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Abstract

The Crude Oil Characterization Research Study is designed to evaluate whether crude oils
currently transported in North America, including those produced from “tight” formations, exhibit
physical or chemical properties that are distinct from conventional crudes, and how these
properties associate with combustion hazards that may be realized during transportation and
handling. The current report presents results from Task 2, investigating which commercially
available methods can accurately and reproducibly collect and analyze crude oils for vapor
pressure and composition, including dissolved gases. Performance was directly compared to that
of a well-established mobile laboratory system that currently serves as the baseline instrument
system for the U.S. Strategic Petroleum Reserve Crude Oil Vapor Pressure Program. The
experimental matrix evaluates the performance of selected methods for (1) capturing, transporting,
and delivering hydrocarbon fluid samples from the field to the analysis laboratory, coupled with
(11) analyzing for properties related to composition and volatility of the oil, including true vapor
pressure, gas-oil ratio, and dissolved gases and light hydrocarbons. Several combinations of
sample capture and analysis were observed to perform well, though conditions apply that need to
be considered carefully for given applications. Methods that perform well from Task 2 will then
be utilized in subsequent Task 3 (combustion studies) and Task 4 (compositional analyses of
multiple crude types), to be addressed in subsequent reports.
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1 Executive Summary

This report summarizes findings from the Crude Oil Characterization Research Studyl Task 2,
investigating which commercially available sampling and analysis methods can accurately and
reproducibly measure crude oil vapor pressure, light ends, and fixed gas composition and supply
adequate property characterization data for follow-on combustion experiments and comparison
of multiple crude types at Sandia National Laboratories. Task 2 is one of several tasks outlined
in the Crude Oil Characterization Research Study, that as a whole, is designed to investigate
whether oils produced from “tight” formations are materially different in their physical,
chemical, or combustion properties from oils produced from conventional reservoirs. The
combustion tests, in turn, will provide key input data that may be used in determining the level
of hazard associated with pool fires and fireballs that can result from accidental release and
ignition of crude oil during transport and handling. This Task 2 report addresses the effects of
sampling and analysis methods on measurement of selected properties of crude oils, with a
focus on vapor pressure, light ends, and fixed gas content. Light ends, in the context of the
current work, refer to components of a crude oil with low molecular weight that will readily
vaporize at typical ambient conditions where crude oils may be handled in open containers.
Light ends would include the familiar short-chain hydrocarbons such as methane, ethane, up
through pentane. Fixed gases include nitrogen and carbon dioxide and oxygen that have only
minor contribution to overall mass% but can exert significant effects on crude oil vapor
pressure. Additional technical reports regarding the Crude Oil Characterization Research Study
under subsequent Tasks 3, combustion studies, and 4, property characterization of multiple
crude types, are forthcoming. This work is sponsored by the U.S. Department of Energy (DOE),
U.S. Department of Transportation (DOT), with in-kind technical data provided by Transport
Canada (TC).

1.1 Current Knowledge on Sampling and Analysis Methods

Current knowledge on the effects of sampling methods for vapor pressure of crude oils is
documented largely in industry association literature and standards. Fluids in this context are
typically divided into one of two categories: “live” oils that are boiling at sampling and/or
analysis conditions, and “dead” oils that are not. Live oils require special equipment and
protocols that maintain a barrier between the sample and ambient pressure air in order to retain
volatile materials. Alternatively, more generic equipment such as glass bottles may be used to
collect dead oil. These differing requirements have implications for equipment needs, training,
and ultimately costs associated with sample collection. Live fluids should be collected by using
piston-cylinder devices (according to relevant industry standards, i.e. ASTM D3700),
leveraging high process line pressure to displace the piston and fill the cylinder. Dead fluids
are typically drawn into an open bottle from a source tap containing fluid at only slightly higher
than ambient pressure, displacing air as the bottle fills. It is unclear whether oils that are
collected along the supply chain are either live or dead for the purposes of sampling for vapor
pressure, and this uncertainty may lead to considerable debate. Results from the limited
literature in this area are not clear on exactly what conditions require closed versus open
sampling for oils that are not visibly boiling.

1
Information available at http://energy.gov/fe/articles/crude-oil-characteristics-research
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The current work recognizes that the distinction of live versus dead oil is coarse, and there is
space in between where oils may exhibit volatility below a level that would be conspicuously
identified as visible boiling, yet where certain rigor is required to maintain sample integrity.
Moreover, such oils require analytical equipment calibrated to a lower range of pressure and
dissolved gas content than required for traditional live fluids in order to yield reproducible
results. The industry has recognized this and is offering new methods and equipment to meet
these sampling and analysis needs. This is evidenced in the addition of several new standard
methods in the last few years for collecting (ASTM D8009-15 manual piston cylinder) and
analyzing crude oils for vapor pressure (ASTM D6377-14, 15, 16 yearly revisions) and
pressurized composition (ASTM D8003-15), all of which are employed as part of the current
study.

1.2 Test Design

Collecting crude oil samples in the field for vapor pressure testing presents many challenges, as
analyses can be very sensitive to small gains or losses in light ends and fixed gas content of the
original material. There is a general need to isolate and evaluate the sampling methods to
develop a means to reliably deliver a representative sample of oil from the field to the laboratory
so that the sample collection method can be eliminated as a potential complication in the vapor
pressure analysis. The test design for the current Task 2 effort applied several commercially
available field sampling methods at two sampling points in the crude oil supply chain. Sampling
methods included “open” methods that allow the sample to have direct contact with the
atmosphere during collection and/or transportation, and “closed” methods which contain the
sample with a physical barrier and prevent exposure to the atmosphere. One sampling point
was at a terminal in North Dakota located between a truck offloading facility and rail loading
terminal that handles Bakken production, and a second was located at a terminal in Texas
between a truck offloading facility and a refinery that handles Eagle Ford production. Sampling
at the North Dakota site occurred at the beginning of September 2016, and sampling at the
Texas site occurred in the middle of October 2016. Crude oils were collected by a commercially
available “tight-line” method and compared with industry standard “closed” (floating piston
cylinder, manual piston cylinder, water displacement) and “open” (bottle) sampling methods.

The samples were tested using a range of commercially available analyses that focused on vapor
pressure, light ends, and fixed gases, and also included several physical property measurements
commonly used in oil quality determination. The rigor over maintaining the fixed gases and
light ends is critical because they have a significant influence on properties important to
flammability and overall safety in handling, including vapor pressure, gas-oil ratio, whole oil
composition, initial boiling point, and flashpoint. Knowledge of the types and quantity of gases
in the oil provides a basis for understanding and furthermore predicting physical properties that
are associated with flammability and handling safety.

The “tight-line” system, which brings the analytical equipment to the sampling location in the
field and collects and analyzes oil samples through closed, pressurized lines, is considered a
“gold standard” of collection and analysis methods and thus served as an experimental baseline
against which the other sampling and analysis methods were compared. This system, referred
to as the TVP-95, has 20+ years’ operating history on the U.S. Strategic Petroleum Reserve
(SPR) with technical oversight from Sandia National Laboratories and is calibrated for vapor
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pressure and dissolved gas concentration in the range that is expected for oils collected from
within the North American surface transportation supply chain.

1.3 Effects of Open vs. Closed Sampling

The study generally found that both open and closed industry standard sampling methods
yielded comparable results for vapor pressure of crude oil, VPCR, and hydrocarbon content
against the tight-line TVP-95 system for the oils that were tested here. It is important to note
that the two oils analyzed in this study had most likely been equilibrated to ambient conditions
elsewhere in the supply chain before they were sampled, and were not actively boiling or prone
to significant losses of light ends and fixed gases at sampling conditions.

Open and closed methods were not, however, equivalent in their ability to deliver adequate
single-phase samples to the ASTM D6377 laboratory vapor pressure instrument, especially
where low vapor/liquid ratio (V/L < 1) values (headspace vapor volume less than liquid volume)
were targeted. Use of open bottles as the direct source of sample into the D6377 instruments
led to routinely low VPCR relative to samples introduced from closed cylinders, and more likely
reflected local ambient pressure in the laboratory than actual property measurements of the
original crude oil samples. The work herein supports the new ASTM D6377-16 requirement
that any tests run at vapor/liquid ratio (V/L) < 1 be run from a floating piston (closed) cylinder
that can provide sufficient pressure to overcome possible phase separation while the sample is
introduced into the vapor pressure test cell.

An important caveat to this finding is that crude oil samples collected in cold weather in open
bottles that are subsequently heated to lab ambient conditions for storage, handling, and testing
may be subject to light ends losses that were not observed in the summer and fall samples
collected in the current Task 2 work. An additional winter sampling effort was undertaken as
an addendum to Task 2 to explore this issue, and the results will be presented in a revision to
this report that contains an appendix dedicated to the winter sampling methods and findings.

1.4 Comparison of Compositional Analysis Methods

The study also compared commercially available methods for measuring the composition of
crude oils to results obtained with the aforementioned TVP-95 system. The compositional
analyses comprised a range of components from the light dissolved gases, referred to here as
fixed gases and light ends, through the middle hydrocarbons that constitute major components
of liquid hydrocarbon fuels, up to heavier materials that have carbon number 30 and greater.
Two pressurized compositional methods (GPA 2103-M and ASTM D8003) were evaluated
against the baseline system and all were determined to give results that were of equal value for
the purposes of this work. Both involved a combination of a vapor-liquid flash for volumetric
data coupled with gas chromatography to generate compositional data that were ultimately
merged with numerical tools to yield “whole oil” compositions. These whole oil compositions
were then passed through a commercial process simulator model commonly used in the oil and
gas industry to yield predictions of crude oil vapor pressure and gas-oil ratio that were compared
back to the direct physical property measurements made on the same oils. The results of the
model predictions overlaid well with the physical property measurements, providing a
reasonable level of confidence that the reported compositions as well as the function of the
process simulator models were accurate and may be used to predict similar mixtures in the
future.
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1.5 Additional Findings: Effects of Varying Vapor-Liquid Ratio

The selection of vapor/liquid ratio (V/L) as a measurement point for vapor pressure of crude oil
by VPCR has important implications for expected reproducibility of results and sensitivity to
small amounts of dissolved gas. This study was unable to generate reproducible measures of
VPCR for vapor/liquid ratios V/L = 0.02 and 0.05. Moreover, comparisons between VPCR and
the TVP-95 system in the same low V/L range indicated that VPCR was generally higher than
the TVP-95, but the effect was dominated by high variability in VPCR measurements.
Comparison of VPCR and TVP-95 vapor pressure improved for the higher V/L range 0.5 to
4.0. The authors hypothesize that small amounts of fixed gases such as nitrogen and oxygen
were introduced into many of the VPCR oil samples as a function of sampling and handling,
and the effects of these gases appeared in the compositional measurements and low vapor-liquid
ratio VPCR, but had diminished impact on VPCR as vapor-liquid ratio was increased from 0.5
to 4.0. As such, it was difficult to find a direct measurement point that would provide a reliable
estimate for vapor pressure of an oil with a vapor/liquid ratio representative of a loaded railcar,
which may be as low as 1%. Reproducibility in VPCR generally improved as V/L was increased
to 4.0, largely a result of the fact that VPCR is less sensitive to small variations in gas
composition of the sample as V/L increases. The caveat with increasing V/L, however, is that
its direct relevance to actual transport container conditions is diminished, as a vapor-liquid ratio
of 4:1 is an atypical scenario for a crude oil container in transit. One of the recommendations
from this study going forward is to revise some of the industry standard sampling methods to
improve their ability to preserve the original sample compositions and prevent contamination
by inert gas which has the potential to create very high vapor pressure at low vapor-liquid ratio.

1.6 Sampling/Analysis Methods Selected for Remaining Tasks

The current Sandia plan is to employ closed methods for sample capture for sourcing all vapor
pressure, light ends, and fixed gas measurements from this point forward. Both piston cylinder
(floating piston or manual depending on source line pressure) and water displacement will be
utilized. While the possibility for nitrogen contamination has been observed in closed sampling,
its presence can be detected and documented such that the contribution to vapor pressure from
the hydrocarbon materials to the source crude is well-known and reproducible. Closed sampling
also offers a measure of control on light end losses in the event that future sampling encounters
oil that has the potential to lose light ends and fixed gases in handling or storage. Also, arevised
closed cylinder purging technique to minimize nitrogen contamination from dead volume
(internal volume inaccessible to normal purging processes) was developed by the technical team
as a result of this work and will be employed moving forward. Regarding compositional
analysis, three commercially available methods appear equally suitable from a technical
perspective for measuring pressurized composition. Additional factors including cost and
availability will influence method selection going forward.

Thus, several different tests for measuring vapor pressure were performed on samples from two
“tight” crude oils. As described above, this work has investigated the accuracy of different
sampling methods and analytical tests and has determined that certain combinations of
collection methods, analytical measurements, and thermodynamic modeling can produce
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accurate predictions of vapor pressures under conditions that would be seen in the transportation
supply chain. Results are presented in greater detail in the main body of the technical report,
followed by a discussion of key findings at the end of the main report. Data tables for selected
property measurements associated with Task 2 are also included in an Appendix to the main

report.

17



Page intentionally blank.

18



2 Introduction

This report summarizes findings from the Crude Oil Characterization Research Study Task 2,
investigating which commercially available sampling and analysis methods are capable of
providing accurate and reproducible measures of crude oil vapor pressure light ends (methane
through pentane), and fixed gas composition and provide adequate property characterization
data for follow-on combustion experiments and comparison of multiple crude types at Sandia
National Laboratories. This work was sponsored by the U.S. Department of Energy and the
U.S. Department of Transportation and Transport Canada as part of a more comprehensive
project looking at properties of “tight” versus “conventional” oils with an interest in
understanding whether crude oil physical and chemical properties, to include presence of light
end dissolved gases, have measurable effects on combustion properties in crude oil pool fires
and fireballs.

2.1 Overall Project Objectives

The overall objective of the US DOE/DOT Crude Oil Characterization Research Study is to
understand and mitigate risks associated with large volume rail transport of crude oil in general
and “tight oil” in particular. The project focus is on physical properties of crude oils in the
transit system and how these associate with their potential for ignition, combustion, and
explosion. A conceptual diagram for the overall project with Phase I, I, III breakout is given
in Figure 2-1.

Phase I of the project, problem definition phase, ran from October 2014 — May 2015, and
produced a literature survey (Lord, Luketa et al. 2015) as well as a high-level project plan that
2

was subsequently made publicly available through the DOE-FE website . Selected findings
from the literature survey are given in the Background section below.

Phase II of the project, crude oil sampling and analysis, was fully staffed starting in October
2015. The Phase II plan comprises 6 main tasks, which underwent some slight modifications
from the task titles given in the project plan published in 2015, but retain the same general
theme:

e Task 1: Administration and Outreach

e Task 2: Sampling and Analysis Method Evaluation

e Task 3: Combustion Experiments and Modeling

e Task 4: Crude Oil Characterization — Tightvs. Conventional

e Task 5: Large-scale and Rail Car Combustion Testing and Computational Fluid
Dynamics (CFD) Modeling

e Task 6: Comprehensive Characterization across Crude Oil Supply Chain

Tasks 1 through 4 in Phase II are current priorities.

2 . . . .
See http://energy.gov/fe/articles/crude-oil-characteristics-research
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Phase III is envisioned as implementation in which the results are shared and discussed among
all stakeholders. The goal is to utilize knowledge gained from the study to inform decisions on
industry best practices, standards, and regulations as appropriate.

2.2 Role of Phase Il, Task 2

Phase II, Task 2, identified in red in Figure 2-1, seeks to identify crude oil sample collection
and analysis (for vapor pressure, light ends, and fixed gas composition) methods most effective
in ensuring retention of all (especially the most volatile) components from the point of
collection to the point of analysis in the laboratory. The Sandia literature survey from Phase I
as well as recent industry papers (Konecnik 2014; Murray 2014; Bagawandoss 2015a) indicate
that common practice for sample acquisition and testing is not necessarily a good practice for
oils that contain volatile components. The remainder of this document discusses details around
sample acquisition and testing to support Phase II Task 2 objectives.

Phase | Phaselll Phase lll
Problem Definition Phase Experimental Phase Implementation Phase
Completed Current/future SNL future work scope All stakeholders

. Task 1: Administration and

outreach
*  Task 2: Sampling and analysis

Sampling method evaluation . - .
Literature and Anaihals +  Task 3: Combustion Utll.lze kn-owledge gained
Survey Plan experiments and modeling » during prior phases to

»  Task 4: Crude oil inform decisions on:

SPR: Strategic Petroleum Reserve

characterization, tight vs. » Industry best practices
conventional »  Standards
4 . Task 5: Railcar combustion > Regulations
testing and CFD modeling
¢ Task 6: Comprehensive
characterization across crude
oil supply chain
Peer review
\ 4

S S P e N I T S T T T S I T I T T T e T T T T T T T N T T S T T S T R T S S T T I R T T P e S T S T S S P SN T IS I SS ST IS TESSSNTRESSsFeesseSe e, 1
1 . 1
: Public outreach :
1 1
1
! API: American Petroleum Institute ASTM: ASTM International (standards organization) E
! COQA: Crude Oil Quality Association AFPM: American Fuel and Petrochemical Manufacturers i
i CCQTA: Canadian Crude Quality Technical Association GPA: Gas Processors Association !
: :
1 1

_______________________________________________________________________________________________

Figure 2-1. Overall conceptual diagram of Crude Oil Characterization
Research Study. The focus of the current report, Task 2 Report on
Evaluating Crude Oil Sampling & Analysis Methods, is indicated in red text in
Phase Il above.
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2.3 Project Governance

Sandia National Laboratories is lead technical lab on the Crude Oil Characterization Research
Study, funded directly by the U.S. Department of Energy and U.S. Department of
Transportation. Sandia made arrangements to contract technical services where necessary
capabilities were not available in-house. Given the shared interest between the governments of
Canada and the United States in crude oil handling and transportation safety, a Crude Oil
Research Coordination Steering Committee was formed in order to share emerging information
and identify opportunities for research coordination. Administrative participants include the
U.S Department of Energy, the U.S. Department of Transportation, and Transport Canada (TC).
A conceptual diagram of project governance is given in Figure 2-2.

