

300

200

—0° —45° —90° —135°

100
=——180° ===225° —270° ——315°

0 100 200 300 400 500 600 700 800
Time after ignition (s)

Figure 18. Temperatures measured 51 mm (2") away from outer surface of calorimeter,
along centre measurement plane.

REPORT A1-007572.1 24 N2C-CN3C



—45°

00

=——180° ==225° —=270° —315°

1000

T T r
o o o o o o o o o
o o o o o o o o
oo ~ © Lo < ™ N —

(9 “Bap) aunyesadwal

800

700

600

500

400

300

200

100

Time after ignition (s)

Figure 19. Temperatures measured 51 mm (2") away from outer surface of calorimeter,

along east measurement plane.

N2C-CN\3C

25

REPORT A1-007572.1



0° —o— 100-200 s
—+— 300-400 s
——— 500-600 s

27Q°

180°

Figure 20. Time-averaged temperatures at 51 mm (2") distance from outer surface of
calorimeter, along west measurement plane.
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Figure 21. Time-averaged temperatures at 51 mm (2") distance from outer surface of
calorimeter, along centre measurement plane.
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Figure 22. Time-averaged temperatures at 51 mm (2") distance from outer surface of
calorimeter, along east measurement plane.

5.3.9 Total Incident Heat Flux to Calorimeter

Figure 23 to Figure 25 show the total incident heat flux from the fire to the calorimeter along the
three measurement planes. (See Figure 3 for a depiction of the angular positions.) In general,
the top of the calorimeter (0°, 45°, 315°) received the highest levels of heat flux, while the
bottom (180°, 225°) received the Ilowest levels, consistent with the measured flame
temperatures (Section 5.3.8). It should be noted that some of the thermocouple wires were
insufficiently protected from the fire during the test, affecting the quality of the collected data.
Therefore, only the unaffected data have been shown in the Figures.

In Figure 25 for the east plane, a shift in heat flux levels was apparent shortly after 200 s, with
the heat flux decreasing significantly along the top of the calorimeter (0°, 45°) while increasing
to a lesser extent along the bottom (135°, 180°, 225°). This was consistent with the observation
from the videos that the fire tilted towards the west side of the calorimeter at that time.

The time-averaged plots shown in Figure 26 to Figure 28 provide a clearer visual presentation
of the heat flux profile around the calorimeter. The profiles remained similar in shape throughout

REPORT A1-007572.1 28 N2C-CN3C



the test, except along the east measurement plane (Figure 28), where they changed
significantly when the fire began to tilt away from the east end at 240 s.
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Figure 23. Total incident heat flux to calorimeter, along west measurement plane.
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Figure 24. Total incident heat flux to calorimeter, along centre measurement plane.
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Figure 25. Total incident heat flux to calorimeter, along east measurement plane.
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Figure 26. Time-averaged total incident heat flux to calorimeter, along west measurement
plane.
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Figure 27. Time-averaged total incident heat flux to calorimeter, along centre
measurement plane.
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Figure 28. Time-averaged total incident heat flux to calorimeter, along east measurement
plane.

5.3.10 Net Heat Flux to Calorimeter

Figure 29 to Figure 31 plot the net heat flux along the surface of the calorimeter in the three
measurement planes. The net (or hot-wall) heat flux is the flux absorbed by the calorimeter and,
unlike the total incident (or cold-wall) heat flux, does not account for growth in radiation heat
loss from the increasingly hot surface to the environment [11].

As evident in the Figures, at the beginning of the test, the net flux increased rapidly to its
maximum levels, typically within 130 s or less. The top of the calorimeter (0°, 45°, 315°)
generally experienced the highest levels of net heat flux, while the bottom (180°, 225°)
experienced the lowest levels, consistent with the trends in flame temperature (Section 5.3.8)
and total incident heat flux (Section 5.3.9). The maximum net flux in each measurement plane
occurred at 0° and ranged from 93 to 111 kW/m?. The net heat flux at all measurement locations
then started to decrease as the calorimeter approached thermal equilibrium with the
surrounding flames. By approximately 250 s, the net flux decreased below 50 kW/m? and
remained there until the end of the test, when it became negative, indicating that the calorimeter
was now losing instead of gaining heat.
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In the east measurement plane (Figure 31), the heat flux levels at 0° and 45° decreased
significantly shortly after 200 s, while those at 180°, 225° and 270° increased slightly. This was
consistent with the observation from the videos that the fire tilted towards the west side of the
calorimeter at that time.

150

100

n
o
1

100 200

T \ ” : \ \ ‘ : v ' T : T
300 400 500 600 “Nwo

Net Q (kW/m2)
o

50 -
-100 -
—0° —90° —135°
—180° —225° ——315°
-150

Time after ignition (s)

Figure 29. Net heat flux to calorimeter, along west measurement plane.
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Figure 30. Net heat flux to calorimeter, along centre measurement plane.
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Figure 31. Net heat flux to calorimeter, along east measurement plane.
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5.3.11 Calorimeter Surface Temperatures

Figure 32 to Figure 34 show the temperature along the outer surface of the calorimeter in the
three measurement planes. In line with the trends shown by the flame temperature and heat flux
data (Sections 5.3.8-5.3.10), the top of the calorimeter (0°, 45°, 315°) was generally hottest,
while the bottom (180°, 225°) was coolest. In the east measurement plane (Figure 34), the
surface temperatures at 0° and 45° increased over the first 240 s, then levelled off between
600°C and 700°C until the end of the test. This was due to the fire tilting towards the west end
of the calorimeter after 240 s.

1000

900

800 -

700 -

600 -

500 -

400

Temperature (deg. C)

300 A

200 -

—0° —00° —135°

100 -
—180° —225° 315°

0 I T T T T T T T
0 100 200 300 400 500 600 700 800
Time after ignition (s)

Figure 32. Outer surface temperatures of calorimeter, along west measurement plane.
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Figure 33. Outer surface temperatures of calorimeter, along centre measurement plane.
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Figure 34. Outer surface temperatures of calorimeter, along east measurement plane.
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6. Summary and Recommendations

This report describes the experimental setup for simulating a tank car engulfed in a crude oil
pool fire at 1/10" scale. Measurements are focussed on the fire environment external to the tank
car and the levels of heat flux incident on the tank car. Crude oil sampling and handling
methods are designed to retain all light-end hydrocarbon components in the oil. Three tests
were conducted to verify operation of the fuel feed system, optimize the test protocol and
generate baseline data using heptane, a well-characterized fuel.