Crude Oil Research Coordination Steering Committee

US Department US Department

of of

Energy Transportation Sl

|
|
|
Transport :
|
|
|

Direct $ In-kind sampling,
P =, " B e A s ]

Sandia
Technical Lead Lab National
Laboratories

UND Energy &
Allen Energy Environmental
Services, Inc. Research
Center

Crude Oil Analytical Technical Services
Service Companies

Figure 2-2. Conceptual diagram of project governance.

2.4 Scope of Report

The current report explores the effects of sample capture and analysis methods on selected
physical and chemical properties of crude oils, with a focus on parameters that relate to volatility
at conditions that are relevant to sample collection, handling, measurement, and transport.

Two crude oil sampling locations were selected for this phase of the study. One sampling point
was a terminal that handled Bakken production, and a second was a terminal that handled Eagle
Ford production. Sampling methods were varied at each sampling location to include “tight-
line” straight to the analytical equipment, “closed” methods where no exposure to atmospheric
pressure was allowed, and finally an “open” method where the sample was allowed to interact
with the ambient atmospheric conditions between time of capture and analysis in the laboratory.
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Primary analyses included crude oil vapor pressure measured by VPCRx(T), chemical
composition of the oils with focus on light ends and fixed gas content, with composition up to
C30+, and selected properties to include relative density, average molecular weight, viscosity,
flashpoint, and initial boiling point.

Methods and results associated with aforementioned combustion properties of crude oils will
be addressed in separate reports.
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3 Background

The issues of capturing and measuring light end and volatile components as part of “whole
crude oil” analyses becomes important when properties such as initial boiling point and vapor
pressure are considered in testing crude oil for classification for transport (ANSI/API 2014) or
for compliance with state-level regulations over crude oil transport (NDIC 2014). Generally
speaking, the historical methods of sample capture used in the oilfield for “oil quality” samples
allow direct exposure of the hydrocarbon sample to ambient pressure. This opens the possibility
of loss of volatile material during sample capture, transportation, storage, and analysis to a
degree that may not be widely understood or appreciated. The fact that crude oil vapor pressure
sampling and analysis has been treated in many instances as a standard “oil quality” parameter
that does not require special handling to prevent light end vapor losses leads to the potential for
inconsistent results and associated confusion around the topic of crude oil vapor pressures.
These vapor losses can also effect other properties such as initial boiling point, flash point and
composition.

Broader understanding around the effects of “open” versus “closed” sampling on compositional
and property measurements of crude oils collected from surface storage and transportation
facilities has been evolving recently, and is documented through vendor notices (Grabner-
Instruments), association notices (CCQTA 2014), reports (CCQTA 2017) and technical
presentations (Konecnik 2014; Bagawandoss 2015a; Bagawandoss 2015b) available from
industry-specific technical associations such as the Crude Oil Quality Association (COQA) and
the Canadian Crude Quality Technical Association (CCQTA), and the American Petroleum
Institute (API) (ANSI/API 2014) and government-sponsored technical reports (Prefontaine
2015). Presentation of clear findings on these issues in the broader public peer-reviewed
scientific literature has not been realized as yet. The absence of well-publicized scientific
comparative studies on this topic yields a knowledge gap that the current study is trying to help
close.

The authors would like to add that there is ample capability and experience within the oil and
gas industry to capture and measure complex hydrocarbon fluids containing dissolved gases
and furthermore analyze these fluids for vapor pressure, light ends, and fixed gases, but this is
largely in the realm of reservoir and production fluid testing. Sampling points for these “live”
production fluids, which will readily boil at ambient conditions, are potentially downhole and/or
upstream of primary separating and conditioning operations where vapor pressures and
associated gas volumes are orders of magnitude higher than what is seen in the surface storage
and transportation sector. As such, the methods and equipment designed to handle and analyze
these “live” fluids may not have the capabilities to operate effectively or within their calibrated
ranges for much lower (though nonzero) vapor pressures and associated gas volumes.

3.1 Key Points from Phase | Literature Survey

In seeking to better understand and mitigate risks associated with frequent and large-volume
rail transport of crude oil in general and tight oil in particular, the U.S. Department of Energy
(DOE) and U.S. Department of Transportation (DOT) commissioned a review of publicly
available crude oil chemical and physical property data and literature related to crude oil
potential for ignition, combustion, and explosion. The review was undertaken by Sandia
National Laboratories (SNL) in collaboration with Allen Energy Services (AES) and the
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University of North Dakota Energy & Environmental Research Center (EERC). A partial list
of properties surveyed includes density (expressed as API gravity), vapor pressure, initial
boiling point, boiling point distribution, flash point, gas—oil ratio, light ends and dissolved gas
composition (including nitrogen, carbon dioxide, hydrogen sulfide, methane, ethane, and
propane—and butanes and other volatile liquids), and flash gas composition. Although the
review yielded a large database encompassing a wide variety of crude oils and their properties,
it also illustrated the difficulty in utilizing available data as the basis for accurately defining and
meaningfully comparing crude oils. Reasons for this difficulty include significant variability
in:

e Sample collection point — Samples are collected at various points along the crude oil supply
chain that extends from well to refinery gate. A partial list of sampling points (listed in
supply chain order) includes well head, separator outlet, “heater treater” outlet, stock tank,
rail or pipeline terminal, and rail tanker (at varying points along the route from terminal to
refinery gate). Crude oils—especially lighter varieties—may undergo significant changes
in key volatility-related properties as they progress along the supply chain.

e Sampling method — Samples are collected using a variety of closed, open, and flow-through
methods that vary in effectiveness of capturing 100% of crude oil volatile liquid and
dissolved gas constituents. This is especially important in dealing with light crudes, since it
means that a given crude sampled at a single supply chain point using a variety of sampling
methods could result in a set of samples with significantly different volatility-related
properties.

e Analytical method — Samples are analyzed using a variety of methods including those
approved by ASTM and other “standard-setting” organizations, modified ASTM methods,
and others.

An important outcome of the review was formal recognition of the wide variability in crude oil

sample type, sampling method, and analytical method, and acknowledgement that this

variability limits the adequacy of the available crude oil property data set as the basis for
establishing effective and affordable safe transport guidelines. In recognition of the need for
improved understanding of transport-critical crude oil properties, DOE/DOT commissioned

SNL to develop a sampling, analysis, and experimental (SAE) plan to accurately characterize

tight and conventional crudes based on key chemical and physical properties, and to identify

properties that may contribute to increased likelithood and/or severity of combustion events that
could arise during handling and transport. A high-level SAE plan was submitted to DOE in

3
April 2015 and was subsequently made publicly available through the DOE-FE website .

3.2 Guidance from CCQTA Light Ends Memo

The Canadian Crude Quality Technical Association released a memo in May 2014 (CCQTA
2014) providing guidance on sampling and test methods for determining vapor pressure and
light ends content of crude oils.

3 See http://energy.gov/fe/articles/crude-oil-characteristics-research
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The memo made several statements of particular relevance to sampling and analysis applicable
to “live” crude:

With regards to any reported value for vapor pressure in crude oil, we would consider the data
suspect unless the samples were:

1. Sampled in pressurized cylinders (ASTM D3700), or equivalent to prevent the loss of light
end components during sampling, transport to laboratory, or handling during analysis.

2. Introduced into an analyzer under single-phase conditions to mimic the conditions at the
time of sampling thus representing the true sample contained within the source.

3. Not exposed to atmospheric air during sampling, transport or handling operations.
Samples in equilibrium with atmospheric air will by definition always have a minimum true
vapor pressure (ITVP) of barometric pressure. Air exposure can result in incorrectly
reported hydrocarbon contributions to measured vapor pressures.

A distinction between “live” and “dead” crude is important in the context of sampling and
measurement. “Live” crude is commonly used to describe an oil contained in a pressurized
system that, when brought to normal atmospheric pressure at room temperature, will result in
boiling of the sample. “Dead” crude is used to describe oil that when exposed to normal
atmospheric pressure at room temperature, will not result in boiling of the sample (CCQTA
2014).

Moreover, the CCQTA memo states:

A crude oil shall always be considered “live” until the vapor pressure can be established.
Sampling and handling of dead crude oils can usually be done without concern in normal, non-
pressurized containers, such as cans and other atmospheric containers.

This presents a dilemma for those responsible for characterizing a crude oil that undergoes a
series of property changes throughout its residence time and physical movement through a
supply chain from the point of production (i.e., wellhead) to the point of consumption (i.e.,
refinery). The material may at one point be “live” (upstream of a gas-liquid separator) and then
at another point “dead” (downstream of a gas-liquid separator) and yet another point “live”
(heated above prior storage condition) again depending on process history, commingling, and
local ambient temperature and pressure.

3.3 Related Study Results

A technical association presentation by Konecnik (2014) indicated that vapor pressure,
VPCR4(100°F), of an assortment of crude oils sampled in June 2013 measured routinely higher
for samples collected and injected to the 6377 instrument by floating piston cylinder (closed
method) than samples obtained by constant volume cylinder and transferred to open bottle
method for induction into the 6377 instrument, with differences ranging from ~0.1 to ~5 psi.
The author indicated that higher VPCR4 was expected for closed (FPC) sampling, but the largest
differences were not expected and unknown factors like machine fouling were likely involved.

Another technical association presentation by Bagawandoss (2015a) yielded similar observed
differences for VPCR4(100°F) by ASTM D6377-14 (ASTM 2014c) when comparing samples
captured in water-filled spun cylinders (water displacement) and Boston Round bottles. Seven
samples were tested and the results are shown in Figure 3-1, where the Cylinder 6377 column
denotes the water displacement samples, and the Bottle 6377 column denotes the bottle samples.
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All seven cylinder samples measured higher than bottle, and the average difference was reported
as 0.796 psi. Sample conditions at time of collection were reported as originating from a
pressurized source at 30-180 psig, and 55-62°F (Howe 2016).

Study Data — cylinder D6377 vs Bottle D6377
Sample ID | Cylinder 6377 | Bottle 6377 Difference
Sample 1 10.71 psi 10.51 psi 0.20 psi
Sample 2 11.90 10.34 1.56
Sample 3 10.99 10.21 0.78
Sample 4 10.73 10.12 0.61
Sample 5 10.80 10.21 0.59
Sample 6 10.45 9.22 1.23
Sample 7 10.61 10.01 0.60
Average 10.884 10.088 0.796

« Water filled Spun Cylinder
+ Samples for this study were collected on 7 different days

Figure 3-1. ASTM D6377-14 VPCR4(100°F) vapor pressure data from
samples obtained by water displacement cylinder (closed) and bottle
(open) sampling. Reproduced with permission from Bagawandoss (2015a).

3.4 Guidance from ASTM D6377 Standard

Industry standards developed by groups of subject-matter experts with a common interest to
normalize best practices and make them broadly available to the public are published by
organizations such as ASTM, API, and Gas Processors Association (GPA), and are utilized and
cited frequently in this work.

ASTM D6377-16, Standard Method for Determination of Vapor Pressure of Crude Oil:
VPCRx (Expansion Method) (ASTM 2016c¢), Section 8 Sampling and Sample Introduction,
states the following:

The extreme sensitivity of vapor pressure measurements to losses through evaporation and
the resulting changes in composition require the utmost precaution and the most
meticulous care in the drawing and handling of samples. Sampling of live crude oil shall
be performed in accordance with Practice D3700 [Standard Practice for Obtaining LPG
Samples Using a Floating Piston Cylinder]. Sampling in accordance with D4057 shall only
be used for dead crude oil and if Practice D3700 is impractical.

Additionally, ASTM D6377-16, Section 12.1.4 Procedure states:

For measurements with V/L ratios < 1, the sample may not be exposed to the atmosphere
and shall be contained in a floating piston cylinder. The sample introduction temperature
of the measuring chamber shall be equal to the measuring temperature to avoid any
influence due to sample expansion.
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3.5 Summary Interpretation from Background Reading

A consistent message from the sources cited here is that sampling method matters when the
parent material contains gases in sufficient quantity that losses during collection, transport,
handling and analysis in the lab will affect the vapor pressure measured at the benchtop. The
dilemma in selecting the most appropriate sample collection method lies in needing to know the
properties of the material before the sample is taken, and moreover, how time evolution and
processing upstream affect anticipated properties at the sampling point. A conservative
approach is to utilize closed or pressurized sampling for sourcing all vapor pressure test samples
as this has the best chance of preventing light ends losses. There was no clear information from
the aforementioned background sources on comparative performance among available
closed/pressurized methods (water displacement vs. floating piston vs. manual piston) or
potential for any of these closed methods to introduce errors into the VPCR and/or light ends
measurements. Issues of practicality can drive some preference in that the manual piston
cylinder (MPC) can draw sample from lower process pressures than the floating piston cylinder
(FPC) due to (1) the ability of manual assist to overcome piston seal friction to draw a sample,
and (i1) the design of some modern MPC’s for a lower pressure rating and thus easier manual
use than traditional FPC. The recent (2015) development of a standard method and apparatus
for manual piston cylinder sampling, ASTM D8009 (ASTM 2015a), creates opportunity for
standardization of closed sampling from low-pressure systems where open tap bottle sampling
by ASTM D4057 (ASTM 2012) was widely considered the only option.

3.6 Pressurized Compositional Analysis

Compositional analysis methods for characterizing crude oils are numerous and well-
established, though the requirements of the current work are atypical in that a broad range of
components are required from the lightest dissolved gases like nitrogen and methane up to stable
liquids including C30+. Several prior technical reports (Auers, Couture et al. 2014; Wybenga
2014) on Bakken oils in the context of transportation safety provided data on composition with
light ends reported. Analysis methods used there included ASTM D5134 (ASTM 2013b), ITM
6008 (proprietary method), and IP 344 (withdrawn). None of these methods met the current
Sandia requirement of utilizing closed, pressurized sample handling and injection along with
broad boiling range analysis for all of the required components. This knowledge gap in
sampling and compositional analysis was recognized in a literature survey (Lord, Luketa et al.
2015) performed as a precursor to the current study.

Sandia experience with the U.S. Strategic Petroleum Reserve (SPR) Vapor Pressure program
brought forward an option to utilize the TVP-95 mobile separator laboratory that was specially
designed for measuring vapor pressure, light ends, and fixed gas content in a closed
environment for oils that exhibit vapor pressures in the range 10 - 60 psia at 100°F. Early work
at SPR in the 1990’s found that commercially available methods for capturing and analyzing
crude oil samples from the SPR inventory for vapor pressure, light ends, and fixed gas content
did not meet the unique requirements for conditionally stable oils, and were instead geared
toward true “live” production fluids. Frustration over inconsistent results with the sample
capture and analysis methods available at the time (Lott 1996) led to development of the TVP-
95 (Alapati, Sonnier et al. 1997), which has been in use at SPR since the mid-1990’s. It’s
application is described in prior Sandia reports (Hinkebein 2003; Lord and Rudeen 2010). One
of the key findings in the early SPR work was that bringing the analytical laboratory to the
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sample and tight-lining the sample from the process piping directly into the analytical
instrument was an important step toward reducing sampling errors and small loss or gain of
gases that exert a meaningful impact on vapor pressure, light ends, and fixed gas analyses but
can be very difficult to mitigate. Hence, the “tight-line” sampling is an integral feature of the
TVP-95.

One objective of the current study was to locate and test commercially available options for
compositional analyses and compare with the TVP-95 system. Sandia engaged with industry
groups (AP, COQA, CCQTA) and commercial analytical laboratories in order to select several
options that are discussed in more detail in the methods section.
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4 Methodology

The test matrix for crude oil samples collected and tested in this study is presented in Table 4-1.
Recall that a primary independent variable in this phase of the work is sample acquisition
method, so the methods are listed row-by-row in the table by common name in column 1 and
by applicable standard in column 2. Also note that a second independent variable explored here
is the method for determining a “whole oil” composition (light ends and fixed gas included),
which typically comprises a mathematical “merge” of results from several analytical steps with
support from a numerical tool.

The methodology section of this report is organized into three parts:
(1) Sample acquisition
(1)  Analytical methods
(1)  Numerical analysis

In the following discussions the laboratories performing the sample acquisition and analytical
methods reported herein are only identified generically as Lab 1, Lab 2, Lab 3 and Lab 4 to
avoid any improper endorsement. Details of specific instrumentation or specific methodology
employed by a specific lab are provided where relevant or necessary for proper data
interpretation. All involved laboratories provided ATSM D6377 VPCRx data, thus dataset are
distinguished by Lab 1, Lab 2 etc. identifiers. Compositional analytical methods are identified
distinct from laboratories using a test method (TM) identifier TM1, TM2, TM3 and TM4, with
each analytical test method clearly delineated in subsequent section of the report. Additional
nomenclature details are provided in section 4.4

4.1 Sample Acquisition
4.1.1 General Sampling Locations

Samples were acquired from two U.S. locations. One sampling point was in the Bakken
production region in North Dakota (ND) at a terminal upstream of a rail loading facility. The
second was in the Eagle Ford production region in Texas (TX) at a pipeline terminal upstream
of a refinery. Agreements between Sandia National Laboratories and the terminal operators
prevent disclosure of specific locations and operator names associated with these sampling
events.

Sample acquisition occurred in two coordinated sampling events. The first event occurred at
the Bakken terminal in August, 2016. The second event occurred at the Eagle Ford terminal in
October, 2016. In both cases, Sandia National Laboratories and contractors assembled at the
sampling location and acquired samples over a period of three consecutive calendar days. The
TVP-95 mobile laboratory was on-site taking direct line samples for three days. The other
contractors acquired spot samples over the first two days. Spot samples were shipped to the
fixed laboratories over the next several days for analyses that occurred over the next several
months.
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4.1.1.1 ND Bakken sampling conditions

Environmental conditions for the ND Bakken sampling were as follows:

Pipeline oil temperature was reported at 70°F (21°C) during sample collection.

Mean ambient air temperature over the three-day sampling period was 74°F (23°C) from
local airport data.

Minimum recorded ambient air temperature was 57°F (14°C), and maximum was 89°F
(32°C) from local airport data.

4.1.1.2 TX Eagle Ford sampling conditions

Environmental conditions for the TX Eagle Ford sampling were as follows:

4.1.2

Pipeline oil temperature was reported from 94-98°F (34-37°C) during sample collection

Mean ambient air temperature over the three-day sampling period was 77°F (25°C) from
local airport data

Minimum recorded temperature was 59°F (15°C), and maximum was 94°F (34°C) from
local airport data

Sample Capture Methods

Five sample capture methods were utilized at each sampling location. The primary unique
aspect of each of the five different sample types is summarized as follows:

Tight line to mobile laboratory — Minimum achievable sample handling at or above
original process line pressure in order to convey sample to analytical instruments.

ASTM D3700 Floating Piston Cylinder - Pressurized sample obtained via displacement
of a piston backed by an inert gas or liquid. (ASTM 2014a)

GPA 2174 Water Displacement Cylinder— Pressurized sample obtained via
displacement of water. (GPA 2014)

ASTM D8009 Manual Piston Cylinder — Pressurized sample collected using manually
operated piston cylinder. (ASTM 2015a)

ASTM D4057 Ambient Pressure Bottle Sampling — Ambient-pressure sample collected
using bottom-fill tube to minimize splashing and resultant vapor generation. (ASTM
2012)
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Table 4-1. Test matrix for Task 2 Sampling and Analysis. Color-coding for compositional test methods TM1-TM4 is

given below the table. Detail on TM1-TM4 is given in 4.2.4.

Property Measurement

Sample

Compositional

Compositional

Compositional

Relative

Standard Sample Transfer TVP Avg MW Viscosity | Flashpoint IBP
Technique g Analysis 1 Analysis 2 Analysis 3 e Density & B
Tight Line to TVP-
= K . BPP flash gas | GOR flash gas | Separator liquid ASTM EOS with
95 Mobile N/A Separator shut-in . > frz pt dep N/A N/A
GC analysis GC analysis C30+ D5002 flash gas
Laboratory
; - GPA2177 + ASTM D8003 +
Floating Piston ASTM ASTM D86 &
X ASTM D3700-14 N/A ASTM D6377-M GPA2103-M | ASTMD7900+ | ASTM D7169 + frz pt dep ASTM D56
Cylinder D5002 D7042 GPA 2103
ASTM D7169 GOR flash gas
GPA2177 + ASTM D8003 +
Water ASTM ASTM D86 &
. GPA 2174-14 N/A ASTM D6377-M GPA2103-M | ASTMD7900+ | ASTM D7169 + frz pt dep ASTM D56
Displacement D5002 D7042 GPA 2103
ASTM D7169 GOR flash gas
GPA2177 + ASTM D q
. S 8003 ASTM ASTM D86 &
Manual Syringe | ASTM D8009-15 N/A ASTM D6377-M GPA2103-M | ASTMD7900+ | ASTM D7169 + frz pt dep ASTM D56
D5002 D7042 GPA 2103
ASTM D7169 GOR flash gas
GPA2177 + ASTM D8003 + DS6 &
ASTM D4057-12 BR to MPC ASTM D6377-M GPA2103-M | ASTMD7900+ | ASTM D7169 + N/A N/A N/A N/A GPA 2103
Boston Round ASTM D7169 GOR flash gas
ASTM ASTM D86 &
ASTM D4057-12 BR ASTM D6377-M N/A N/A N/A frz pt dep ASTM D56
D5002 D7042 GPA 2103
Manual Syringe | ASTM D7975-14 N/A ASTM D7975-14 N/A N/A N/A N/A N/A N/A N/A N/A

™1
T™M2
™3
™4
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4.1.2.1 Tight Line to mobile laboratory

The use of “tight-line” sampling effectively brings the analytical instrument in close proximity to
the sample source in order to eliminate manual handling and minimize, to the extent practical, time
and exposure out of the original process environment. The TVP-95 mobile laboratory was selected
for this purpose due to its unique capability to collect tight-line samples and quantify vapor
pressure, gas-oil ratio, and flash gas composition for oils with vapor pressures from 10-60 psia
(70-410 kPa) and gas-oil ratio from 0.2 — 20 scf/bbl (0.036 — 3.6 m*/m*). The TVP-95 is the
baseline instrument system used to support the U.S. Strategic Petroleum Reserve vapor pressure
program and has been in service since 1995 and has an applicable US patent (Alapati, Sonnier et
al. 1997). Hardware and software upgrades have been made since 1995, but the basic operating
principle has remained the same throughout.

The TVP-95 mobile laboratory shown in Figure 4-1 was positioned within about 50 feet of the
sampling location in each sample event, and crude oil was transferred from the pipeline source to
the TVP-95 trailer through closed piping (see Figure 4-2). In order to facilitate this, a sampling
manifold was attached to the operator’s pipeline to allow sampling for both floating piston cylinder
(FPC) and closed flowing line to the TVP-95 lab (see Figure 4-2 and Figure 4-3). The oil sample
was conveyed through a %2 (12.7 mm) diameter flexible hose rated for 2,000 psi (13.8 MPa)
approximately 50 ft. (15m) over the ground to a pneumatic pressure boosting pump staged next to
the TVP-95 trailer (see Figure 4-4). Pressure was increased to 500 psi (3.45 MPa) and the oil was
conveyed upward several feet through additional “:-inch high-pressure hose to a temperature
conditioning oven inside the TVP-95 trailer (see Figure 4-5(a, b)). The oven contains about 1,000
cc volume of %-inch tubing in order to give the oil enough residence time to reach the set point
temperature of 100°F (37.8°C). Oil was then discharged through tight line into the main flash
chamber at a rate that allowed for constant level control of about 95% liquid, 5% vapor by volume
as measured by a float.

Average flowrates through the flash chamber were as follows:
ND Bakken Sample:

e Day 1: (60 cc/min), GOR: 30 cc/min
e Day 2: (70 cc/min for two hours, then 40 cc/min), GOR: 35 cc/min
e Day 3: (60 cc/min), GOR: 25 cc/min

TX Eagle Ford Sample:

e All tests were run at 60cc/min

Compositional samples were collected by closed line off the top of the flash separator for both
bubble point and gas-oil ratio tests (see Figure 4-5(b)). All gas sample lines were heat traced and
insulated between the flash chamber and the gas chromatograph. Sample draws for the
unpressurized C30+ analysis were taken in 60 cc glass jars from the threaded sampling port on the
sampling manifold shown in Figure 4-2 and Figure 4-3. Sample draws for the Lab 1 FPC VPCR
measurements were taken from the same threaded sampling port on the sampling manifold.
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Figure 4-1. Exterior photo of TVP-95 mobile laboratory used in this study.
Photo provided with permission from CorelLab.

Crude Oil Source Pipeline (~35 psig, 70F)

(~5 psig, 70F)

—_— ] Sampling
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FPC/WDC/BR
sample points

'—I'VVF-’—QSL'I\;/lob" oD —
\ ' i n

Pneumatic booster pump

Figure 4-2. Schematic of sampling configuration at Bakken terminal.
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Figure 4-3. Sampling manifold utilized to facilitate sample collection from
operator pipeline. Photo provided with permission from CorelLab.

@
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Figure 4-4. Pneumatic booster pump that raises sample to 500 psi prior to
injection into TVP-95 trailer. Photo provided with permission from Corelab.
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Figure 4-5. Annotated photos illustrate how the “tight line” crude oil sample is drawn into the pre-conditioning
100°F oven, upper left in photo (a), and into the flash chamber. Crude oil vapors exiting the flash chamber pass
through insulated, heat traced lines to a gas flow meter or gas chromatograph, photo (b). Photos provided with
permission from CorelLab.
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4.1.2.2 Floating Piston Cylinder (FPC)

Floating piston cylinder samples were taken according to ASTM D3700-14 (ASTM 2014a)-
“Standard Practice for Obtaining LPG Samples Using a Floating Piston Cylinder” with an example
cylinder shown in Figure 4-6. Practice D3700 will yield a pressurized sample filled to 80% of
sample container capacity. Labs 1 and 2 in this study backed the piston in FPC samples with ~300
psi (2.1 MPa) nitrogen. Lab 3 backed the piston with a 2:1 water/glycol mix at atmospheric
pressure. Maintenance pressure on FPC samples for Lab3 was 300 psig (2.1 MPa).

Figure 4-6. Representative ASTM D3700 floating piston cylinder. Photo
provided with permission from Intertek.

4.1.2.3 Water Displacement (WD)

Water displacement samples were taken according to GPA 2174-14 (GPA 2014) — “Obtaining
Liquid Hydrocarbon Samples for Analysis by Gas Chromatography.” Sample collection was
performed using the Water Displacement Method-Partial Displacement, section 5.3 resulting in a
cylinder 80% filled with hydrocarbon sample and 20% vapor space. Lab 2 utilized tap water while
Lab 3 utilized distilled water as displacement fluid. A representative water displacement cylinder
is shown in Figure 4-7.

Figure 4-7. Representative GPA 2174 water displacement cylinder. Photo by
David Lord and reproduced with permission from Intertek.

4.1.2.4 Manual Piston Cylinder (MPC)

Manual displacement cylinder samples were taken according to ASTM D8009—15 (ASTM 2015a)
— “Standard Practice for Manual Piston Cylinder Sampling for Volatile Crude Oils, Condensates,
and Liquid Petroleum Products.” — This method offers the option of manually operated piston
movement by mechanical means (see Figure 4-8) rather than by differential pressure as in ASTM
D3700. The method can be used for samples having vapor pressures of up to 44 psia nominal (300
kPa) at 122°F (50°C), but is especially useful in situations where sampling point pressure may be
insufficient to overcome the pressure seal-driven friction associated with some FPCs. The method
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can be used to yield a pressurized sample filled to 80% of container capacity. Lab 2 used 300 psi
nitrogen (2.1 MPa) as a pre-charge fluid, and upon completion of sampling, used the same for
transportation and storage. Lab 3 used ASTM D8009-15 procedure A, without pre-charge gas.
Lab 3 then used 75 psi (520 kPa) nitrogen to maintain pressure during sample conditioning and

handling.

Figure 4-8. Representative ASTM D8009 manual syringe sampling cylinder.
Reproduced with permission from Bagawandoss (2015a).

4.1.2.5 Boston Round open bottle sampling (BR)

Open bottle samples were taken according to ASTM
D4057-12 (ASTM 2012) — “Standard Practice for
Manual Sampling of Petroleum and Petroleum
Products.” This specification describes a wide variety
of devices, systems, and methods that can be used to
acquire petroleum samples. In particular, it includes
discussion on the use of glass bottles (section 6.2:
Boston Rounds) along with a delivery tube (section
7.7.1) that extends to the sample container bottom to
permit filling of the sample from the bottom up. An
example photo of a crude oil sample obtained for this
study stored in a glass bottle in the laboratory is shown
in Figure 4-9. Glass bottles were generally filled to 80%
liquid with 20% vapor space above. No specific
temperature controls were implemented during sample
collection, transportation, or storage in the laboratory.

4.1.2.6 Sample transfer from BR to MPC (BRMPC)

In order to facilitate laboratory testing that requires
pressurized sample injection, some of the BR samples
were transferred to manual piston cylinders in the

Figure 4-9. Representative glass
bottle “Boston Round” containing a
crude oil sample from the Sandia
study. Photo provided with
permission from Intertek.

laboratory. Lab 2 placed the BR bottles into an ice bath to chill to ~32°F (0°C), before drawing
into a manual syringe drive cylinder through 1/8-inch tubing. Such samples are labeled “BRMPC”
or “BRFPC” in this report. Lab 3 transferred bottle samples to MPC at ambient lab temperature.
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4.2 Analytical Methods

Analytical methods include testing for vapor pressure, gas-oil ratio, oil composition, and selected
physical properties.

4.2.1 Crude Oil Vapor Pressure
Samples were analyzed for vapor pressure using three basic methods:
(1) Flash separator using the TVP-95 mobile laboratory with two operating modes
a. Closed vapor space yields bubblepoint pressure (BPP) at selected temperature

b. Flowing vapor stream yields gas-oil ratio (GOR) at local atmospheric pressure and
selected temperature

(1))  VPCRx(T) via ASTM D6377-16, Standard Test Method for Determination of Vapor
Pressure of Crude Oil: VPCRx(Expansion Method) (ASTM 2016c¢)

(1)  VPCRx-F(Tm°C) via ASTM D7975-14, Standard Test Method for Determination of
Vapor Pressure of Crude Oil: VPCRx-F(Tm°C) (Manual Expansion Field Method)
(ASTM 2014b)

4.2.1.1 Flash separator method (TVP-95)

The TVP-95 mobile laboratory employs a single-stage flash separator process that can be run in
either vapor shut-in mode or vapor flow-through mode. The shut-in mode simulates a condition
near equilibrium bubblepoint for a liquid, and the instrument is designed and calibrated to measure
bubblepoint pressure for crude oils that exhibit vapor pressure in the range 10-60 psia (70-410
kPa).

In addition, the flash separator can be run in vapor flow-through mode in order to provide a
measure of gas-oil ratio (GOR) from 0.2 — 20 scf/bbl (0.036 — 3.6 m*/m?). Test conditions were
set to T = 100°F (37.8°C) and local atmospheric pressure at the test site. The TVP-95 test report
indicated that the ND Bakken GOR tests were run at 14.0 psia, and the TX Eagle Ford tests were
run at 14.7 psia (101 kPa).

4.2.1.2 VPCRx(T) method

Labs were instructed to follow the D6377-16-M method with a modification to sample
conditioning as noted below. Vapor pressure “curves” were to be developed by running a series
of pressure-expansion points on oil from each of the four sample collection methods. The selected
temperature and expansion points are given in Table 4-2. Each sample was analyzed at least twice.

Table 4-2. Temperature and expansion settings for ASTM D6377M VPCRx(T)
measurements to be run on samples collected from each sampling method.

Temperature Expansion Ratio (x)

(°F) (°C) V/L V/L V/L V/L V/L V/L
68 20 0.02 0.05 0.2 0.5 1.5 4.0
100 37.8 0.02 0.05 0.2 0.5 1.5 4.0
122 50 0.02 0.05 0.2 0.5 1.5 4.0
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Samples must be allowed to reach an effective equilibrium for each expansion point, with D6377
instrument settings given in Table 4-3.

Table 4-3. Instrument settings setting for “Equilibrium Time” and
“Equilibrium dP/dt” required to ensure that the analysis run for each V/L
has reached equilibrium conditions.

Minimum - .
V/L Equilibration Time Equlhbratlor.l dp/dt
fsec) (kPa/min)
0.02 1800 0.21
0.05 1200 0.21
0.20 900 0.14
0.50 600 0.14
15 500 0.14
4.0 300 0.14

Note: The “M” modifier on the ASTM D6377 test method above relates specifically to
the equilibrium criteria above in Table 4-3 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. This is done in order to prevent liquid thermal expansion effects
from further pressurizing the cell before the expansion sequence starts, leading to
erroneously high pressure values for low V/L.

4.2.1.3 Sample conditioning

The baseline ASTM D6377-16 method, section 8.3.1, reads “Transfer the sample at room
temperature but at least 5°C above the pour point of the sample from the container into the
measuring chamber.” This indicates that the sample is heated from room temperature to test
temperature while inside the sample chamber.