Based on these tests, it is recommended that certain improvements be made to the fuel feed
system before proceeding with further testing. A suitable pressure vessel should be installed as
a run tank, instead of using the fuel drum. Prior to testing, this vessel would be filled with crude
oil using the water displacement method, and the same method would be used in reverse during
testing to pump the oil into the pan. By designing this vessel to withstand higher working
pressures than the crude oil drum, higher flow rates could be achieved, resulting in a longer
period of steady burning during each test since the pan would be filled to the desired fuel
thickness earlier. An additional recommendation is to automate control of the fuel feed system
so that the fuel layer thickness inside the pan could be controlled more precisely, and no
operator would need to be physically present inside the Burn Hall during testing.
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Supplement A — Fuel Pan Engineering Drawings
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QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRiMR @T ATQD@T CD BNMBDOSHNM

NOTES:

1. WELDS ARE WATER TIGHT

SEE NOTE 1.
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ZONE | REV. |
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BY/PAR
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CN MNS RB@KD CQ@VHMF
MD O@R LDRTQ[@Q RT(??(D CDRRiM REVISION HISOTRY / HISTORIQUE DES REVISIONS
ZONE | REV. DESCRIPTION DATE BY/PAR

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM

NOTES:

| bt
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3 94895A815 HEXNUT 3/8-24 (GRADE 8 PLATED) 1

4 90044A157 SHCS 3/8-24 X 1.750 (BLACK OXIDE) 1

’ 5 91251A560 SHCS 1/4-20 X 1.125 (BLACK OXIDE) 6
SNKCQUEDR.ShKegaMBDR | T Bk | e e s INRC-CINRC

B / \ o TMKDRR NSGDQVHRD MNSDC cdrifm “mc E ‘aq/zb “shnm quu/zbdr
| ©8.000 R RIS B RSO SaSmS SR pogutbd cd Bnmbdoshnm ds cd E ~aghb " stnm
@KK CALDMRINMR EM HMBGDR E2015, National Research Council
CHLDMRHNMR DM O/TBDR EHMHRG . EAMK SHSKD . SKSQD
y e J/ LOAD CELL PAD ASSEMBLY

KK EE\A(/)\’(\/@V\/BSH:!\_I/M/R‘;[].Zl R@O BNCD Al- FUEL PAN ASSEMBLY
MO & oF ST SOFS 11698-CALORIMETER AND FUEL PAN

CQ@VM-.CDRRIMG- J.DEMERS

BNMENQLR SN.BNMENQLD @ RSQDRR . BNW- RS- BRIDWS TNCDK MGLD . MNLD CD LNCDKD RGDDS.EDTIKD |RB@KD.GBGDRKD | PSX-
ORLD X037 R A/11 . CONST 11698-LOAD CELL PAD ASSEMBLY 1:1 1
- - 1 OF/DE 1 :
AQD@J @KK RG@QO DCFDR BODBJDC. UGQHE
BG@MEQDSMDQ SNTSDR ©00-.@00- 3 DEMERS | LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VANF Mn-.Mn CORRAM QOU-
@QQASDR BNTO@MSR : C
20/ kK -/1/ C@sD 27/01/2016 11698-20-01G 11698-20-02G -




CN MNS RB@KD CQ@VHMF

REVISION HISOTRY / HISTORIQUE DES REVISIONS
MD 0@R LDRTQDQ RTQ KD CDRRiM
QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD

ZONE | REV. | DESCRIPTION DATE BY/PAR
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRiMR @T ATQD@T CD BNMBDOSHNM

NOTES:
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CN MNS RB@KD CQ@VHMF
MD O@R LDRTQDQ RTQ KD CDRRiM

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM

NOTES:
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REVISION HISOTRY / HISTORIQUE DES REVISIONS
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CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

VD 08K LORTADQ RTG KD CORRAM ZONE | REV. | DESCRIPTION DATE BY/PAR

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM

NOTES:
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CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS
MD O@R LDRTQDQ RTQ KD CDRRAM

ZONE REV. DESCRIPTION DATE BY/PAR
QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD |
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QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM

NOTES:

1. 2D CAD DATA SUPPLIED FOR WATERJET CUTTING
2. DIMENSIONS QUERIED FROM CAD MODEL ARE BASIC
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CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

VD 08K LORTADQ RTG KD CORRAM ZONE | REV. | DESCRIPTION DATE BY/PAR
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CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

VD 08K LORTADQ RTG KD CORRAM ZONE | REV. | DESCRIPTION DATE BY/PAR
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Supplement B — Crude Oil Feed System

REPORT A1-007572.1
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Operational Safe Work Procedure - Crude Oil Delivery System

Step 1 of 3 - Instruction on how to drain hot water from the system

1. Check that all valves are closed
2. Start water

a. Start fire pump

b. Open main water supply valve on the building side
3. Open Valve “1”
4. Open Valve “2”
5. Fully open bypass Valve “7”
6. Open Valve “9”
7. Slowly open Valve “5” and adjust to 25 L/ min
8. Open Valve “3”
9. Slowly open Valve “4” and adjust to 4 L / min
10.Close Valve “9”
11.Close Valve “3”
12.Read pressure gauge 1 and adjust inlet pressure regulator PRV -1 to achieve

prescribed pressure.

a. Diesel / Heptane max pressure 15 PSI
b. Crude Oil max pressure 35 PSI

Last Edit: March 3, 2016
Edits by: SaSa Muradori



8.
9.

Operational Safe Work Procedure - Crude Oil Delivery System

Step 2 of 3 - Instruction on how to take Oil Samples

Close Valve “9”
Use Valve “6” to adjust PG-1 pressure to 12 PSI
Open Valve “8” (Drum Inlet) and Valve “17”
Turn ON Vacuum pump
Toggle Valve “12” Until — 30 inches of Hg
a. Once completed leave the Valve “12” pointing towards the sample
vessel.
Close Valve “17”
Turn OFF the Vacuum pump

Open Valve “10” (Drum outlet)
Open Valve “18”

10. Drain approximately 250 ml of Qil
11. Close Valve “18”

12. Open Valve “17”
13. Open Valve “15”
14. Slowly open Valve “16”
15. Collect 750 ml of water

16. Close Valve “17”
17. Close Valve “16”
18.Close Valve “15”
19. Close Valve “12” and point it to PG-2

Last Edit: March 3, 2016
Edits by: SaSa Muradori



Operational Safe Work Procedure - Crude Oil Delivery System

Step 3 of 3 — Start of the Experiment

1. Close Valve “15”, Open Valve “8” and Valve “10”
2. Open Valve “13”

3. Close Valve “7”
a. Adjust totalizer to 0

4. Open Valve “5” and adjust to 15 L / min

5. Request IGNITION ; Confirm Ignition

6. Fill the panto50L

7. Close Valve “2” and “ Valve “5”

8. Use Valve “4” to adjust flow on OMEGA to 6 L / min
9. If flow greater than 8 L / min

a. Open Valve “2”
b. Slowly Adjust Valve “5”