All labs were instructed to run a modified ASTM D6377-16 method by which they pre-conditioned
crude oil samples to test temperature prior to introduction into the test cell, independent of V/L.
The concern for pre-conditioning was raised in the developmental stages of this work as Sandia
was offered access to DOT/PHMSA data that contained many high outlier VPCR0.02(T=122°F)
for oil samples that were introduced into the VPCR sample chamber at room temperature, sealed,
and heated to test temperature (consistent with ASTM D6377-14, -15, and -16). The rationale for
this was that thermal expansion of the hydrocarbon liquid induced by heating from room
temperature to 100 or 122 °F would likely create a pressure spike in the fixed-volume measuring
chamber and result in an artificially high pressure and possibly liquid-lock the cell at the low (0.02,
0.05) V/L conditions. This is consistent with the concern about sample expansion stated within
ASTM D6377-16, section 12.1.4. Note the BR samples were not pre-conditioned, rather handled
as described in section 4.2.1.5 below.
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A variant on the pre-conditioning requirement was run for a select group of samples in which the
lab was instructed to adhere to the D6377-16 standard with no pre-conditioning just as it would
for routine production runs for a typical client. Both Bakken and Eagle Ford samples were run
from FPC, MPC, and WD cylinders at T = 100°F (37.8°C), V/L = 1.5 and 4.0. Note also that the
smaller V/L points explored in other parts of this study (0.02, 0.05, 0.2, 0.5) were not run in this
mode because the D6377-16 standard states in section 12.1.4

For measurements with V/L ratios < 1, the sample may not be exposed to the
atmosphere and shall be contained in a floating piston cylinder. The sample
introduction temperature of the measuring chamber shall be equal to the measuring
temperature to avoid any influence due to sample expansion.

Figure 4-10 illustrates one representative configuration used in this study to pre-condition the 6377
samples. The closed sample cylinder (FPC/MPC/WD) was housed in a pre-conditioning chamber
(lab oven) and heated to test temperature. The 6377 VPCR instrument can be seen on the left,
located immediately next to the oven so that the sample tubing leaving the oven passes directly
into the instrument housing, minimizing potential for temperature loss.

Sample pre- I

|| chamber. Contains
* FPC/MPC/WD
under controlled

pressure and
temperature

Interior of pre-
conditioning
chamber.

D6377 VPCR
instrument

|
i

Figure 4-10. Example of 6377 sample pre-conditioning apparatus comprising
an oven that pre-heats the sample (FPC/MPC/WD) to test temperature prior to
introduction into the sample chamber. Photos provided with permission from
Intertek.
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4.2.1.4 Pressurized sample introduction into VPCR instrument

There are several important differences to note in how the crude oil samples were introduced into
the VPCR instruments and how the sample was conditioned in the process. All closed methods
(FPC, MPC, WD, and BRMPC) were introduced under positive gauge pressure using a pressure
source of inert gas from the laboratory. The open BR method relied on a vacuum draw of sample
from the benchtop to the sample chamber in the instrument.

Figure 4-11 is a montage of photo and schematic illustrating how the FPC/MPC/WD cylinders are
introduced into the 6377 sample chamber using back-pressure from a lab gas source in Lab 2. An
important feature of this system is that the sample is always maintained above its bubblepoint
pressure from the cylinder all the way into the 6377 sample chamber. As such, it is never subject
to two-phase separation during sample chamber loading. The general guideline in this work was
to maintain about 45-60 psia (310-410 kPa) pressure between the regulator and the 6377
instrument. Note BRMPC cylinders were handled by these protocols as well. Note this
configuration assumes that bubblepoint pressures for the crudes are below 60 psia (410 kPa) at the
highest temperature in the test environment.

Schematic of sample push from FPCinto D6377 sample chamber

Back-pressure from

D6377 VPCR Interior of pre- lab gas source

instrument conditioning . P ~ 60 psig

cha -
P] Oil 531, P ~ 300 psi
S Do 4
! ‘ Piston displaces ‘
[ ! with sample

introduction Q

6377 Sample =

Chamber ®

Pressure
regulator

Figure 4-11. Photos on left show the 6377 instrument and an inset view of the
interior of the conditioning oven (provided with permission from Intertek).
Conceptual sketch on right illustrates process to push sample from pressurized
cylinder (FPC/MPC/WD) into 6377 sample chamber.

The Lab 3 configuration is slightly different and illustrated in Figure 4-12. Their procedure is as
follows:

e The cylinder is pressurized to 75 psig (520 kPa) and the pressure on the cylinder is
controlled by a gas drive which is connected to the pre-charge end of the cylinder. The
valve on the sample side is closed.
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e A Blue M laboratory oven is used to equilibrate the sample to the measurement
temperature.

e The valve on the sample side of the cylinder is opened and the sample is displaced
through the sample line into the 6377 instrument.

e Poly tubing connects the cylinder to the VP unit and is insulated both inside and outside of
the oven.

Oil sampl - = Schematic of sample push from FPC into D6377 sample chamber

| Interior of pre- ‘ it o8 P ~75 psig Sample conditioning oven
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with sample
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Chamber 9

. 2 i
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Figure 4-12. Photos on left show the 6377 instrument and an inset view of the
interior of the conditioning oven (provided with permission from InnoTech
Alberta). Conceptual sketch on right illustrates process to push sample from
pressurized cylinder (FPC/MPC/WD) into 6377 sample chamber.

4.2.1.5 Unpressurized sample introduction into VPCR instrument

Pre-conditioning BR samples by heating them to 100 and122°F (37.8 and 50°C) just like the closed
samples was precluded due to safety concerns caused by volatilization of the light gases in an
unpressurized bottle on the benchtop. Labs were instructed to run the BR samples just as they do
for production runs under ASTM D6377-16, hence maintain the bottle at room temperature on the
benchtop. Figure 4-13 is a montage of photo and schematic showing how the BR samples were
introduced into the 6377 sample chamber using a vacuum draw. Recall a pressure difference is
required to overcome elevation differences and friction loss in order move a fluid from one location
to another. Since the vapor space inside the BR sample is maintained at local atmospheric pressure
(denoted P = 1 atm in figure), the pressure differential necessary to move the liquid sample from
the bottle to the sample chamber is provided by displacing the piston in the 6377 instrument to
create a vacuum (denoted P < 1 atm 1n figure), at which point the oil sample is drawn through a
piece of tubing and into the 6377 instrument. One of the risks of this procedure is that the sample
may flash inside the tubing or sample chamber, creating an initial condition in the chamber of a 2-
phase fluid (V/L > 0) when the operating assumption is that the starting condition is V/L = 0.
When the instrument is then operated at low V/L, this can create a significant potential for error in
reported VPCRx. While the pressure measurement may be technically accurate, the V/L reported
with that pressure may be misrepresented due to errors in starting V and L. For large V/L (=4),
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this effect becomes reduced or irrelevant because the relative error in reported V/L diminishes
significantly with V/L > 1.

l D6377 VPCR

IHSHAIRE T " Schematic of vacuum draw from BR into D6377 sample chamber

Oil sample
—
<
Piston displaces X P<1atm
with sample ‘ o o - 1 atm
introduction
/
6377 Sample

Chamber

BR Sample on
Benchtop

Boston Round
bottle sample

Figure 4-13. Montage of photo and schematic illustrating how BR samples are
introduced into the 6377 instrument using vacuum draw. Photo provided with
permission from Intertek.

The reader should be reminded that ASTM D6377-16 section 12.1.4, reads “For measurements
with V/L ratios < 1, the sample may not be exposed to the atmosphere and shall be contained in a
floating piston cylinder. The sample introduction temperature of the measuring chamber shall be
equal to the measuring temperature to avoid and influence due to sample expansion.” Note that
running BR samples straight from the bottle at V/L < 1 represents a departure from section 12.1.4
methods. The BRMPC transfer, however, allows for the sample collected in BR to be run under
pressure as shown in Figure 4-11. Both BR and BRMPC sample transfer options were explored
in this study.

4.2.1.6 Additional sample handling notes

Regarding BR sample handling on the benchtop, both Labs 2 and 3 reported gently rolling the BR
sample to ensure a homogeneous sample prior to inserting a rubber stopper with the sample draw
tubing passing through (see Figure 4-13 above for illustration).

Labs 2 and 3 provided the following data shown in Table 4-4 on laboratory ambient conditions
pertinent to the VPCR testing results reported in Section 5.
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Table 4-4. Laboratory ambient conditions reported for labs 2 and 3 during the
6377 VPCR measurements.

Lab 2
Date Sample Source [Comments Temperature Pressure [Temperature| Pressure
6377 [deg F] [psia] [deg C] [kPa]
10/4/2016 ND Ambeint fill/measure 68 14.5 20 100
10/5/2016 ND Ambient fill/100F & 122F measure 68 14.6 20 101
10/20/2016 X Ambient fill/measure & 100F measure 68 14.9 20 103
10/21/2016 TX Ambeint fill/122F measure 68 14.7 20 101
Lab 3
Date Sample Source [Comments Temperature Pressure [Temperature| Pressure
6377 [deg F] [psia] [deg C] [kPa]
10/18/2016 ND VPCRx data 72.5 13.5 22.5 93.34
10/19/2016 ND VPCRx data 72.0 13.6 22.2 94.03
10/20/2016 ND VPCRx data 71.8 13.5 22.1 92.92
10/21/2016 ND VPCRx data 71.8 13.5 22.1 93.25
10/24/2016 ND VPCRx data 71.8 13.6 22.1 93.86
10/25/2016 ND/TX VPCRx data 72.5 13.5 22.5 93.37
10/26/2016 ND/TX VPCRx data 71.8 13.6 22.1 93.65
11/1/2016 ND/TX VPCRx data 71.4 13.4 21.9 92.71
11/2/2006 ND/TX VPCRx data 68.7 13.5 20.4 93.24
11/16/2016 ND/TX VPCRx data 71.6 13.5 22 92.84
11/17/2016 ND/TX VPCRx data 72.3 13.7 224 94.27

4.2.1.7 Manual vapor pressure by ASTM D7975

The manual vapor pressure tester method was applied on each sampling day for the ND Bakken
and TX Eagle Ford sampling events. The instrument takes a vapor pressure measurement
(VPCRx-F(T)) on a liquid sample in the field at a known (though not necessarily controlled)
temperature by use of a hand-operated piston-cylinder device. Two nominal expansion ratios were
tested in this work, namely V/L = 0.25 and 4.0. These V/L values bound the suitability range of
the ASTM D7975 standard and are specifically addressed in the calibration process and

repeatability discussion. Reported temperature for each VPCRx—F(T) measurement was obtained
with a handheld infrared temperature gun focused on the outer shell of the test cylinder. The 7975
sampler is connected to the crude source through a flexible sampling hose, and the vapor pressure
is measured in the sampling cylinder without further transfer. As such, the method is effectively
“tight-line” and not subject to the set of handling variables that are introduced when a sample is
disconnected from the source line, transported to the lab, stored, and then re-connected to the
analytical equipment.

Lab 3 ran a set of comparison D6377 runs at nominal V/L = 0.25 at 86°F (30°C) on closed capture
spot samples for close comparison with the D7975 runs. Two replicate samples were captured for
each of the 4 sample types.

Cylinder dead volume calculations per section 10 of ASTM D7975 were applied to each manual
test instrument, and V/L values that appear in section 5.7.1 represent the calibrated V/L.
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4.2.2 Physical Properties

Selected physical properties were measured for samples obtained by each sampling method as
follows:

e Average molecular weight (MW) by freezing point depression

e Relative density (RD) at 60°F, 100°F, 122°F by ASTM D5002-13, Standard Test Method
for Density and Relative Density of Crude Oils by Digital Density Analyzer (ASTM 2013a)

¢ Kinematic Viscosity by ASTM D7042, Standard Test Method for Dynamic Viscosity and
Density of Liquids by Stabinger Viscometer (and the Calculation of Kinematic Viscosity)
(ASTM 2014d) at 68 and 100°F (20 and 37.8°C)

e Flashpoint by ASTM D56-16a, Standard Method for Flash Point by Tag Closed Cup Tester
(ASTM 2016¢)

e Initial boiling point by ASTM D86, Standard Test Method for Distillation of Petroleum
Products and Liquid Fuels at Atmospheric Pressure (ASTM 2016d)

e Sulfur weight % by ASTM D4294 Standard Test Method for Sulfur in Petroleum and
Petroleum products by Energy Dispersive X-Ray Fluorescence Spectrometry (ASTM
2016f)

Measurements for basic physical properties were generally taken in duplicate and these successive
runs were compared with repeatability standards associated with the published method. If the
repeatability standard was met, an average for the duplicate measurements was reported.

4.2.2.1 Calculated IBP

Wispinski, Prefontaine et al. (Wispinski, Prefontaine et al. 2016) defines two distinct methods for
estimating initial boiling point (IBP) — by distillation (ASTM D86) and by gas chromatography
(ASTM D7169). In ASTM D86 distillation (ASTM 2016d), IBP is the corrected temperature at
the instant the first drop of condensate falls from the condenser tube. ASTM D7169-16 (ASTM
2016a) is a standard test method for boiling point distribution by high temperature gas
chromatography. It defines IBP as the temperature corresponding to an accumulated 0.5% of the
total area of the eluted sample. For this study, a calculated IBP was determined from merged
(discrete) whole oil carbon number reports provided by each participating lab using a method
similar to the D7169 definition. Mass% for hydrocarbons C1 —Cn was summed until the
cumulative mass exceeded 0.5%. IBP was the boiling temperature for the corresponding
hydrocarbon.

4.2.3 High Temperature PVT Test Cell Experiments

Pressure-volume-temperature (PVT) data for the crude oils were required in order to supply
rupture disc specifications for upcoming crude oil fireball tests that will be addressed in a future
report. Specifically, vapor pressure for a closed crude oil system starting with 40% liquid, 60%
vapor (by volume with no air) at ambient temperature (68°F, 20°C) was needed for a temperature
range from ambient up to 662°F (350°C).

A laboratory-scale PVT test system was configured as illustrated in Figure 4-14. The pressure
vessel was a stainless steel cylinder rated to 2750 psig (19.0 MPa) at 752°F (400°C). Operating
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conditions extended up to 1500 psig (10.3 MPa) and 752°F (400°C). A water/fuel inlet was located
at the top of the cylinder, and a drain was located at the bottom of the cylinder. A 2000 psig (13.8
MPa) pressure relief valve was connected near the top of the cylinder. The pressure vessel was
housed inside a heater capable of reaching at least 752°F (400°C).

2000 psig
RELIEF TEMPERATURE

VALVE —TRANSDUCER

WATER/ [?
PRESSURE
e o PT) TRANSDUGER

AT

HEATER

PRESSURE VESSEL:
2750psig @ 400 °C

PRESSURE
VESSEL

OPERATING CONDITIONS:
400 °C
1500 psig

(

8

Figure 4-14. Conceptual diagram of crude oil pressure-temperature test system
used in current study.

A photograph of the test system is presented in Figure 4-15 showing the test cell inside the
clamshell heater. Another photograph showing the valves and instrumentation hookups is
presented in Figure 4-16
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Figure 4-15. Photograph of PVT cell inside clamshell heater, reproduced with
permission from University of North Dakota EERC.
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Figure 4-16. Photograph of valves and instrumentation hookups above the
clamshell heater. Left to right: fill valve, needle valve, thermocouple, pressure
transducer, pressure relief valve. Photo reproduced with permission from
University of North Dakota EERC.

4.2.3.1 Sample introduction

The test requires that only a fixed mass of fuel (liquid + vapor) occupy the PVT cell volume at all
times during the test. Fill procedure therefore used a water displacement method designed after
industry standard GPA 2174 “Obtaining Liquid Hydrocarbon Samples for Analysis by Gas
Chromatography,” section 5.3 “Partial Water Displacement” (GPA 2014), with slight
modifications. The cell was initially filled with water which was displaced out the bottom drain,
drawing in liquid fuel to 40% of the cell by volume. Water was then completely drained from the
cell leaving 60% volume occupied by fuel vapor on top of the 40% liquid volume of fuel.

4.2.3.2 Heating cycle

Once the PVT cell was shut in with 40% liquid, 60% vapor by volume, the temperature was
increased from 75°F (24°C) to 572°F (300°C) over a period of about 8 hours. Cooling back to
30°C was then allowed over a time period of about 17 hours. Pressure and temperature were
monitored throughout the entire period and reported at 15-second increments.
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4.2.4 Pressurized Compositional Analysis

Samples were analyzed for composition using commercially available methods for the purposes
of (1) defining a whole oil composition that can be compared directly with other oils and (ii) serving
as input to equation of state models for simulating physical properties, most importantly for
simulating vapor-liquid equilibrium conditions that can be compared with measured VPCRx(T)
for the same source material and pressure-temperature curves at a fixed mass and V/L.

Determining the composition of crude oil requires an understanding of the complexity of the
source material, the intended use of the compositional data obtained, and the capabilities,
limitations, and costs of the analytical methods that are available in the marketplace. During the
market survey stage of this work, it became apparent that the analytical basis for generating a
whole oil composition suitable for use in this study would actually require a combination of several
methods with a numerical merge step that could ultimately be packaged as a commercial product.
The basic reason for multiple steps is that the light gases with low boiling temperatures require
different analytical methods and handling than the heavier components with higher boiling
temperatures. In many cases, the physical properties of materials on one end of the boiling point
spectrum were incompatible with the analytical instruments designed for the other, and physical
separation of the parent material was required to prevent the incompatible material from contacting
the sensitive equipment. In the end, the data are re-constructed to create a “whole o0i1l” that can be
used to model behavior pressure-volume temperature behavior and associated physical properties.