Emergency Shut Down Procedure

1.Close Valve “1”

2.Close Valve “8”

3. Close Valve “10”

Last Edit: March 3, 2016
Edits by: SaSa Muradori



Supplement C — Calorimeter Engineering Drawings
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CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

MD 0@R LDRTQDQ RTQ KD CDRRiM
ZONE | REV. | DESCRIPTION DATE BY/PAR

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRiMR @T ATQD@T CD BNMBDOSHNM

NOTES: OUTER LOCATING RING

FEATURE ALIGNED WITH SHORT

SCRIBED LINE ON BOTH ENDS INNER LOCATING RING

/
OUTER LOCATING RING / ’
g P

PARTIAL BOTTOM VIEW OF LOCATING RING ALIGNMENT

- (72.000) _
— 37.875N.125 -
- (36.000 ) -
.500N.060 —= =~— —=— =~— 500N.060
\ s = i
( ®10.750)
MARK INSIDE OF r =" = —
TUBE AS FRONT—— I i I
(.280 — 3/16\ 1/2-6
——=—.140) 3/16 1/2-6 3X LOCATING RING IS OFFSET FROM
- (1.875) THE CENTERLINE OF TUBING

Bk B de recnarches canaca  INFRC-CINRC
Cdrifm “mc E "aghb ~sinm Rdquhbdr
Rdquibd cd Bnmbdoshnm ds cd E ~aqghb ~shnm

E2015, National Research Council

S50 CALORIMETER ASSEMBLY

R@O BNCD Al-| RSQDRR . BNM-
CDR- .BNMBDOS- J.DEMERS | BGDBJDC. U¢QHE-
CQ@VM-.CDRRiME- J.DEMERS| @00-.@00- J.DEMERSl C@sb 27/01/2016
MRS-. BKFDMS NCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD RB@KD. CBGDKKD
CONST 11698-CALORIMETER ASSEMBLY 2 OF/DE 2 1:4
LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VAVMF Mn--Mn CDRRAM QDU-
11698-10-01G D -




o oc@,\r‘e ML’\l‘)SFQ?gD@(lg(%T?g@K\D/HgERRHM REVISION HISOTRY / HISTORIQUE DES REVISIONS
el B D P I ot e a1 S R
@DSTQ M @KK C Q\(/)HMFQR s@N SGDQ C(?)RRHFM NEEHBD Co.E2 A ADITDIEEJIlfl(lilléll-"{agLl}/geéiéSEAC),\IQITIEUITELEIBITTJSEON 18/02/2016 JAD
QDSN'?QMDQQ Sl\(?TR Kl()?R@ CDRRHMR @T ATQD@T CD BNMBDOSHNM
NOTES:
- ( \ —
ALIGN LOCATORS ON | 13125 MARK AS FRONT ON
BOTH ENDS AS SHOWN ~—(6563—= ___ THE INSIDE OF TUBE—
=B 2X 1.000K.03 " “ ~(1.000)
[T 1 | I 1 I I I I I I T
LT ] [ ] (I 10 10 10 10 10 10 [ 1
aN|
= @J =
3/16| (250 F—={|=— FULL LENGTH OF PART ° 8 8 8 8 g 8 g 8
R ENT ' 3/16 1-4 = = = = = = = N
Lo o Lo o Lo o Lo N~
~ S ~ S N~ o N —
> S % S % S %
(o0] O (o] < < A AN
— (qV] (e0] <t Ke} O
POSITION PEGS CENTERED ON SCRIBED |
INTERSECTION MARKS AS SHOWN |
|
|
|
|
ALIGN AS SHOWN ( 063) . "
2 '—'2'5"

ALIGN AS SHOWN

MARK EACH INTERSECTION POINT
WITH A UNIQUE NUMERICAL VALUE
AS SHOWN (EXAMPLE=25). THE
NUMERICAL VALUE AND DASH ARE
ORIENTED ON THE RIGHT OF THE
TARGET.

3/16 | 14
3167 14 N\
DETAIL B )
SCALE1:1
24X TACK WELD
3/16]
DETAIL A
SCALE1l:1
SCRIBE MARKS ARE ALIGNED WITH OUTER MARKS MADE
USING THE TEMPLATE (BOTH LINEAR AND RADIAL). __
MARKS ARE EQUALLY SPACED AT 45° APPART (2.5" ARC
LENGTH) AND LOCATED 22.5° FROM THE TUBE EDGE (2.5" USE LOWER TEMPLATE DRW#11698-10-13P TO |
- - |
ARCH LENGTH) SCRIBE LINEAR AND RADIAL LINES ON TUBE
|
— | ITEM | DRAWING NO. DESCRIPTION QTY.
| 1 11698-10-01P HALF TUBE 1
' 2 11698-10-04P LOWER RIB 4
3 11698-10-05P CLAMP PLATE WIDE 2
|
(6 750) | 4 11698-10-06P CLAMP PLATE NARROW 2
5 11698-10-10P INNER TUBE LOCATOR PLATE 2
| | 6 11698-10-12P OUTER THERMOCOUPLE PEGS 12
L@SDQHEK. L@SEQHDK National Research Conseil national
’ SNKDQ@MBDR. SNKEQ@MBDR I* Council Canada de recherches Canada m'cm
e a PSSR SRS SN Rdquibbd cd Bnmbdostnm ds cd E "aqhb ~shnm
L _ - - - - - __ __ __ __ __ @KK CHLDMRANMR HM HMBGDR E2015, National Research Council
CHLDMRHNMR DM O/TBDR EHMHRG . EAMK SHSKD . SESQD
Wty \/ CASING LOWER HALF
6KK EQEBSINIRs021 | RGO BNCD AL- CALORIMETER AND FUEL PAN
P e[S seeEs) ) 698 CALORIMETER AND FUEL PAN
BNMENQLR SN.BNMENQLD @ RSQDRR . BNM- HMRS-.BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD [RB@KD.¢BGDKKD | PSX-
@RLD X03-0/7 A 1/7/
BGDBJDC.UCQHE- CONST 11698-CASING LOWER HALF 1OF/DE1 14 1
AQD@J @KK RG@QO DCFDR
BG@MEQDHMDQ SNTSDR @00-.@00- J.DEMERS LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VHMF Mn-.Mn CDRRHM QDU-
OQQas D PN TLOMSR s 15/02/2016 11698-10-01G 169810026 |D| A




CN MNS RB@KD CQ@VHMF
MD O@R LDRTQDQ RTQ KD CDRRHM

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRiMR @T ATQD@T CD BNMBDOSHNM

NOTES:

ALIGN AS SHOWN

3/16)/ 1-4

—{.063)

DETAIL A
SCALE1:1

®

SCRIBE MARKS ARE ALIGNED WITH OUTER MARKS MADE
USING THE TEMPLATE (BOTH LINEAR AND RADIAL).
MARKS ARE EQUALLY SPACED AT 45° APPART (2.5" ARC
LENGTH) AND LOCATED 22.5° FROM THE TUBE EDGE (2.5"
ARCH LENGTH)

2X 1.000N.030 —=

MARK AS FRONT

ON INSIDE OF TUBE\

FULL LENGTH OF PART ©

REVISION HISOTRY / HISTORIQUE DES REVISIONS
ZONE REV. DESCRIPTION DATE BY/PAR
s n | PUPEUMSAMIRRE | s | o
“ ~—{1.000)
T 10 [ T 10 [] T 10 T 10 [] T 10 [] T 10 [ ]
M) M) M)
< < <
™ ™ ™ ™ ™ ™ ™ =
O (o) O (o) (e} (o) (e} o
o (@) o (@) o (@) o o
= = = = = = 2 2
L0 o L0 o L0 o L0 N~
N~ o N~ o N~ o N~ (N
o0} o o0} o o0} o o0}
© © © < < ol o
— (qV o™ < Lo ©
POSITION PEGS CENTERED ON SCRIBED i
INTERSECTION MARKS AS SHOWN :
|
|
|
|
___________ _:______36_
|
|
|
|
|
|
|
|
|
|
|
MARK EACH INTERSECTION POINT
WITH A UNIQUE NUMERICAL VALUE
AS SHOWN (EXAMPLE=36). THE
NUMERICAL VALUE AND DASH ARE
ORIENTED ON THE RIGHT OF THE
TARGET.
3/16| 1-4
4X
3/16] 1-4
USE UPPER TEMPLATE DRW#11698-10-13P TO I
SCRIBE LINEAR AND RADIAL LINES ON TUBE
|
|
{ |
|
|
|
(7'125) ITEM | DRAWING NO. DESCRIPTION QrTY.
| 1 11698-10-01P HALF TUBE 1
| 2 | 11698-10-03P UPPER RIB 4
! 3 11698-10-05P CLAMP PLATE WIDE 2
! 4 11698-10-12P OUTER THERMOCOUPLE PEGS 12
L@SDQHEK. L@SEQHDK National Research Conseil national
SNKDQ@MBDR. SNKEQ@MBDR I* Council Canada de recherches Canada m'cm

TMKDRR NSGDQVHRD MNSDC

R@TE HMCHB@SHNM BNMSQ@HQD

@KK CHLDMRHNMR HM HMBGDR
CHLDMRHNMR DM O/TBDR

-w +-/2/

W £-/0/

W +-//4
@KK EQ@BSHNMR +0.21

GMFTK@Q + -4/°
/ -70/ EfL

BNMENQLR SN.BNMENQLD @
@RLD X03-0// A 1/7/

AQD@J @KK RG@QO DCFDR
BG@MEQDHMDQ SNTSDR
@QQASDR BNTO@MSR
N0/ B -11/

GD@S SQD@S-.SQ@HSLDMS SGDQL-

Cdrifm “mc E "aghb ~sinm Rdquhbdr

Rdquibd cd Bnmbdoshnm ds cd E ~aqghb ~shnm

E2015, National Research Council

EAVFRG . EAVA SISKD . 550D

\/ CASING UPPER HALF
RGO BNCD AL CALORIMETER AND FUEL PAN
CDR- .BNMBDOS- J.DEMERS
on_swere  IDEWES ) 9698-CALORIMETER AND FUEL PAN
RSQDRR . BNM- HMRS-.BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD |RB@KD.¢BGDKKD | PSX-
BGDBJDC.UCQHE- CONST 11698-CASING UPPER HALF 1 OF/DE 1 1:4 1
900-.900- J.DEMERS | TNC B@aC GRRDLAKX MN-.Min GRRDLAKGED CQ@VAME Win-_Mn CORRAM QDU-
C@sb 19/02/2016 11698-10-01G 11698-10-03G D A




CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS
MD O@R LDRTQDQ RTQ KD CDRRHM
QDONOS @KK DOQNOR SN SGD CDRHFM NEEHBD ZONE | REV. | DESCRIPTION DATE BY/PAR
RHFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM
QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEKBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM
|
©12.750N.060
! ©®13.125)
- 72.000N.125 —
|
(6.563)
188)
|
L@SDQHEK. L@SEQHDK National Research Conseil national
SNKDQ@MBDR. SNKEQ@MBDR 304 STAINLESS STEEL I * Council Canada de recherches Canada m'cm

R&ﬁéﬁn@%%%?&&”&ﬁm%%%?go 3/16" THICK Cdr/]fm ‘/ﬂC E‘aCI/)b ‘5///7/77 RdCIU/)bdr
a SRS Rdquibd cd Bnmbdoshnm ds cd E ~aghb ~shnm

@KK CHLDMRHNMR KM HMBGDR E2015, National Research Council
CHLDMRHNMR DM O/TBDR EAMHRG . EHMH SHSKD . SKSQD
U [ w5/ HALF TUBE
WwWex-/0,

W +-//74

@OKK EQ@BSHNMR +0.21 R@0 BNCD Al- CASING LOWER/UPPER HALF
ey et e S 11698-CALORIMETER AND FUEL PAN

CQ@VM-.CDRRIMG- J.DEMERS

BNMENQLR SN.BNMENQLD @ RSQDRR . BNM- HMRS-.BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD [RB@KD.¢BGDKKD | PSX-
ORLD Xasr/ R 3171 . CONST 11698-HALF TUBE /| 1:4 2
- - 1 OF/DE 1 :
AQD@J @KK RG@QO DCFDR BGDBJDC.UCQHE
BG@MEQDHMDQ SNTSDR ®00-.@00- J.DEMERS LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VHMF Mn-.Mn CDRRHM QDU-

4SDR BNTO@MSR
0 P s 17/02/2016 11698-10-02G/03G 11698-1001p | D] -




CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

MD O@R LDRTQDQ RTQ KD CDRRM
ZONE | REV. DESCRIPTION DATE BY/PAR

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM

3/16| |1/2-1

+
s (&

|
T - —Ei & )