Methods utilized in this study included:

(1) TM1(BPP): Bubblepoint pressure flash gas measurement, unpressurized C30+
measurement, and recombination to whole oil

(i1)) TM1(GOR): Gas-oil ratio (at 100°F and local atmospheric pressure) single stage flash gas
measurement, unpressurized C30+ measurement, and recombination to whole oil

(111) TM2: Pressurized GPA 2177 GC, unpressurized ASTM D7900, and ASTM D7169 with
numerical merge

(iv) TM3: Gas-oil ratio single-stage flash gas measurement, pressurized ASTM D8003,
unpressurized ASTM D7169 with numerical recombination to whole oil

(v) TM4: Pressurized GPA 2103-M with physical shrink and unpressurized ASTM D2887-M
with numerical recombination to whole oil

4.2.4.1 Listing of standard methods utilized for compositional analyses in the current work

e ASTM D2887-16a, Standard Test Method for Boiling Range Distribution of Petroleum
Fractions by Gas Chromatography ASTM (2016b)

e ASTM D8003-15, Standard Test Method for Determination of Light Hydrocarbons and
Cut Point Intervals in Live Crude Oil and Condensates by Gas Chromatography (ASTM
2015b)

e ASTM D7169-11, Standard Test Method for Boiling Point Distribution of Samples with
Residues Such as Crude Oils and Atmospheric and Vacuum Residues by High Temperature
Gas Chromatography (ASTM 2011)
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e ASTM D7900, Standard Test Method for Determination of Light Hydrocarbons in
Stabilized Crude Oils by Gas Chromatography (ASTM 2013c)

e GPA 2103-03, Tentative Method for the Analysis of Natural Gas Condensate Mixtures
Containing Nitrogen and Carbon Dioxide by Gas Chromatography (GPA 2003)

e GPA 2177-13, Analysis of Natural Gas Liquid Mixtures Containing Nitrogen and Carbon
Dioxide by Gas Chromatography (GPA 2013)

Some comments on applicable ranges of the two abovementioned pressurized GPA methods are
warranted. Both are capable of measuring the same set of compositions that are of interest in the
current work, but their applicable concentration ranges vary significantly (see Table 4-5). GPA
2177 is designed for analysis of natural gas liquids and cannot handle C7+ concentration greater
than 5 mole%, which precludes all of the whole oils to be analyzed in this study. The closely-
related GPA 2103 is designed for natural gas condensate mixtures, which implies potentially much
more C7+, up to 80% as indicated in the allowable ranges given in the standard, and is better suited
for the current work. The two methods are linked in that the 2103 utilizes the 2177 for its
pressurized N2, CO2, and C1-C6 GC analysis, and then performs a distillation and physical
property measurements to ultimately quantify the C7+ in the whole oil. The 2103 utilizes a pre-
cut column to separate the C7+ from the lighter components. N2, CO2, and C1-nC6 are sent to an
analytical column while the C7+ is sent to vent. The C7+ fraction is determined separately by
physically measuring its volume.

Table 4-5. Allowable concentration ranges for GPA 2103 and GPA 2177.

Components Concentration Ranges Allowed (mole%)
GPA 2103 GPA 2177
Nitrogen 0.01-5.0 0.01-5.0
Carbon Dioxide 0.01-5.0 0.01-5.0
Methane 0.01-40.0 0.01-5.0
Ethane 0.01-15.0 0.01-95.0
Propane 0.01-15.0 0.01-100.0
Iso-butane 0.01-15.0 0.01-100.0
n-Butane and 2,2-Dimethylpropane 0.01-15.0 0.01-100.0
Iso-pentane 0.01-15.0 0.01-15.0
n-Pentane 0.01-15.0 0.01-15.0
2,2-Dimethylbutane, 2,3-Dimethylbutane, and
2-Methylpentane, 3-Methylpentane, 0.01-50.0 0.01-15.0
Cyclopentane, n-Hexane
Heptanes and heavier 5.0-80.0 0.01-5.0

4.2.4.2 TM1(BPP): Bubblepoint pressure flash gas analysis with C30+ and numerical
recombination

The bubblepoint pressure flash gas analysis utilizes the TVP-95 single-stage flash separator
(Alapati, Sonnier et al. 1997) as described previously in 4.1.2.1 to create a vapor bubble and a
liquid stream near equilibrium conditions at a set point temperature of T = 100°F (37.8°C). A
schematic is shown in Figure 4-17. Note that a measurement at the incipient bubblepoint requires
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collection and analysis of an infinitely small volume of saturated vapor in equilibrium with a liquid,
which is not practical from an analytical perspective. The TVP-95 creates a practical alternative
by forming a mL-scale vapor space in a liter-scale separator through which many unit volumes of
fresh crude oil is passed until a steady vapor pressure is observed while maintaining constant feed
rate and liquid-vapor level control. Once this steady pressure has been observed for about an hour,
a vapor sample is drawn from the top of the separator and passed through heat-traced lines to the
GC for analysis, which yields mole% for the 26 components listed in Table 4-6 .

TVP-95 Schematic

Gas flow
Pressure Valve meter

meter «Closed for VP
~Open for GOR and GC

Gas

Gas/Liquid Chromatograph

separator

Crude oil
sample

Qil out
Used oil
disposal

Figure 4-17. Schematic of the TVP-95 instrument system used to evaluate
bubblepoint pressure, gas-oil ratio, and associated flash gas compositions.

Table 4-6. Component list analyzed by TVP-95.

Nitrogen Methylcyclopentane
Carbon Dioxide Benzene

Argon Cyclohexane
Oxygen Heptanes
Hydrogen Sulfide Methylcyclohexane
Methane Toluene

Ethane Iso-Octane
Propane Octanes
Iso-Butane Ethyl Benzene
N-Butane Xylenes
Iso-Pentane Nonanes
N-Pentane Decane Plus
Iso-Hexanes

N-Hexane

Benzene
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The compositional data listed in Table 4-6 are then processed by an in-house equation of state
model, the Sandia EOS Solver, along with inputs including separator pressure, vapor-liquid ratio
(= 0 for bubblepoint), flash temperature, average MW and RD for the oil. The Sandia Solver uses
a successive substitution routine that adjusts a C8+ hypo group mole% and re-normalizes the light
ends and fixed gas mole% to ultimately yield a whole oil composition that exhibits the bubblepoint
pressure observed in the TVP-95 flash separator. Applications of the Sandia EOS Solver to the
US Strategic Petroleum Reserve program are given in several public reports (Lott 1996; Hinkebein
2003; Lord and Rudeen 2010).

An additional unpressurized compositional analysis is run on source to build the heavy ends profile
for components with carbon numbers above C9. The material for this sample is collected in a glass
jar at atmospheric conditions (see reference to this step in section 4.1.2.1 above) from a sampling
port on the feed line going into the TVP-95 separator. This material is therefore assumed stabilized
with the local atmospheric conditions and processed by a combination of unpressurized gas
chromatography by ASTM D7900 and ASTM D7169 with modifications. The operator considers
the modifications proprietary so additional procedural details are unavailable.

4.2.4.3 TMI1(GOR): GOR flash gas analysis with C30+ and numerical recombination

The gas-oil ratio (GOR) flash gas analysis utilizes the TVP-95 flash separator operated in a steady-
state flowing mode for both liquid and vapor, with temperature set at 100°F and pressure set to
local atmospheric. Flowrate and residence time in the separator were designed to provide a near-
equilibrium condition for oils typically tested at the Strategic Petroleum Reserve (gas-oil ratio at
T = 100°F and P = 14.7 psia from 0.2 — 20 scf/bbl (0.036 — 3.6 m*/m?)). Vapor and liquid
volumetric flow rates are monitored, and once steady conditions have been observed for about an
hour, a 5-minute average V/L flowrate is captured and a vapor sample is drawn from the top of the
separator and passed through heat-traced lines to the GC for analysis, which yields mole% for the
26 components listed in Table 4-6.

The unpressurized C30+ analysis described above for TM1(BPP) is applied in the same manner
for TM1(GOR).

4.2.4.4 TM2: GPA 2177, ASTM D7900, ASTM D7169 with numerical data merge

This test methodology combines three gas chromatograph runs with a numerical data merge to
yield a single carbon number report. The method utilizes a pressurized GPA 2177 to capture the
light gases through C6, then utilizes an unpressurized ASTM D7169 for a wide boiling point range
analysis up to 1330°F (720°C) corresponding to about C100, and adds a second unpressurized GC
run via ASTM D7900 to add resolution to the C4-C8 range where interferences in the D7169 may
give unreliable separation. The process entails the following:

e Pressurized gas chromatographic (GC) analysis of N2, CO2, C1-C6 components using
GPA 2177-13

e Unpressurized GC analysis of C2-C9 using ASTM D7900

e Unpressurized GC analysis of ~C5-C100 using ASTM D7169. For the current application,
carbon numbers C30 and above are lumped into a single C30+ hypo group.

e Numerical data merge for a carbon number report
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e Associated RD, MW will result from EOS calculation using whole oil model

Sandia was unable to acquire merged whole oil results from the TM2 method for this publication.

4.2.4.5 TM3: ASTM D8003-15 with GOR flash and ASTM D7169 analysis

This test methodology combines three gas chromatograph runs with a numerical data merge to
yield a single carbon number report. The method utilized atmospheric GOR flash to capture the
light gases through C9, then utilizes a pressurized ASTM D8003 for C1-C25+ and adds an
unpressurized ASTM D7169 for a wide boiling range analysis up to 1330°F (720°C) to about
C100. The ASTM D8003 and D7169 data sets are merged at C9, eliminating the bias of D7169
in the light boiling component composition. To produce a whole oil composition from N2 to C25+,
the flashed gas composition from the GOR analysis is merged with ASTM D8003 and ASTM
D7169 results.

The process entails the following:
e Pressurized gas chromatographic (GC) analysis of the GOR flashed gas, CO, CO2, H2S,
He, H2, O2, N2 and C1-C9
e Pressurized GC analysis of C1-C24 using ASTM D8300
e Unpressurized GC analysis of ~C5-C100 using ASTM D7169. For the current
application, carbon numbers C25 and above is lumped into a single C25+ hypo group.
e Numerical data merge for a carbon number report (N2 — C30+)

4.2.4.6 TM4: GPA 2103-M with physical shrink and ASTM D2887 C7+ analysis

This test methodology combines gas chromatography with physical property analysis and
numerical recombination to yield a whole oil with components to include N2, CO2, carbon
number, and major isomers from C1-C29 with a lumped C30+. The process entails several
analytical steps as follows:

e Pressurized gas chromatographic (GC) analysis of N2, CO2, C1-C5 components using
GPA 2177-13

e Physical liquid volume measurement of C6+ fraction by combination of physical shrink
experiment on whole oil at controlled temperature and lab atmospheric pressure followed
by an ASTM D2001 distillation to T= 107 F. Subsequent modified ASTM D86 distillation
to provide C6-C10 fraction at T = 385°F and C11+ residual.

e Physical property measurements of stabilized C6+, C6-C10, and C11+ fractions for
average MW by freezing point depression and RD by ASTM D5002-13

e Unpressurized GC analyses of the C6-C10 (by flame ionization detector) by GPA 2186-M
and C6+ fractions (by flame ionization detector) by ASTM D2887-M

e Numerical data merge using GC and physical properties data to a single whole oil carbon
number (N2 — C30+) report with computed total MW and RD

4.3 Numerical Analysis

An EOS based process simulation model (PSM) was used to generate EOS estimates of expansion
curves (P vs. V/L) and P vs. T curves for a 40% filled closed tank (V/L=1.5) using whole oil
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composition data provided by each of the laboratories. EOS predicted expansion curves were
compared to measured VPCRx data in order to validate EOS modeling in general and more
specifically to evaluate the consistency between measured compositional and measured VPCRx
data for a given oil. The P vs. T at V/L=1.5 predictions support combustion tests performed by

SNL.

PSM -

EOS modeling details include the following:

Merged mole% component lists provided by Lab 2, 3 and 4 were used as is — no surrogates
were generated and component breakdown was different for each lab.

For LABI, the TVP-95 based whole oil (N2-C8+) and a separate C30+ analysis were
merged by SNL.

C8 — C30+ hypo components were modeled using normal nC8-nC30 surrogates
Soave Redlich Kwong (SRK) cubic EOS

Default SRK binary interaction coefficients, BICs (binary interaction parameters within
the EOS that “weight” the interaction between component pairs. BICs are used to improve
the predictive capability of an EOS)

Default component properties

The expansion curve model consisted of a series of streams with known vapor volume fraction, vf,
corresponding to V/L =(0, 0.02, 0.05,0.2,0.5, 1.5, 4.0) and controlled by a PSM spreadsheet. The
process works as follows:

Initiate the process with stream 1 by inputting the whole oil composition, setting the
temperature 7(1) = (68, 100 or 122°F) and setting the vapor mole fraction, nf (1) =0

The PSM-EOS returns BPP and initial oil density, p(1)

For Stream i =2 ton: 7(i) = 1(1)

Since mass is fixed and volume (vf) is known, p(i) = p(1) /(1+vAi7))
nf(i) is adjusted until p(PSM-EOS) = p(7)

PSM-EOS returns pressure, P(v/(1))

Note that the PSM model is a flowing system where mass, volume and moles are expressed as
rates and assumes steady state flow and phase equilibrium.

P vs. T for a fixed mass/volume system was modelled similarly, except system density is fixed and
temperature is varied by stream. Stream 1 initial vapor volume fraction, v/ (1), is set by user which
establishes the fixed system density, p (1). For streams 2 to n, nf (i) is adjusted to generate the
target density at the specified temperature and the PSM-EOS returns the corresponding pressure.
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4.4 Nomenclature for Experimental Results
Nomenclature for identifying VPCRx samples and analyses was developed as follows.
A sample ID is designated based on the following information:

Analysis laboratory
Crude origin
Sample type
Temperature
Replicate

An example sample ID is given below.

Example: LAB1-ND-FPC-68F-1
Laboratory- Crude- Sample- Temperature- Replicate
LAB1 ND FPC 68F 1
LAB2 TX MPC 100F 2
LAB3 WD 122F 3
LAB4 BR 4
BRMPC A
FPC EOS
BPP
GOR

Where acronyms are defined as follows:

ND — North Dakota Bakken

X — Texas Eagle Ford

FPC — Line filled floating piston cylinder

MPC — Manual piston cylinder

WD — Water displacement cylinder

BR — Boston Round

BRMPC/BRFPC - Boston Round transferred into MPC
BPP — Lab 1 TVP-95 bubble point pressure test
GOR —Lab 1 TVP-95 GOR test
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Replicate Notes  — The replicate field has different meaning for different labs and data.
For Lab 1, the replicate field is used to denote sampling day. As such,
1 =day 1, 2 = day 2, etc.
For Lab 2, 1 and 2 generally indicate runs on separate aliquots of fluid
from the same sample cylinder
For Lab 3 replicates 1 and 2 are single aliquots of fluid subjected to
several V/L tests before ejection of sample; 3 and 4 represent a single
aliquot at each V/L.

Two special suffix are also used — “A” for average (of replicates for
example) and EOS for PSM-EOS estimates.

Recall that the following are used for compositional data:
TM1-TL - Tight line to TVP-95 BPP and GOR tests (sections 4.2.4.2 and 4.2.4.3)
T™M3 — ASTM 8003-15 GOR, ASTM D7169 merge (Section 4.2.4.5)
™4 — GPA 2103M, ASTM D2887 (section 4.2.4.6)
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4.5 Repeatability and Reproducibility

“Repeatability” and “reproducibility” are useful terms employed later in this report describing
laboratory test results. The following definitions appear in current ASTM standards:

Repeatability (r) — The difference between successive test results obtained by the same
operator with the same apparatus under constant operating conditions on identical test material
would, in the long run, in the normal and correct operation of the test method, exceed the values
calculated as per the following equations only one case in twenty.

Reproducibility (R) — The difference between two single and independent results obtained by
different operators working in different laboratories on identical material would, in the long
run, in the normal and correct operation of the test method, exceed the following values only
one case in twenty.

Values for each 7 and R depend upon a number of factors including the specifics of the test method,
options within the test method, and concentration range of a measured parameter.

In ASTM Standardization News May/June 2009 Ullman offered some clarification on the
calculation and interpretation of repeatability and reproducibility (Ullman 2009). The value of 7,
called the repeatability interval is found by multiplying the repeatability standard deviation by 2.8.
It is similar to the statistical estimate of 95% confidence interval for the difference between two
readings. Similarly for the R, the reproducibility interval, which is the reproducibility standard
deviation times 2.8. These assume that the data are normally distributed; that we are comparing
only two independent reading and when the difference is greater than the interval there is only a
5% chance that is actually due to random chance, or conversely there is a 95% chance that it is due
process differences.

In this report the following terminology will be used:

rad and Rgqg — repeatability and reproducibility provided by the ASTM standard for the
property under consideration.

2.80 (property) — 2.8 times the standard deviation of the set of measured properties across labs
for a given sample type or across sample types (not true reproducibility, but
used here as a measure for sampling differences), used for comparison with
R
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5 Experimental Results

5.1 Selected Physical Properties

Selected physical properties data are shown in Table 5-1 for the Bakken and Eagle Ford samples
collected in this study. Both oils are considered light (>33°API), sweet (<1 mass% total sulfur)
crudes by API guidelines (API 2011). Kinematic viscosity for both oils is similar (2.0-3.4 mm?/s)
over the temperature range tested, and comparable to reference values for light sweet crudes that
were offered to Sandia from producer data in the Bakken and Eagle Ford regions. All measured
flashpoints were < 50°F (10°C). Initial boiling points by D86 distillation were similar between
oils at 84 and 89 °F.

Table 5-1. Selected physical properties for Bakken and Eagle Ford oil samples.

Method Acronym Units ND Bakken TX Eagle Ford

Property

average stdev average stdev
Relative Density at
60°F (15.6°C) ASTM D5002 RD - 0.8142 0.0016 0.7955 0.0039
APl gravity at R R
60°F (15.6°C) ASTM D5002 API API 42.3 N/A 46.4 N/A
Total Sulfur ASTM D4294 S mass% 0.0863 0.0064 0.1147 0.0250
Avg Molecular Weight Frz. pt. dep. MW g/mole 168.9 3.7 178.4 1.8
Kinematic Viscosity at )
68°F (20°C) ASTM D7042 V20 mm?/s 2.726 0.121 3.449 0.394
Kinematic Viscosity at | xsryp p7042 mm?/s | 2085 | 0.124 2.552 0.098
100°F (37.8°C) Vo : : : :
Flashpoint ASTM D56 FP °F <50 N/A <50 N/A
Initial Boiling Point ASTM D86 IBP °F 84.1 0.8 89.4 1.6

5.1.1 Physical Properties by Sampling Method

Selected physical properties were examined according to sampling method and compared back to
the overall sample mean, standard deviation, and reproducibility. Generally speaking, systematic
dependencies on sampling method were not observed for the properties tested here.

5.1.1.1 Relative density by ASTM D5002

Results for relative density of crude by ASTM D5002 are summarized in Table 5-2 and Table 5-3
for the ND Bakken and TX Eagle Ford samples taken in this study, respectively. Average values
across all sampling types are given for each temperature. Relative density decreases slightly with
temperature rise due to liquid thermal expansion as expected. One exception to this is observed
for the FPC sample at T = 122°F (50°C), for which RD increased relative to the colder
measurement points, the reason for which is unclear. A complicating factor in the unpressurized
ASTM D5002 method is that volatiles may be lost from the liquid phase with heating, so a slight
distillation causing an increase in RD of the remaining liquid is likely taking effect at the same
time the liquid is heated. The net effect may be competing thermal expansion decreasing RD with
distillation increasing RD. In any event, scanning across sampling methods, differences associated
with method were very small and not deemed significant.
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Table 5-2. Relative density at 60, 100 and 122°F (20, 37.8 and 50°C) for
Bakken oil samples.

Bakken Relative Density | Relative Density Relative Density
@60F (20C) @100F (37.8C) @122F (50C)
FPC 0.8145 0.8111 0.8163
MPC 0.8136 0.8129 0.8103
WD 0.8124 0.8072 0.8055
BR 0.8167 0.8112 0.8097
Avg 0.8143 0.8106 0.8105
Rstd 0.0034 0.0033 0.0033

Rstqg = 0.00412X

Table 5-3. Relative density at 60, 100 and 122°F (20, 37.8 and 50°C) for
Eagle Ford oil samples.

Eagle Ford Relative Density Relative Density Relative Density
@60F (20C) @100F (37.8C) @122f (50C)
FPC 0.7954 0.7785 0.7704
MPC 0.7953 0.7809 0.7747
WD 0.7999 0.7796 0.7722
BR 0.7975 0.7816 0.7765
BRMPC 0.8053 0.7831 0.7761
Avg 0.7990 0.7805 0.7733
Rstd 0.0033 0.0032 0.0032

Rstqd = 0.00412X
5.1.1.2 Mass% total sulfur by ASTM D4294

Mass% total sulfur (S) as determined from samples captured by five methods is shown in Table
5-4 for the ND Bakken sample, and in Table 5-5 for the TX Eagle Ford sample. In every instance
measured here for the Bakken and Eagle Ford samples, mass% total sulfur falls well below the
API 1% delineation point for sweet vs. sour (API12011).

Measurements across methods were further compared against each other and the reproducibility
(Rsw) formula cited in ASTM D4294-16. The ND Bakken samples exhibited an average S = 0.086
% with 2.86 = 0.018 %. This uncertainty band is slightly higher than the expected R at 0.015%
but comparable enough to say that the performance observed in this study was consistent with that
expected for the method. Upon reviewing the data in Table 5-4 for the ND Bakken samples, no
significant dependency of S upon sampling method was observed.

The TX Eagle Ford samples shown in Table 5-5 exhibited an average S = 0.115 % with 2.8c =
0.070 %, about 4x the expected R at 0.018%. The open samples BR and BRMPC exhibited higher
values for S (~0.14%) than any of the closed samples (0.09-0.1%) at a difference level that exceeds
R = 0.018%. This suggests that sampling method (open vs. closed) may have a measurable
influence on the measured S, though the finding is not consistent across the Bakken vs. Eagle Ford
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oils, nor it is significant enough to yield any difference in sweet vs. sour designation. The ASTM
D4294-16 method Section 11: Sampling identifies Practice D4057 as appropriate for manual
sample capture for sulfur testing, implying open sampling is acceptable. An additional statement
in ASTM D4294-16 method Section 1.4 states, “Volatile samples (such as high vapor pressure
gasolines or light hydrocarbons) may not meet the stated precision because of selective loss of
light materials during the analysis.” Between the two samples analyzed in this study, the single
Bakken sample exhibited a higher vapor pressure than the single Eagle Ford sample, but showed
no sensitivity in S measurement to open versus closed sampling.

Table 5-4. Mass% total sulfur by sampling
method for ND Bakken sample.

Sample D4294 Sulfur

Mass%

FPC 0.0934

MPC 0.0874

WD 0.0758

BR 0.0867

BRMPC 0.0885

Avg 0.0863

Rsta 0.015

Rstd = (1.9182 ((X 10000)°-44¢))/10000

Table 5-5. Mass% total sulfur by sampling
method for TX Eagle Ford sample.

Sample D4294 Sulfur
Mass%
FPC 0.0862
MPC 0.1071
WD 0.0986
BR 0.1401
BRMPC 0.1415
Avg 0.115
Rsta 0.018

Rstd = (1.9182 ((X 10000)°-6446)) /10000
5.1.1.3 Viscosity by ASTM D7042
Kinematic viscosity is reported in Table 5-6 for the ND Bakken and Table 5-7 for the TX Eagle
Ford samples, listed by sampling type and temperature. Note dynamic viscosity may be computed

by dividing kinematic viscosity by density of the liquid. There was no consistent trending
associated with open vs. closed sampling.
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Table 5-6. Kinematic viscosity by sampling method for ND Bakken sample.

D7042 D7042
Bakken Viscosity @68F(20C), Viscosity @100F(37.8C),

mm?/s mm?/s
FPC 2.7096 2.2178
MPC 2.6469 1.9578
WD 2.6944 2.1943
BR 2.6417 2.0955
BRMPC 2.9363 1.9619
Avg 2.7258 2.0855
Rstd 0.016 0.012

Rstg = 0.00584 X @ 40 C

Table 5-7. Kinematic viscosity by sampling method for TX Eagle Ford sample.

D7042 D7042
Eagle Ford Viscosity @68F(20C), Viscosity @100F(37.8C),

mm?/s mm?/s
FPC 3.2093 2.4617
MPC 3.1460 2.4787
WD 3.1826 2.5029
BR 3.6594 2.6535
BRMPC 4.0467 2.6635
Avg 3.4488 2.5521
Rstd 0.020 0.015

5.1.1.4 Flashpoint by ASTM D56

Every instance of flashpoint measured in this study for both the ND Bakken and TX Eagle Ford
oils, independent of sampling method, measured at < 50°F (10°C).

5.1.1.5 |Initial boiling point (IBP)

A summary of IBP as determined by ASTM D86 distillation is given in Table 5-8. IBP
temperatures all fall between 80-90 °F (27-32 °C). An alternative means to determine IBP via
calculating the 0.5% mass eluted from gas chromatographic method was also determined and every
instance of calculated 1BP in this study for both the ND Bakken and TX Eagle Ford whole oils,
independent of sampling method, measured at -44°F (-42°C). IBP by D86 distillation is subject
to significant losses of light ends and fixed gases and is more accurately categorized as a process
to find the lowest temperature at which re-condensation is observed.
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Table 5-8. IBP by ASTM D86 for ND Bakken and TX Eagle Ford samples.

IBP, °F
Sample
ND-Bakken | TX Eagle Ford
FPC 83.2 90.6
MPC 85.1 90.0
WD 84.5 89.9
BR 83.6 87.1
Avg 84.1 89.4

5.2 Vapor Pressure — ND Bakken Sample

Average and 26 values for VPCRx(T) are shown for the range of V/L values tested on the ND
Bakken samples for three analysis temperatures 68, 100, and 122°F (20, 37.8, 50°C) in Figure 5-1
through Figure 5-3. The height of each colored bar represents the sample mean, and the error bars
represent the 2c associated with the sample set. The color of each bar represents a sampling
method (FPC, MPC, etc.). VPCR samples were collected by three laboratories in the coordinated
sampling event and analyzed by four laboratories. Each of the three collecting labs analyzed the
samples that they collected, and one collecting lab sent samples to a fourth independent lab for
analysis.

5.2.1 General Observations

A general feature seen in Figure 5-1 through Figure 5-3 and throughout this study is that VPCRx
(with T = constant) increases as V/L decreases from 4.0 to 0.02, consistent with expectations for
a crude oil that contains a range of components with different boiling points. Another general
feature is that the variability in measured VPCR as quantified by the 2c value (error bars),
increases significantly as V/L decreases. This can also be illustrated by tabulating the coefficient
of variation Cy = 26/mean for each V/L and sampling method, as shown in Table 5-9. Cy increases
notably, especially for closed methods, as V/L decreases. The FPC exhibits the highest Cy at low
V/L, with MPC, WD, and BRMPC to a lesser degree in that order. The open BR stands apart from
the rest in that it exhibits an effectively constant Cy (~0.14) across the entire V/L range tested.
This does not necessarily imply that the BR method yields equally valid results at all V/L. Rather,
there may be factors associated with the sample handling and induction into the 6377 instrument
that help to bound the 2c for this sampling type. This is discussed in more detail later in the report.
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Table 5-9. Coefficient of Variation (Cy) for VPCRx(T=100°F) for the ND Bakken
oil samples, grouped by V/L and sampling method.

V/L

Sample

0.02 0.05 0.2 0.5 15 4.0
Closed 0.43 0.29 0.25 0.15 0.07 0.08
LAB1-FPC* - 0.05 0.03 0.02 0.00 0.00
FPC 0.61 0.48 0.43 0.24 0.09 0.11
MPC 0.20 0.22 0.11 0.14 0.07 0.09
WD 0.15 0.09 0.08 0.05 0.03 0.06
BR 0.14 0.15 0.13 0.13 0.14 0.13
BRMPC 0.09 0.09 0.09 0.06 0.03 0.05

*Day-to-day variability for LAB1-FPC

The high 26 values seen above are driven largely by a number of anomalously high VPCR values
that are not normally distributed about the mean, and those are observed for the FPC samples more
than in any other sampling method. The 6377 tests are not configured to allow for a direct
compositional analysis of the same material that was introduced into the VPCR cell. As such,
there is no direct analysis available to test for the exact reason why a given sample returned a high
(or low) VPCR relative to others that were similarly sampled. Generally speaking, several
cylinders are used to obtain spot samples in back-to-back succession from the sample source and
handled using the same procedures. VPCR data shown here and some of the compositional data
that are shown later in this report suggest that there are some high outlier cylinders that may be
associated with notably more nitrogen/air that was seen on average from spot samples or in the
“tight-line” sampling.
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Figure 5-1. Bar chart showing average and 2c VPCRx(68°F) for the ND Bakken
oil sorted by V/L and sampling type.
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Figure 5-2. Bar chart showing average and 2c VPCRx(100°F) for the ND Bakken
oil sorted by V/L and sampling type.
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Figure 5-3. Bar chart showing average and 2c VPCRx(122°F) for the ND Bakken
oil sorted by V/L and sampling type.

An alternate means to present the same data is shown in an overlay of expansion curves in Figure
5-4, where the x-axis is scaled to V/L. This provides physical significance to the x-axis, indicating
that the VPCR increases more steeply as V/L decreases.
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Figure 5-4. Expansion curves showing VPCRx(100°F) versus V/L for ND Bakken
oil by sampling type.

5.2.2 Effects of Sampling Method on VPCRXx

Effects of sampling method on VPCRx appear to depend in part on the V/L of interest. No
significant sensitivity was revealed at high V/L, but increasing sensitivity was seen as V/L was
reduced to 0.02. The authors caution that this observation is only applicable to the current samples
that were stable at sampling conditions, and would in all likelihood not hold if the sample was a
“live” crude that was prone to lose light ends and fixed gas due to active boiling at sampling or
handling conditions prior to analysis. In the case of live crude, open vs. closed sampling method
effects would likely extend to high V/L.

5.2.2.1 High V/L, x=4.0and 1.5

The highest V/L (x = 4) considered here showed no significant dependence on sampling method
for the ND Bakken sample tested here. Similar performance was observed at V/L = 1.5. These
conclusions stem from the observation that the 2c error bars for all methods tested here overlap
forx=4.0and 1.5.

5.2.2.2 Low V/L,x=0.02 and 0.05

High variability in the x = 0.02 and 0.05 measurements shown in Figure 5-1 through Figure 5-3
make it difficult to establish whether the values reflect accurate property measurements of the base
materials or artifacts of the sampling and/or analysis methodologies. Observed 2c at x = 0.02
ranged from ~19 psi for the FPC to around 2-5 psi for the other capture methods, and was reduced
slightly at x = 0.05, but when normalized by the mean values by converting to Cv, uncertainties
were of the same magnitude at both V/L values.

Some discussion of the stated reproducibility (R«s) in the D6377 standard and the observed
reproducibility interval of the current test data (2.86) may be useful here to understand how the
magnitude of variances observed in this work compare to the expected performance of the standard
method. When evaluating a pair of measurements on the same source material in the normal and
correct execution of the test method, there is only a 5% chance that a difference greater than Ry
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is due to random chance, and not a difference in test method (Ullman 2009). While the current
VPCR data are not presented in a run-by-run manner to facilitate reader inspection, the authors
can confirm instances of measurement pairs differing by more than R,y are common in this dataset.
A more robust comparison may be implemented by reviewing Table 5-10, which shows the
computed reproducibility intervals for the current data and compares those to the expected Ry
published in the standard. Note that the current study examined many more V/L and temperature
conditions than are covered by the published Ry, but the end members (V/L = 0.02, 4.0) are
covered at T = 100°F and should provide a basis for comparison. The bottom rows show R for
selected conditions of V/L = 0.02 and 4.0 for closed and open sampling. Compare these with the
reproducibility intervals shown above for the various sampling types. In nearly every case
observed, the 2.8c is notably larger than the Ry, for the associated V/L and sampling method.
This implies that simple random chance is not the likely driver for the differences that Sandia is
seeing, and differences in test method are a more likely explanation. Sandia is assuming that the
parent crude oil sample material was reasonably homogeneous coming out of a given sampling
location, as supported by the stable performance of the TVP-95 on-site at each sampling event.
Test method from sample acquisition forward includes all the details of sample cylinder purge
process and potential entrapment of gases that could affect the sample, any and all connections
and disconnections to equipment in the field or in the lab, and details of sample introduction into
the test equipment at the laboratory.

Table 5-10. Reproducibility Interval for measured VPCRx(T=100°F) for the ND
Bakken oil samples, grouped by V/L and sampling method, compared with Rsta
from ASTM D6377.

V/L

ND Sample

0.02 0.05 0.2 0.5 1.5 4.0
LAB1-FPC* 0.40 1.27 0.83 0.42 0.08 0.08
Closed 16.06 9.96 7.64 4.11 1.62 1.50
FPC 26.71 16.51 13.16 6.40 2.15 1.93
MPC 7.38 7.38 3.27 3.82 1.53 1.67
WD 5.45 2.93 2.22 1.22 0.74 1.18
BR 3.70 3.88 3.35 2.89 2.79 2.15
BRMPC 3.16 2.61 2.38 1.41 0.64 0.92
Rstd FPC 2.94 = = = = 0.62
Rsta Nonpress. — - - - — 0.76

*Day-to-day variability for LAB1-FPC

The authors acknowledge that the above discussion on Ry vs. 2.86 makes a statement that test
method matters for VPCRx, which appears contradictory to the general conclusion made above in
section 5.2.2.1 that VPCRX is insensitive to sampling method at V/L =4.0 and 1.5. It is critical to
understand that vapor pressure measurements are very sensitive to small sample-to-sample
differences in gas content, and any process in the test method that adds or removes gases from the
sample will introduce significant effects on vapor pressure, especially at V/L < 1.0. Sampling
method is really only a subset of the test method — one component of a series of steps. As such, it
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is plausible have a situation where results do not appear very sensitive to sampling method, but do
ultimately show a strong dependence on overall test method.

Higher vapor pressures from a sample set are not necessarily a more accurate representation of the
base material, as entrainment of gases from pressurized sources during sample acquisition,
handling, and analysis may actually introduce small amounts of gas. Those are typically fixed
gases that can have a significant effect on VPCR at small V/L with diminishing impact as V/L
increases. This issue is discussed again in the compositional analysis sections (§5.3 and 5.5) of
this report.