5X @ .201 THRU
1/4-20 UNC THRU

A 2.0
<—‘
| B——-——— —— =— .19
| . .
| 4.0 19 — : — .25N.03
! 1
\ | ] [ |
I!I’ *
1 * i
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
q? [
|
|
i
|
$13.250"" 090 |
|
; ®14.1
|
|
|
|
|
|
i
:
| ]
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
!
|
| . #
| ! || I
I i \
|
: S—— SECTION B-B
| —( .25)
|
A-a 3/16],/ 1-4 ITEM DESCRIPTION MATERIAL QTY.
1 END PLATE 304 Stainless Steel 1
SECTION A-A :
2 END PLATE RING 304 Stainless Steel 1
SNKDQBEDR .SNKGQBHEBDR | o T S st . INRC-CINRC

COSS SUES-SESLOE S Rdlquibd cd Bnmbdoshnm ds cd E aghb ~shnm

@KK CHLDMRHNMR KM HMBGDR E2015, National Research Council
CHLDMRHNMR DM O/TBDR EAMHRG . EHMH SHSKD . SKSQD
w sz \/ END PLATE ASSEMBLY
_ -

WWW 4

@KK EEQ@BSH:!\_I/M/R:U.Zl R@0 BNCD Al- CALOR' M ETER ASSEM BLY
A e oS 11698-CALORIMETER AND FUEL PAN

CQ@VM-.CDRRIMG- J.DEMERS

BNMENQLR SN.BNMENQLD @ RSQDRR . BNM- HMRS-.BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD [RB@KD.¢BGDKKD | PSX-
ORLD X307/ R 1071 . CONST 11698-END PLATE ASSEMBLY 1 OF/DE 1 1:2 2
AQD@J @KK RG@QO DCFDR BGDBJDC. USQHE- )
BG@MEQDHMDQ SNTSDR @00-.@00- J.DEMERS LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VHMF Mn-.Mn CDRRHM QDU-
4SDR BNTO@MSR .
6 -/ A —/1/@ C@sb 27/01/2016 11698-10-01G 11698-10-02P C -




CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

VD 08K LORTADQ RTG KD CORRAM ZONE | REV. | DESCRIPTION DATE BY/PAR

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD NOTES
RHFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM .

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD

QUSNTONDQ SNTR KDR CORRAIR 6T ATODGT O BAMBDOSHH 1. 2D CAD DATA SUPPLIED FOR WATERJET CUTTING

2. DIMENSIONS QUERIED FROM CAD MODEL ARE BASIC

—~ 19.318 -

0
|

(N .040|A|B|C @@

(.250 F—= =—

L@SDQH@K . L@SEQHDK ; " "
SNKDQGMEDR.SNKGQGMEDR | 7" P | £2 BTy de rechorches cannda INFRC-CINRC
TS SIS pdgubd cd Bnmbdosinm ds cd E ~aghb " shim

@KK CHLDMRANMR HM HMBGDR E2015, National Research Council
CHLDMRHNMR DM O/TBDR EHMHRG . EAMK SHSKD . SKSQD
HCA [ 5/ UPPER RIB
W £-/0

W +-//74

@OKK EQ@BSHNMR +0.21 R@0 BNCD Al- CAS'NG UPPER HALF
ey et R RS 11698-CALORIMETER AND FUEL PAN

CQ@VM-.CDRRIMG- J.DEMERS

BNMENQLR SN.BNMENQLD @ RSQDRR . BNM- HMRS-.BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD [RB@KD.¢BGDKKD | PSX-
ORLD 03477 A 117 . CONST 11698-UPPER RIB 1OF/DE1 1:2 4
AQD@J @KK RGEQO DCFDR BGDBJDC. UGQHE- i
BG@MEQDHMDQ SNTSDR @00-.@00- J.DEMERS LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VHMF Mn-.Mn CDRRHM QDU-
&4SDR BNTO@MSR '
6 -/ A —/1/@ C@sb 27/01/2016 11698-10-03G 11698-10-03P B -




CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

VD 08K LORTADQ RTG KD CORRAM ZONE | REV. | DESCRIPTION DATE BY/PAR

QDONQS @KK DQQNQR SN SGD CDRHFM NEE#BD
RYFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM NOTES:

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM

1. 2D CAD DATA SUPPLIED FOR WATERJET CUTTING
2. DIMENSIONS QUERIED FROM CAD MODEL ARE BASIC

- 19.318 -

0
|

(N.040|A|B|C

(.250 = =

L@SDQH@K . L@SEQHDK ; " "
SNKDQGMEDR.SNKGQGMEDR | 7" P | £2 BTy de rechorches cannda INFRC-CINRC
TS SIS pdgubd cd Bnmbdosinm ds cd E ~aghb " shim

@KK CHLDMRHNMR #M HMBGDR E2015, National Research Council
CHLDMRHNMR DM O/TBDR EHMHRG . EAMK SHSKD . SESQD
A I o/ LOWER RIB
W x-/0

W +-//74

@KK EQ@BSHNMR £0.21 R@0 BNCD Al- CAS'NG UPPER HALF
ey et T omE RS 11698-CALORIMETER AND FUEL PAN

CQ@VM-.CDRRIMG- J.DEMERS

BNMENQLR SN.BNMENQLD @ RSQDRR . BNM- HMRS-.BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD [RB@KD.¢BGDKKD | PSX-
ORLD Xi3-W// R /77 . CONST 11698-LOWER RIB 1 OF/DE 1 1:2 4
AQD@J @KK RGEQO DCFDR BGDBJDC. UGQHE- i
BG@MEQDHMDQ SNTSDR @00-.@00- J.DEMERS LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VHMF Mn-.Mn CDRRHM QDU-
4SDR BNTO@MSR -
6 -/0/ A —/1/@ c@sp 27/01/2016 11698-10-02G 11698-10-04P B -




CN MNS RB@KD CQ@VHMF
MD O@R LDRTQDQ RTQ KD CDRRiM

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RIFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM

NOTES:

1. 2D CAD DATA SUPPLIED FOR WATERJET CUTTING
2.  DIMENSIONS QUERIED FROM CAD MODEL ARE BASIC

REVISION HISOTRY / HISTORIQUE DES REVISIONS

ZONE | REV. |

DESCRIPTION DATE BY/PAR

(N .040|A|B|C

" Lﬂ-375)

SNKDQ@MBDR.SNK¢Q@MBDR

TMKDRR NSGDQVHRD MNSDC
R@TE HMCHB@SHNM BNMSQ@HQD

@KK CHLDMRHNMR HM HMBGDR
CHLDMRHNMR DM O/TBDR

-W +-/2/

W £-/0/

-WW +-//4
@KK EQ@BSHNMR+0.21

GMFTK@Q + -4/°
/ -70/ EfL

BNMENQLR SN.BNMENQLD @
@RLD X03-0// A 1/7/

AQD@J @KK RG@QO DCFDR
BG@MEQDHMDQ SNTSDR
@QQASDR BNTO@MSR
N0/ B -11/

L@SDQREK. L@SCQIDK
304 STAINLESS STEEL
3/8" THICK

GD@S SQD@S-.SQ@HSLDMS SGDQL-

NONE

Bk B de recnarches canata  INFRG-CINRC
Cdrifm “mc E "aghb ~sinm Rdquhbdr
Rdquibd cd Bnmbdoshnm ds cd E ~aqghb ~shnm

E2015, National Research Council

EHMHRG . EHMH

NATURAL 12\5/

R@0 BNCD Al-

CDR- .BNMBDOS- J.DEMERS

CQ@VM-.CDRRIMG- J.DEMERS

CLAMP PLATE WIDE
CASING LOWER/UPPER HALF
11698-CALORIMETER AND FUEL PAN

RSQDRR . BNM- HMRS-.BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD [RB@KD.¢BGDKKD | PSX-
BGDBJDC.UGQIE- CONST 11698-CLAMP PLATE WIDE 1 OF/DE 1 14 4
900-.900- J.DEMERS | TNC B@aC BRRDLAKX MN-.Wn GRRDLAKGFD CQ@VAVE Min--Min CORRIM QoU-
C@sb 27/01/2016 11698-10-02G/03G 11698-10-05P B -




CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS

VD 08K LORTADQ RTG KD CORRAM ZONE | REV. | DESCRIPTION DATE BY/PAR

QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RHFM@KDQ SNTSDR DQQDTQR @T ATQD@T CD BNMBDOSHNM NOTES:

QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD

QOONTQUDQ SNTR KOR CPRRAR BT ATQDAT <0 BNNBROSTM 1. 2D CAD DATA SUPPLIED FOR WATERJET CUTTING
2. DIMENSIONS QUERIED FROM CAD MODEL ARE BASIC

o

— 70.000 \r - A

M > b I

\Dﬂ ) C— N (:\\; :;:) Nn C_ ) ( ) ﬂ@/ 1.875 B

375
(N .040|A|B|C (N.040|A|B|C r—c
12 CUTOUTS
L@SDQH@K . L@SEQHDK Nati IR h C il nati |
SNKOQENEDR. SwKeQENBDR | ooon I ™ el NSC-CINRC

R&ﬁ?ﬁn@u’é%%?&&@ﬁm%%%%n 3/8@: THIC@K 5 Cdr /] f/ﬂ ‘/ﬂC E ‘aCI/)b ‘S//n/ﬂ R dqu”bd r
GD@S SQD@S-.SQ@HSLDMS SGDQL- ~ ~
Rdquhbd cd Bnmbdosinm ds cd E ~aghb ~sinm

NONE
@KK CHLDMRHNMR KM HMBGDR E2015, National Research Council
CHLDMRHNMR DM O/TBDR EAMHRG . EHMH SHSKD . SKSQD
IO I o/ CLAMP PLATE NARROW
_ -

W +-//74

@OKK EQ@BSHNMR +0.21 R@0 BNCD Al- CASING LOWER HALF
ey et R RS 11698-CALORIMETER AND FUEL PAN

CQ@VM-.CDRRIMG- J.DEMERS

BNMENQLR SN.BNMENQLD @ RSQDRR . BNM- HMRS-. BKHDMS LNCDK M@LD . MNLD CD LNCDKD RGDDS.EDTHKD |[RB@KD.¢BGDKKD [ PSX-
ORLD Xasr/ A 317/ . CONST 11698-CLAMP PLATE NARROW /| 1:4 2
- - 1 OF/DE 1 :
AQD@J @KK RG@QO DCFDR BGDBJDC.UGQHE
BG@MEQDHMDQ SNTSDR ®00-.@00- J.DEMERS LNC B@QC @RRDLAKX MN-.Mn @RRDLAK@FD CQ@VHMF Mn-.Mn CDRRHM QDU-

4SDR BNTO@MSR
0 P s 27/01/2016 11698-10-02G 11608-1006p | B| -




CN MNS RB@KD CQ@VHMF REVISION HISOTRY / HISTORIQUE DES REVISIONS
VD 0BR LDRTQDQ RTQ KD CORRAM ZONE | REV. | DESCRIPTION DATE BY/PAR
QDONQS @KK DQQNQR SN SGD CDRHFM NEEHBD
RHFM@KDQ SNTSDR DOGDTQR @T ATQD@T CD BNMBDOSHNM NOTES:
QDSTQM @KK CQ@VHMFR SN SGD CDRRHFM NEEHBD
QDSNTQMDQ SNTR KDR CDRRHMR @T ATQD@T CD BNMBDOSHNM
1. 2D CAD DATA SUPPLIED FOR WATERJET CUTTING
2. DIMENSIONS QUERIED FROM CAD MODEL ARE BASIC
A
©11.250
B
10.813
12.750
S— (N .040|A|B|C
Y
o o sweoqaueor.sukeagueor | SN BT T Bt o reorernes &oese INRC-CINRC
280 THKDRR NSGDOViRD Msoc | /4" THICK Cdrifm “mc E "aghb ~sinm Rdquhbdr

R@TE HMCHB@SHNM BNMSQ@HQD  [EFas <6585 —S00 S oS 656 —] < ~
ci—4 Nome SR Rdquitbd cd Bnmbdostnm ds cd E ~aqghb ~shnm

‘ .250 ) @KK CHLDMRHNMR KM HMBGDR E2015, National Research Council
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. P.O. Box 21059 Terwillegar Postal Outlet
A" Consultants Inc. Edmonton, Alberta T6R 2V4

Phone: (780) 218-3759  Fax: (780) 988-8540

September 25, 2015 (Revised December 18, 2015)

Cecilia Lam

Research Officer

National Research Council Canada
1200 Montreal Road, Building M-59
Ottawa, Ontario K1A OR6

Subject: Crude Oil Flammability Study — Sample Collection
Cecilia

As requested we have prepared a brief proposal to coordinate the sample collection, initial
properties testing and transportation of a crude oil sample to the Nation Research Council in
Ottawa. The proposal outlines the proposed method for sample capture and means of
containment for transportation as well as recommendations for creating a composite sample,
if required.

The work has been broken down into four key milestones:

Scope Development, Cost Estimate and Crude Oil Recommendation.
Preparation for Sample Collection

Sample Collection.

Ongoing Project Support.

b=

Our normal practice is to bill our time on an hourly basis as outlined in the appended
document. We have however prepared a cost estimate based on best available information,
and the quoted estimate will be adhered to providing there are no changes in the scope of
work.

If you have any questions, please contact us at your convenience.