Low V/L is inherently more sensitive to sample handling and inherent system tolerances than high
V/L. As such, it is expected that low V/L will show lower repeatability and reproducibility than
high V/L. Simply compare, in Table 5-10, the published Rya for FPC = 2.94 psi (20.3 kPa) for
V/L =0.02 with Ry = 0.62 psi (4.26 kPa) for V/L = 4. Factors such as loss of small amounts of
light ends and fixed gases from the parent sample or entrainment of air or inert gas from sample
handling will reveal themselves at the very low V/L, but will be nearly invisible at V/L. = 4.
Moreover, small uncertainty in 6377 piston sample chamber position inherent to the system can
affect the true V/L by several orders of magnitude more at V/L = 0.02 than at 4.0.

The one sampling method that did appear to distinguish itself at low V/L was the BR open bottles
with systematically lower VPCR than MPC and BRMPC for V/L = 0.02 and a trend of the same
but to a lesser degree as V/L increases. Alternatively, when the BR samples (open capture in the
field) were transferred into a MPC in the lab prior to introduction into the test cell (BRMPC) and
pushed into the 6377 cell under positive gauge pressure, VPCRx at low V/L was maintained
reasonably high and was comparable to all other closed methods. This observation suggests that
the means of introducing the sample into the test cell was more influential on the measured VPCR
than the original open capture process for these samples.

This pattern of observing low VPCR at low V/L in BR samples is evident across all three
temperatures by reviewing Figure 5-1 through Figure 5-3. The authors hypothesize that these
features were likely a result of the ambient fill method inherent to the BR method where the 6377
VPCR test cell was filled by vacuum draw (see the Methodology chapter for a detailed
description). As the test cell was closed upon completion of fill, the pressure was fixed at a starting
value of local ambient pressure or below. This is simply a function of ambient pressure in the
laboratory and not a material property of the original sample. Recall ASTM D6377-16 section
12.1.4 instructs not to source VPCR measurements at V/L <1 from BR samples, rather to use FPC.
The data presented here indicate that working in this V/L range from BR samples may lead to
inaccurate and/or inconsistent results. This effect is discussed further in section 5.2.5.

5.2.3 TVP-95 Vapor Pressure and Gas-0il Ratio of ND Bakken

The TVP-95 mobile laboratory returned a vapor pressure near bubblepoint pressure (BPP)
conditions at T = 100°F, and gas-oil ratio (GOR) with associated V/L at separator pressure (P) and
T = 100°F as shown in Table 5-11. BPP and GOR values were stable on days 1 and 2, though the
GOR was reduced on day 3. The operators noted a change in system pressure required to maintain
flowrates on day 3 which may be correlated to a change in oil properties that is reflected in the
lower GOR on day 3 than on days 1 and 2. BPP and GOR values shown below are also overlaid
in Figure 5-4. The fact that the BPP and GOR values from the TVP-95 fall within the band of
measurements from the D6377 method indicate reasonable agreement between analytical methods.
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Table 5-11. Summary of TVP-95 measurements for ND Bakken crude oil. V/L was
calculated from measured GOR, and P denotes separator pressure for GOR test.

Sample BP.P, GOR, V/L, P:
psia scf/bbl - psia
Day 1 19.0 124 2.5 14.0
Day 2 19.2 12.8 2.5 14.1
Day 3 19.2 9.7 2.0 13.7

The bubblepoint pressure (BPP) of a multicomponent liquid cannot be directly measured, but it
can be inferred from where an extrapolation of the the pressure-V/L curve crosses the Y-axis at
V/L = 0. BPP can also be inferred from the TVP-95 separator pressure when run with a small
vapor headpsace that is closed to the atmosphere. A graphic showing the TVP-95 BPP overlaid
with expansion curves for measured VPCRx(100°F) for the ND Bakken oil is shown in Figure 5-5.
The TVP-95 BPP appears to sit at the lower end of measured values collected here. Discussion
later in this report looks into the compositional differences that are associated with these vapor
pressure differences. All of the curves converge as V/L increases to within about 1 psi.

There are several possible reasons why the TVP-95 BPP is lower than other measures:

e The tight-line process delivers a materially different sample to the separator chamber than
any of the other sample capture methods

e The fundamental property that the TVP-95 measures is a vapor pressure close to, but not
technically equivalent to, the bubblepoint pressure. The vapor space in the TVP-95 is small
relative to the liquid, but the effective V/L is greater than 0.

e The flowing TVP-95 configuration does not allow all of the vapor in the separator to
contact all of the liquid that passed through and come to a true thermodynamic equilibrium.
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Figure 5-5. Averaged pressure-expansion curves for ND Bakken oil from
ASTM D6377 measurements overlaid with TVP-95 BPP and GOR.
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5.2.4 Homogenity of Sample from Day 1 — Day 3

The TVP-95 crew was on-site all three sampling days and ran separator tests as well as VPCR tests
on all three days. The first two sampling days saw high repeatbility, and a slight downturn in
VPCR was observed on Day 3. The TVP-95 operators also noted that the oil appeared to be getting
heavier on day 3 than on the prior two days due to increased regulated pressure required to maintain
flowrates the same as days 1 and 2. Recall all spot samples that were analyzed in the fixed labs
were taken on days 1 and 2.

5.2.5 Ambient Fill VPCR Limit at 68°F — Local Atmospheric Pressure Effect

Some additional discussion is provided here pertaining to ambient fill effects from open bottles
into the 6377 instrument. VPCRx(T = 68°F) data obtained for BR and BRMPC sampling methods
for the ND Bakken sample are re-plotted in Figure 5-6 relative to local atmospheric pressures in
the two labs where they were processed in order to provide context. Lab 2 results are shown on
the left half of the figure, and Lab 3 results are shown on the right half of the figure. Local
atmospheric pressure was reported at 14.5 psia in Lab 2 and 13.5 psia in Lab 3 (reference Table
4-4) and both pressure levels are marked by red dashed lines in Figure 5-6. Plotting in this mannner
highlights the differences in BR vs. BRMPC effects on VPCR. For both labs, note that VPCR for
the BR never exceeds the red dashed line at atmospheric pressure, while VPCR for the BRMPC
does for the lower V/L’s. The authors believe that ambient fill VPCR is thus bounded by local
atmospheric pressure, while true vapor pressure of the parent material may be significantly higher,
as indicated by the BRMPC results.

Another observation here is that Lab 3 VPCR(68°F) is routinely lower than for Lab 2 at every V/L,
and there are at least two plausible explanations based on sample handling and local ambient
conditions. First, Lab 3 reported a lower local atmospheric pressure than Lab 2 during handling
and testing. As such, any procedure that exposed the subject crude oil to ambient pressure created
potential for differential (albeit unintentional) conditioning of the oil to a vapor pressure of 14.5
psia in Lab 2 and 13.5 psia in Lab 3. This would likely reveal itself in subsequent VPCR testing,
as it did in Figure 5-6. Also add that Lab 2 chilled all the BRMPC samples to 32°F prior to transfer
from BR to MPC, while Lab 3 transferred at ambient temperature. This would tend to preserve
more light ends and inroganic gases in the Lab 2 samples and maintain higher VPCR for the
BRMPC relative to Lab 2, again visible in Figure 5-6 upon close inspection.

All of these observations reinforce the requirement for the utmost rigor in sample handling for
vapor pressure measurements, as the source material in both of these labs was oil from the same
pipeline source but looked measurably different according to sampling method and analysis
location.
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Note: Each bar is average of 2 replicates.

Figure 5-6. lllustration of effects of BR vacuum draw vs. positive pressure push
BRMPC and local atmospheric pressure effects for ND Bakken oil on
VPCRx(68°F) measured in Lab 2 and Lab 3.

5.2.6 Observations with Water Displacement (WD) Method

There was an isolated incident of VPCR( 05(68°F) of a WD sample increasing by 10 psi from
before and after exposure to water used as a push fluid in lab operations. Analysis of that same
push water in the D6377 instrument indicated that it had VPCR orders of magnitude higher than
expected for pure water, and that it was likely saturated with helium gas since it was previously
stored under helium at ~1000 psi. A workaround that was used moving forward was to couple the
WD cylinder with an FPC that starts filled with unpressurized water connected directly to the WD
cylinder and then uses house gas to pressurize the gas side of the FPC eliminating the concern of
contaminating the hydrocarbon test sample.

5.2.7 Effects of No Pre-Conditioning on VPCRx(100°F) for x = 1.5, 4.0

All VPCR results for closed sampling methods reported elsewhere in this report utilized a
temperature pre-conditioning protocol referenced in 4.2.1.3. One variant to this was explored
where the lab ran as dictated by the ASTM D6377 standard by drawing the test fluid at lab ambient
temperature, sealing the test cell, and heating to 100°F, which is effectively a “no pre-
conditioning” case. Results are provided in Figure 5-7 showing side-by-side VPCRx data for pre-
conditioning (no outline bars), and no pre-conditioning (black outline bars) at V/L = 1.5 and 4.0.
Little effect of the temperature conditioning is observed for these cases. Greater effects would be
expected for smaller V/L, but the 2016 version of the D6377 standard requires pre-conditioning
for all V/L <1 to mitigate possible liquid thermal expansion errors, so that low V/L case was not
explored any further.
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Figure 5-7. Effect of preconditioning on D6377 VPCRx by Lab 2 for
ND Bakken oil.

5.3 Composition — ND Bakken Sample

Compositional results from TM3 and TM4 are compared below against the baseline TM1 on a
component-by-component basis. In addition, EOS performance using the same compositions is
compared with measured D6377 VPCR for the same sample capture methods. Hydrocarbon
contents compare well with no distinction evident across sampling method or analysis method on
the hydrocarbon basis. Several of the spot samples showed high nitrogen content and current
hypothesis is that this phenomenon is attributable to a sample acquisition or handling step and is
likely not a feature of the parent sample material collected from process line on-site in ND.

5.3.1 TM3: GOR+D8003+D7169 Merge

5.3.1.1 Measured light ends and fixed gases

Whole oil composition for N2 through nC5 mole% as determined by TM3 is compared to TM1
(TVP-95 system) in Figure 5-8 and Figure 5-9 bar charts. Sampling method is denoted by color.
Recall TM1 is supplied exclusively by tight line from the source pipeline to the instrument system.
Note the pressurized analysis for TM3 requires that the BR sample is transferred to an MPC, so
all BR appear as BRMPC. Two analytical runs were obtained by TM3 for each sample type, and
are shown as separate bars of the same color.

Notable differences in mole% between sampling types are observed for N2 and O2 and C1. While
the absolute values of the mole% are small for these components, the pure-component vapor
pressures of each are very large, and as such, can have a large influence on the net vapor pressure
of the whole oil, especially at low V/L. Moving up to C2 (ethane) through nC5 (N-Pentane), no
significant differences were observed by test method or sampling method. All methods yielded
effectively the same compositions. Higher carbon numbers were measured and reported, but they
have a negligible effect on vapor pressure at 100°F, and are addressed in a later section of the
report.
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Figure 5-8. Bar chart showing mole fraction of components N2 through C1 as
measured by TM3 and compared with TM1. Sampling type is denoted by bar

color.
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Figure 5-9. Bar chart showing mole fraction of components ethane (C2)
through n-pentane (nC5) as measured by TM3 and compared with TM1.
Sampling type is denoted by bar color.

5.3.1.2 Calculated vapor pressure from TM3 composition

Equation of state (EOS) model estimates of VPCRx(100°F) were generated using the
compositional data acquired from TM3 and compared with averaged VPCRx(100°F) data
generated from ASTM D6377 measurements described above in section 5.2. The results are
presented in pressure-expansion curve and bar chart format in Figure 5-10 and Figure 5-11,
respectively.

A representative TM1 pressure-expansion curve is shown in in Figure 5-10 with dashed lines
connecting EOS-simulated pressure-expansion points. EOS-simulated results for TM3 are
overlaid and grouped by sampling method. All of the TM3 pressure-expansion curves fell into a
band around the TM1 results. The BR samples yielded the low-end vapor pressures, while the
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MPC samples yielded the high end. FPC and WD fell in the middle. Results from all approaches
agreed within about 2 psi for VPCR4(100°F). Some divergence was observed as V/L approached
0.02, with the low end around 17 psi and the high end at 25 psi. These differences were driven
largely by sample-to-sample variances in N2, O2, and C1 that can be seen in Figure 5-8 above.

The bar chart format in Figure 5-11 compares the average closed sample measured VPCRx(100°F)
with EOS-calculated values from tight-line TM1 and various sampling methods from TM3. Key
oservations include:

1. Variability in EOS-calculated VPCR by sampling method is greatest at low V/L where
differences in the lightest gas components have the greatest impact

ii.  EOS-calculated VPCR is generally lower than direct-measured at all V/L’s shown, though
the margin is small and typically within several psi, and becomes insignificant at V/L =4
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Figure 5-10. Pressure-expansion curve comparison of VPCRx(100°F) generated
by EOS model from TM3, TM1, and D6377 instrument for ND Bakken samples.
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Figure 5-11. Bar chart comparison of VPCRx(100°F) generated by EOS model
from TM3, TM1, and D6377 instrument for ND Bakken samples.
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5.3.2 TM4: GPA 2103M+ASTM D2887 Merge

Whole oil composition for N2 through nC5 mole% as determined by TM4 is compared to TM1 in
Figure 5-12 and Figure 5-13 bar charts for the ND Bakken sample. Sampling method is denoted
by color. Recall TM1 is fed exclusively by tight line from the source pipeline to the instrument
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system. Note the pressurized analysis for TM4 requires that the BR sample is transferred to an
MPC, so all BR appear as BRMPC. A single analytical run was obtained by TM4 for each sample
type. TM4 does not analyze for O2 independently, rather it elutes with N2 so that the N2 peak
represents the sum of N2 and O2 in the sample.

Notable differences in mole fraction between sampling types are observed for N2 and possibly
CO2. While the absolute value of the mole fraction is small for this component, the pure-
component vapor pressures are very large, and as such, can have a large influence on the net vapor
pressure of the whole oil, especially at low V/L. Moving up to C2 (ethane) through nC5 (N-
Pentane), no significant differences were observed by test method or sampling method. All
methods yielded effectively the same compositions. Higher carbon numbers were measured and
reported, but they have a negligible effect on vapor pressure at 100°F, and are addressed in a later
section of the report.
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Figure 5-12. Bar chart showing mole fraction of components N2 through C1 as
measured by TM4 and compared with TM1. Sampling type is denoted by bar
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Figure 5-13. Bar chart showing mole fraction of components ethane (C2)
through n-pentane (nC5) as measured by TM4 and compared with TM1.
Sampling type is denoted by bar color.
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5.3.2.1 Calculated vapor pressure from TM4 composition

Equation of state (EOS) model estimates of VPCRx(100°F) were generated using the
compositional data generated from TM4 and compared with averaged VPCRx(100°F) data (ALL-
ND-CLSD-100F-A) generated from ASTM D6377 measurements described above in section 5.2.
The results are presented in pressure-expansion curve and bar chart format in Figure 5-14 and
Figure 5-15, respectively.

A representative TM1 pressure-expansion curve is shown in in Figure 5-14 with dashed lines
connecting EOS-simulated pressure-expansion points. EOS-simulated results for TM4 are
overlaid and grouped by sampling method. The TM4 pressure-expansion curves generally fell
into a band on top of or between the average measured VPCR for all cosed samples and the TM1
results. Resuts from all approaches agreed within about 2 psi for VPCR between 0.5 and 4. Slight
divergence was observed as V/L approached 0.02, with the low end around 20 psi and the high
end at 23 psi. These differences were driven largely by sample-to-sample variances in N2 that can
be seen in Figure 5-12 above.
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Figure 5-14. Pressure-expansion curve comparison of VPCRx(100°F) generated
by EOS model from TM4, TM1, and D6377 instrument for ND Bakken samples.
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Figure 5-15. Bar chart comparison of VPCRx(100°F) generated by EOS model
from TM4, TM1, and D6377 instrument for ND Bakken samples.
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5.3.3 Comparison of Compositions from TM3 and TM4 for ND Bakken

Whole oil composition for N2 through nC5 mole% as determined by both TM3 and TM4 are
compared in Figure 5-16 bar charts for the ND Bakken samples. Sampling method is denoted by
color; TM4 results are differentiated by black outline and only the first replicate for TM3 results
is shown for clarity. TM1 results are also included in the charts.

Notable differences in mole fraction are observed between TM3 and TM4 for N2, however the
differences are dominated more by sample-to-sample differences than lab-to-lab. On average,
TM4 may show slightly higher N2 content, though the reader is reminded that N2 for TM4 reflects
the sum of O2 and N2 eluted in the test method. For C1, TM3 and TM4 show similar mole%
content, except TM3-BRMPC which is significantly lower.