Dave Murray
Andre Lemieux
Omnicon Consultants Inc.
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Objectives

The objective of this project is the collection of a sample(s) of crude oil, representative of the
condition in which it would normally be transported by rail or tank truck. This includes
maintaining the light end components such as methane, ethane, propane and butane in the
same concentration as they exist at the sample point.

Work Plan

Milestone 1 — Includes the development of the project scope including meetings,
teleconferences, and other related activities.

Milestone 2 — Includes all activities relating to preparation for sample collection. Specific
activities are outlined in Table 1.

Milestone 3 — Includes all activities relating to sample collection and transportation. Specific
activities are outlines in Table 1.

Milestone 4 — Includes ongoing support activities required during the project.

Sample Collection

As per discussion, sampling will be performed using a single-phase transfer protocol.

Ten (10) standard 219 L (nominal) UN Rated barrels will be outfitted as follows (See Fig 1):

* 2” threaded bung will have a stainless steel 2” NPT
to 1” bushing installed.

* Stainless steel 1” NPT to 3/4” to tube adapter will
be installed in the bushing.

* 3/4” Stainless steel tubing will be passed through
the tube adapter and sealed. Tubing will be
inserted to within 1” of the barrel floor.

* 3/4” Stainless steel ball valve will be installed on
the end of the tubing.

* 3/4” bung will have a stainless steel 3/4” NPT
valve installed.

Y
)
=)
=
>
By
S
O
O
m
X

e 20 L inflatable air bladder will be installed and
fixed to the 3/4” stainless steel tubing to allow
installation and removal.

Figure 1. Proposed Barrel Schematic
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To ensure the barrel (means of containment) meets TDG requirements for ullage and to
ensure the crude oil is not exposed to atmospheric air, a custom 20 L internal air bladder will
act as a 10% ullage volume within the barrel. The air bladder will compress in the event of
thermal expansion similar to vapor headspace typically used as ullage. This option provides
an environment that is least likely to impact the properties of the crude oil and provides the
suitable thermal expansion volume without risk of compromising the crude properties.

Prior to sampling operations, the internal air bladder will be filled with air at 110 kPa then
the barrel will be filled completely with glycol/water (50/50). Once at the sampling location,
the crude oil will be sampled through the 3/4” valve on the top of the barrel displacing water
through the 3/4” tubing through transparent tubing into a secondary wastewater capture
barrel. When crude is just visible in the transparent tubing sample transfer operations will
be stopped and the barrel valves closed with the captured sample. A residual 1” of water will
remain in the barrel. A total of approximately 960 L of crude will be captured (192L per
barrel). A sub-sample of the crude oil will be taken in a sealed sample cylinder at the
midpoint of sample transfer into each barrel. Wastewater will require environmental analysis
to confirm disposal requirements as it has been in contact with crude oil.

Upon receipt of the barrels at the NRC, water is injected through the 3/4” valve and tubing
into bottom of the barrel displacing the crude through the 3/4” valve at the top of the barrel.
Standard municipal water pressure is typically 40-80 psi (275-550 kPa) and should be
suitable for displacement. Alternately the water used in the sampling operations could be
used to displace the oil from the barrels for use in testing.

A suitable sample collection contractor has been identified and Omnicon will supervise all
sampling activities directly. NRS Oilfield Sampling Services Inc. will be used to carry out the
sampling operations.

Homogeneity Between Sample Barrels

Samples taken from each barrel will be tested for composition (ASTM D8003), vapor pressure
(ASTM D6377), Simulated Distillation (ASTM D7169) and density (ASTM DS35002). If the
comparative properties of all 10 barrels are within test method reproducibility tolerances
then a sample composite will not be required since each barrel contains a sample with the
same properties as the others. If the comparative properties of the barrels are not within test
method reproducibility tolerances then a composite sample should be prepared as outlined
below. Once homogenized, a single sample of the composite sample should be tested to
confirm the sample properties prior to fire testing. Hydrogen sulfide analysis by UOP 163 will
performed on a sample taken at the mid-point in the sampling program.

Sample Composite (as required)

Depending on the variation in properties between barrels it may be necessary to combine all
10 barrels into a single composite sample for use in testing. In this instance, it is
recommended that all 5 barrels be transferred into a single vessel and homogenized using a
circulation pump. A suitable vessel would include potentially a 1000 L fuel bladder.
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sl . y Consultants Inc. P.O. Box 21059 Terwillegar Postal Outlet
™ Edmonton, Alberta T6R 2V4

Phone: (780) 218-3759 Fax: (780) 988 8540

February 24, 2016

National Research Council Canada

1200 Montreal Road, Building M-59

Ottawa, Ontario K1A OR6

Attention: Cecilia Lam, Research Officer

Subject: Crude Oil Flammability Study — Sample Homogeneity Results Summary

The following are the results from the homogeneity testing performed during sample collection on

February 2nd, 2016. Ambient conditions at the time of sampling were -5°C with an average tank
temperature of 9.7°C. Tank head pressure estimated at 15-18 psig.

Table 1 — Properties Testing

Test Method ASTM D5002 ASTM D5002 ASTM D6377 UOP 163**
Mercaptan

Test Description Density Density Vapor Pressure H,S Content Content
Conditions 15°C 15°C (Onsite) VPCR; @ 37.8°C AmbientP & T AmbientP & T
Unit kg/m? kg/m? (kPa) mg/kg mg/kg
Barrel/Sample #

1 868.9 870.0 65.7 6.2 65.2

2 868.6 868.8 65.5 10.6 66.2

3 868.7 868.5 65.2 15.4 54

4 868.7 868.4 65.1 9.9 62.2

5 868.5 869.4 65.4 11.7 74.7

6 868.6 870.3 67.3 1.8 63.8

7 868.4 869.5 65.2 1.8 65.7

8 868.9 NA* 63.5 2.9 65.9

9 868.6 869.3 64.1 2.2 65.9

10 868.7 869.0 64.3 7.3 58.2
Min 868.4 868.4 63.5 1.8 54
Max 868.9 870.3 67.3 15.4 74.7
Average 868.7 869.2 65.1 7.0 64.2
Standard
Deviation * 2.77 0.4 1.8 2.9
Test Method Not Applicable
Reproducibility 3.6 3.6 4.3
PASS/FAIL OK OK OK

*Sample not available for testing.
** Test method does not provide precision statement so no comparison is available for reproducibility.
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Table 2 — Compositional Analysis Result Using Merged ASTM D8003 & D7169

Component Name Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10
Cc1 0.009 0.009 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.009
C2 0.023 0.024 0.024 0.025 0.025 0.024 0.025 0.025 0.025 0.024
C3 0.245 0.252 0.252 0.260 0.264 0.253 0.262 0.259 0.263 0.251
iC4 0.632 0.649 0.650 0.665 0.680 0.650 0.674 0.668 0.681 0.645
nC4 1.370 1.413 1.408 1.434 1.467 1.397 1.454 1.436 1.461 1.390
neo C5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
iC5 0.888 0.911 0.917 0.925 0.949 0.902 0.933 0.925 0.949 0.897
nC5 1.016 1.047 1.076 1.084 1.111 1.054 1.092 1.083 1.111 1.051
c6' 2.169 2.220 2.226 2.234 2.280 2.162 2.230 2.229 2.302 2.173
Benzene 0.028 0.027 0.027 0.027 0.028 0.026 0.026 0.026 0.028 0.027
c7"? 3.378 3.465 3.526 3.565 3.601 3.417 3.495 3.533 3.653 3.456
cs’ 4.220 4.325 4.413 4.502 4.510 4.304 4.347 4.436 4.578 4.358
c9’ 3.277 3.352 3.429 3.517 3.516 3.409 3.349 3.454 3.544 3.409
c10’ 4.044 3.305 2.443 3.351 3.358 3.292 3.403 3.415 3.196 3.311
c11’ 2.900 2.800 2.800 2.800 2.800 2.800 2.700 2.800 2.700 2.700
c12’ 2.700 2.700 2.700 2.700 2.800 2.700 2.800 2.700 2.600 2.700
c13’ 3.000 2.900 2.900 2.900 2.900 2.900 2.900 2.900 2.800 2.900
c14’ 3.100 3.000 3.100 3.100 3.100 3.000 3.100 3.100 3.000 3.000
c15’ 2.900 2.900 2.900 2.900 2.900 2.900 2.800 2.900 2.800 2.800
c16’ 2.500 2.400 2.500 2.500 2.500 2.500 2.500 2.500 2.400 2.400
c17’ 3.200 3.200 3.100 3.200 3.200 3.100 3.200 3.200 3.000 3.100
c18’ 2.600 2.500 2.600 2.600 2.600 2.500 2.600 2.600 2.500 2.500
c19’ 2.200 2.200 2.200 2.200 2.300 2.200 2.200 2.200 2.100 2.200
c20' 2.200 2.200 2.200 2.200 2.200 2.200 2.100 2.200 2.100 2.100
c21" 2.200 2.100 2.200 2.200 2.100 2.200 2.200 2.100 2.100 2.200
c22' 2.100 2.100 2.000 2.000 2.100 2.000 2.000 2.100 2.000 2.000
c23’ 2.000 1.900 2.000 2.000 2.000 2.000 2.000 2.000 1.900 1.900
c24' 1.900 1.900 1.900 1.900 1.900 1.800 1.900 1.900 1.800 1.900
Cc25+° 43.200 44.200 44.500 43.200 42.800 44.300 43.700 43.300 44.400 44.600
Totals 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000

" The cut point carbon interval C,y - the mass percent obtained between the end of n-paraffin nCxx.1 and the end of

n-paraffin nC,,.

% C7 cut point carbon interval does not contain the mass percent of benzene, as this is reported as an individual

component.

® The residue of the sample not eluted without discrimination by the GC conditions. This is defined as the mass
percent of material starting at the end of n-paraffin nC,, and covering all the material not accounted for before the
end of nC,4 on the chromatogram (water, inorganic solids, asphaltenes etc...).
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Table 3 — Statistics for Compositional Analysis Result Usin

g Merged ASTM D8003 & D7169

Phone: (780) 218-3759 Fax: (780) 988 8540

Component Standard D8003 Method

Name Min Max Average Deviation*2.77 | Repeatability Pass
C1 0.009 0.010 0.010 0.001 0.03 PASS
Cc2 0.023 0.025 0.024 0.002 0.01 PASS
C3 0.245 0.264 0.256 0.018 0.96 PASS
iC4 0.632 0.681 0.659 0.046 0.08 PASS
nC4 1.370 1.467 1.423 0.091 0.23 PASS
neo C5 0.000 0.000 0.000 0.000

iC5 0.888 0.949 0.919 0.057

nC5 1.016 1.111 1.073 0.084

c6’ 2.162 2.302 2.223 0.127

Benzene 0.026 0.028 0.027 0.002

c7'? 3.378 3.653 3.509 0.233

cs’ 4.220 4.578 4.399 0.303

c9’ 3.277 3.544 3.426 0.237

c10’ 2.443 4.044 3.312 1.064

c11’ 2.700 2.900 2.780 0.175

c12' 2.600 2.800 2.710 0.157

c13’ 2.800 3.000 2.900 0.131 Not Applicable
c14' 3.000 3.100 3.060 0.143

c15' 2.800 2.900 2.870 0.134

c16’ 2.400 2.500 2.470 0.134

c17’ 3.000 3.200 3.150 0.196

c18’ 2.500 2.600 2.560 0.143

c19’ 2.100 2.300 2.200 0.131

c20' 2.100 2.200 2.170 0.134

c21' 2.100 2.200 2.160 0.143

c22' 2.000 2.100 2.040 0.143

c23’ 1.900 2.000 1.970 0.134

c24' 1.800 1.900 1.880 0.117

C25+° 42.800 44.600 43.820 1.818

-2
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Figure 1 — ASTM D8003-D7169 Merged Boiling Point Distribution

D8003-D7169 Merged Boiling Point Distibution
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Homogeneity Evaluation

Table 1 shows the sample source was reasonably homogeneous throughout the period required to
complete the sampling operations. Both density and vapor pressure fluctuated slightly throughout
however the amount of fluctuation is indistinguishable from test method precision therefore the
individual samples can be considered representative of the whole volume sampled.

The wider variation in the H2S results can be largely attributed to the ambient conditions and sample
handling required to perform the test itself. This test was not considered as basis for homogeneity but
for information purposes to ensure for safe handling for the NRC.

Table 3 displays the composition of each sample from C1-C25+ based on the ASTM D8003 and D7169
merged data. Table 4 contains the statistics based on Table 3 data. The compared compositions of C1
through C4 are well within the method repeatability. There is no method repeatability data available
for the merged D8003-D7169 data therefore values beyond C4 are not comparable. D8003
repeatability criteria alone were used. The data provides further verification that the individual
samples can be considered representative of the whole volume sampled.

Figure 4 contains the boiling point distributions (simulated distillation curves) for the 10 samples
based on merged ASTM D8003 and D7169 analysis. The curves are all closely overlaid as would be
expected with samples originating from the same source.

The data presented above indicates the 10 individual samples can be considered representative of the
whole volume sampled.

Dave Murray
Andre Lemieux
Omnicon Consultants Inc.
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