Moving to C2 (ethane) through nC5 (N-Pentane) presented in the lower chart of Figure 5-16, no
significant differences were observed by test method or sampling method. All methods yielded
effectively the same compositions. Higher carbon numbers were measured and reported, but they
have a negligible effect on vapor pressure at 100°F, and are addressed in a later section of the
report.
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Figure 5-16. Bar chart comparison of composition from TM3 and TM4 for ND
Bakken. Components N2 — C1 in upper figure and C2 — nC5 in lower figure.
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5.4 Vapor Pressure — TX Eagle Ford Sample

Vapor pressures for the TX Eagle Ford samples are shown for three analysis temperatures 68, 100,
and 122 °F (20, 37.8, 50 °C) in Figure 5-17 through Figure 5-19. The height of each colored bar
represents the sample mean, and the error bars represent the 26 associated with the sample set.
The color of each bar represents a sampling type (FPC, MPC, etc.). VPCR samples in Figure 5-17
through Figure 5-19 were collected by three laboratories in the coordinated sampling event and
analyzed by the same test methods.

Relative to the ND Bakken sample, the TX Eagle Ford sample exhibited lower vapor pressure at
all temperatures and V/L points. The likely reason for this is related to the process temperatures
for both oils, with TX oil collected at ~96°F line conditions and ND oil collected at ~70°F line
conditions. Source oil in both supply chains was exposed to atmospheric pressure upstream of the
sampling point. Provided both came into pressure equilibrium with local atmosphere
upstream/prior to the Sandia sample event, the warmer TX oil ended up with lower gas content
than the ND oil. As such, the TX oil had lower vapor pressure at reference conditions than the ND
oil. Detailed information on process or handling upstream of the sampling points was unavailable.
It is known that both locations were downstream of truck offloading points and contained
commingled production from a number of wells.
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Figure 5-17. Bar chart showing average and 2c VPCRx(68°F) for the TX Eagle
Ford oil sorted by V/L and sampling type.
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Figure 5-18. Bar chart showing average and 2o VPCRx(100°F) for the TX
Eagle Ford oil sorted by V/L and sampling type.
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Figure 5-19. Bar chart showing average and 2o VPCRx(122°F) for the TX Eagle
Ford oil sorted by V/L and sampling type.
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Figure 5-20. Expansion curves showing VPCRx(100°F) versus V/L for TX Eagle
Ford oil by sampling type.
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5.4.1 General Observations

Similar to what was observed for the ND Bakken sample, VPCRx was relatively insensitive to
sampling method, though there was a possible exception at low V/L: BR samples. The magnitude
of the calculated R= 2.8 o(VPCRXx) for low V/L indicates that there was notable variability among

measurements, and at a magnitude larger than expected based on published Ry = 2.94 psi (20.3
kPa) for V/L = 0.02 in FPCs (see Table 5-12). This level of uncertainty makes it difficult to place
high confidence in the differences seen between specific sampling methods. Nonetheless, an
interesting observation that stands for the TX Eagle Ford as well as for the ND Bakken is that the
BR samples exhibit a mean VPCRy.02 lower than the closely related BRMPC. As a reminder, the
only difference between these samples is that the BRMPC samples were transferred to closed
cylinders in the lab and pushed into the 6377 instrument under positive gauge pressure while BR
samples were drawn into the 6377 instrument under slight vacuum. The fact that BRMPC samples
behaved more like the other closed sampling methods than the BR indicates that the sample
introduction into the VPCR instrument is driving the differences in results rather than losses of
volatiles during the sample capture in the field. Comments from section 5.2.2.2 on ambient fill
method for BR samples would apply here as well.

Table 5-12. Calculated reproducibility interval (psi) for measured VPCRx
data at 100 °F for TX Eagle Ford oil samples.

V/L
TX Sample
0.02 0.05 0.2 0.5 1.5 4

LAB1-FPC* 0.72 1.72 1.61 0.29 0.30 0.23
Closed 9.76 5.08 4.07 3.28 1.90 1.81
FPC 8.56 3.39 3.10 0.63 0.41 1.60
MPC 10.91 7.73 3.72 4.29 2.79 3.27
WD 8.23 7.23 2.84 3.65 1.90 0.04
BR 0.40 0.84 1.97 1.91 1.55 0.81
BRMPC 3.97 3.64 0.44 1.86 1.59 2.24
Rsta-FPC 2.94 - = — - 0.62
Rstd Nonpress - - - - - 0.76

*Day to day variability for LAB1-FPC

5.4.2 TVP-95 Vapor Pressure and Gas-Oil Ratio of TX Eagle Ford

The TVP-95 mobile laboratory returned a vapor pressure near bubblepoint pressure (BPP)
conditions at T = 100°F, and gas-oil ratio (GOR) with associated V/L at separator pressure (P) and
T = 100°F as shown in Table 5-13. BPP and GOR values were stable on all three days. Note the
BPP T = 100°F was very close to atmospheric pressure with a low measured GOR and V/L (at low
end of detection limit). This appears to be a “weathered” or “dead” oil that has previously
equilibrated with the local atmospheric pressure.
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Table 5-13. Summary of TVP-95 measurements for TX Eagle
Ford crude oil. V/L was calculated from measured GOR, and P

denotes separator pressure for GOR test.

BPP GOR VIL P

[psia] | [scf/bbl] [-] [psia]
Day 1 14.6 0.2 0.04 14.6
Day 2 15.1 0.2 0.04 14.7
Day 3 14.9 0.1 0.03 14.7

A graphic showing the TVP-95 BPP overlaid with expansion curves for measured VPCRx(100F)
for the TX Eagle Ford oil is shown in Figure 5-21. The TVP-95 BPP appears to sit at the lower
end of measured values collected here. Discussion later in this report looks into the compositional
differences that are associated with these vapor pressure differences. All of the curves converge
as V/L increases to within about 1 psi. The possible reasons why the TVP-95 BPP is lower than
other measures was discussed in section 5.2.3.
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Figure 5-21. Averaged pressure-expansion curves for TX Eagle Ford oil from
ASTM D6377 measurements overlaid with TVP-95 BPP and GOR.
5.4.3 Homogenity of Sample from Day 1 — Day 3

The TVP-95 was on-site all three sampling days and ran separator tests as well as VPCR tests on
all three days. All three sampling days saw high repeatability. Recall all spot samples analyzed
offsite were taken on Days 1 and 2.
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5.5 Composition — TX Eagle Ford Sample

Compositional results from TM3 and TM4 are compared below against the baseline TM1 on a
component-by-component basis. In addition, EOS performance using the same compositions is
compared with measured D6377 VPCR for the same sample capture methods. Hydrocarbon
contents compare well with no distinction evident across sampling method or analysis method on
the hydrocarbon basis. Several of the spot samples showed high nitrogen content and current
hypothesis is that this phenomenon is attributable to a sample acquisition or handling step and is
likely not a feature of the parent sample material collected from process line on-site in TX. Recall
TM2 merged data were not available at time of publication.

5.5.1 TM3: GOR+D8003+D7169 Merge

5.5.1.1 Measured light ends and fixed gases

Whole oil composition for N2 through nC5 mole% as determined by TM3 is compared to TM1
(TVP-95 system) in Figure 5-22 and Figure 5-23 bar charts. Sampling method is denoted by color.
Recall TM1 is supplied exclusively by tight line from the source pipeline to the instrument system.
Note the pressurized analysis for TM3 requires that the BR sample is transferred to an MPC, so
all BR appear as BRMPC. Two analytical runs were obtained by TM3 for each sample type, and
are shown as separate bars of the same color.

All spot sampling methods show higher nitrogen than the tight-line TM1. WD and BRMPC show
the highest nitrogen among these. For the most part, the light hydrocarbons methane through n-
pentane are effectively the same for all sampling methods.

TXTM3 (GOR,D8003,D7169)

0.0007 BTM1-TL
B TM3-FPC
TM3-MPC
0.0005 | TM3-WD
| B TM3-BRMPC

0.0006

0.0004 | ca

0.0003

Mole Fraction,

0.0002 B

0.0001 ‘ I
| . r
0 I ‘ — -8

N2 Cco Cco2 Ar 02 H2S C1

Figure 5-22. Bar chart showing mole fraction of components N2 through C1 as
measured by TM3 and compared with TM1 for TX Eagle Ford. Sampling type is
denoted by bar color.
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Figure 5-23. Bar chart showing mole fraction of components ethane (C2)
through n-pentane (nC5) as measured by TM3 and compared with TM1 for TX
Eagle Ford. Sampling type is denoted by bar color.

5.5.1.2 Calculated vapor pressure from TM3 composition

Equation of state (EOS) model estimates of VPCRx(100°F) were generated using the
compositional data acquired from TM3 and compared with averaged VPCRx(100°F) data (ALL-
TX-CLSD-100F-A) generated from ASTM D6377 measurements described previously in section
5.2. The results are presented in pressure-expansion curve and bar chart format in Figure 5-24 and
Figure 5-25, respectively. Note that the TM3 EOS-generated VPCRx(100°F) generally fall
between the TM1 baseline and the average for all closed methods at all V/L considered here.
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Figure 5-24. Pressure-expansion curve comparison of VPCRx(100°F) generated
by EOS model from TM3, TM1, and D6377 instrument for TX Eagle Ford.
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Figure 5-25. Bar chart comparison of VPCRx(100°F) generated by EOS model
from TM3, TM1, and D6377 instrument for TX Eagle Ford.

5.5.2 TM4: GPA 2103M+ASTM D2887 Merge

TM4 was applied to the TX Eagle Ford samples for MPC, WD, and BRMPC samples. FPC
samples were not available for TM4 analysis. Recall TM4 does not analyze for O2 independently,
rather it elutes with N2 so that the N2 peak represents the sum of N2 and O2 in the sample.

5.5.2.1 Measured light ends and fixed gases

Whole oil composition for N2 through nC5 mole% as determined by TM4 is compared to TM1
(TVP-95 system) Figure 5-26 and Figure 5-27 bar charts. Sampling method is denoted by color.
Recall TM1 is supplied exclusively by tight line from the source pipeline to the instrument system.
Note the pressurized analysis for TM4 requires that the BR sample is transferred to an MPC, so
all BR appear as BRMPC. Similar to what was observed in TM3, higher N2 is observed in TM4
over the TM1 baseline for spot samples, though the sampling type showing higher nitrogen has
shifted more conspicuously to WD and BRMPC in this case. The ethane (C2) through n-pentane
(nC5) groups showed consistent behavior across all sampling methods in Figure 5-27.
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Figure 5-26. Bar chart showing mole fraction of components N2 through C1 as
measured by TM4 and compared with TM1 for TX Eagle Ford samples.
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Figure 5-27. Bar chart showing mole fraction of components ethane (C2)
through n-pentane (nC5) as measured by TM4 and compared with TM1 for TX
Eagle Ford samples. Sampling type is denoted by bar color.
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5.5.2.2 Calculated vapor pressure from TM4 composition

Equation of state (EOS) model estimates of VPCRx(100°F) were generated using the
compositional data acquired from TM4 and compared with averaged VPCRx(100°F) data (ALL-
TX-CLSD-100F-A) generated from ASTM D6377 measurements described previously in section
5.2. The results are presented in pressure-expansion curve and bar chart format in Figure 5-28 and
Figure 5-29, respectively. Note that the MPC case of the TM4 EOS-generated VPCRx(100°F) fell
right on top of the TM1-generated curve, while EOS-generated VPCRx(100°F) results from the
WD and BRMPC were both higher than the VPCRx(100°F) data (ALL-TX-CLSD-100F-A)
generated from ASTM D6377 measurements. VPCR from all of the sampling methods effectively
converge ate V/L =4, which is consistent with showing the same hydrocarbon content.
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Figure 5-28. Pressure-expansion curve comparison of VPCRx(100°F) generated
by EOS model from TM4, TM1, and D6377 instrument for TX Eagle Ford samples.
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Figure 5-29. Bar chart comparison of VPCRx(100°F) generated by EOS model
from TM4, TM1, and D6377 instrument for TX Eagle Ford samples.
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5.5.3 Comparisons of TM3 and TM4 Composition for TX Eagle Ford Oil.

Whole oil composition for N2 through nC5 mole% as determined by both TM3 and TM4 are
compared in Figure 5-30 bar charts for the TX Eagle Ford samples. Sampling method is denoted
by color; TM4 results are differentiated by black outline; and only the first replicate for TM3
results is shown for clarity. TM1 results are also included in the charts for reference.

Notable differences in mole fraction are observed between TM3 and TM4 for N2, again the
differences are dominated more by sample-to-sample differences than lab-to-lab. On average,
TM4 shows slightly higher N2 content. For C1, TM3 and TM4 show similar mole% content,
except TM4-BRMPC is significantly lower. For mid-range HCs C2 (ethane) through nC5 (N-
Pentane) presented in the lower chart of Figure 5-30, no significant differences were observed by
test method or sampling method. All methods yielded effectively the same compositions. Higher
carbon numbers were measured and reported, but they have a negligible effect on vapor pressure
at 100°F, and are addressed in a later section of the report.
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Figure 5-30. Bar chart comparison of composition for TX Eagle Ford TM3 and
TM4 samples. Components N2 — C1 in upper figure and C2 — nC5 in lower.
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5.5.4 Comparison of TM3 Compositions for ND Bakken and TX Eagle Ford Oils

Whole oil composition for N2 through nC5 mole% as determined by TM3 for ND Bakken and TX
Eagle Ford are compared Figure 5-31 bar charts. Sampling method is denoted by color; TX Eagle
Ford results are differentiated by black outline; and only the first replicate is shown for clarity.
TM1 results are also included in the charts for reference.

Notable differences in mole fraction are observed between ND and TX for N2, again the
differences are dominated more by sample-to-sample differences than lab-to-lab. On average, TX
and ND show similar N2 content. For C1, TX shows consistently higher mole% content than ND.
For mid-range HCs C2 (ethane) through nC5 (N-Pentane) presented in the lower chart of Figure
5-31, results were consistent across all sampling methods for a location and HC. However,
important differences were observed between locations — mole% for C3, nC4 and nC5 were up to
1.5% higher for the ND Bakken oil, which supports the higher BPP and GOR measurements for
that oil. Higher carbon numbers were measured and reported, but they have a negligible effect on
vapor pressure at 100°F, and are addressed in the next section of the report.
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Figure 5-31. Bar chart comparison of composition from TM3 for ND Bakken and TX
Eagle Ford samples (black outline). Components N2 — C1 in upper figure and C2 — nC5 in
lower figure.
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5.6 Composition: Wide Boiling Range Data

Compositional data for all three test methods TM1, TM3, and TM4 were transmitted to Sandia in
carbon number reports. The light ends and fixed gas results were presented above in sections 5.3
and 5.5. The middle and heavier hydrocarbons were also reported, though each laboratory had its
own specific groupings of isomers, BTEX, etc. As such, direct comparison by carbon number
grouping, especially for C6-C9, was more difficult than for the light hydrocarbons. It is important
to note that the compositional data from each lab was imported into the PSM basis environment in
such a way that minimal interpretation by Sandia was required in order to preserve the original
data, and mass% vs boiling range data were maintained as reported to the extent possible. Graphics
are shown below in order to compare the carbon number reports in a visual format, though carbon
number groupings in the C6-C10 range do not necessarily imply a single boiling point for each
grouping in the PSM.

5.6.1 ND Bakken Carbon Number Plots

Starting with Figure 5-32, the light components that drive the vapor pressure at ambient
temperature barely show at the current linear scale. The mole fractions visibly increase from C2
to a peak at C8 around mole fraction 0.10-0.12 and then decrease in a tapering fashion
monotonically with carbon number. Differences in the lightest gases through C3 are nearly
indistinguishable by simple visual inspection of sampling method or compositional analysis
method. Visible differences start to appear for C4-C9, though some of this effect is driven by
individual labs’ methods for grouping these components. TM3 does show a range of responses
for C7 and C8 from 0.1 to 0.112 mole fraction, but this will have only minimal effect on calculated
vapor pressure in the temperature and pressure range examined in the current research. Heavy
ends generally overlay well for C10 and up. The effect of lumping heavy ends into a C25+ versus
a C30+ group can be seen at the right end of the carbon number axis, where TM3 terminates with
a C25+ HYPO group and TM4 terminates with a C30+ HYPO group. Lumping into a single
HYPO group effectively integrates under all of the higher carbon numbers and places them into a
single group.

The second figure in the series, Figure 5-33, shows a log scale for mole fraction, which highlights
small differences in the light ends and fixed gases. Because vapor pressure around ambient
temperature is so strongly driven by the individual component vapor pressures of the lightest
components, this format is actually more useful to interpreting where meaningful differences may
be seen. Note the highest N2 mole fraction appears for TM3-MPC, which also returns the highest
EOS-calculated VPCR at low V/L (see Figure 5-10 and Figure 5-11). The VPCRx(100°F)
observed at larger V/L from 1.5 to 4.0 is driven more by the C2-C4 components, which fall close
together in mole fraction and thus support the convergence of the expansion curves in this V/L
range (see Figure 5-10, Figure 5-14, Figure 5-24).
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Figure 5-32. Aggregate plot of mole fraction (linear scale) versus carbon
number for the ND Bakken oil, color-coded by sampling method and test
method for all sampling and test method types.
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Figure 5-33. Aggregate plot of mole fraction (log scale) versus carbon number
for the ND Bakken oil, color-coded by sampling method and test method for all
sampling and test method types.
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5.6.2 TX Eagle Ford Carbon Number Plots

Carbon number plots for the TX Eagle Ford samples are shown in linear (Figure 5-34) and log
(Figure 5-35) scale for mole fraction for the wide boiling range analyses. Similar to what was
observed for the ND Bakken, the mole fractions for dissolved gases are all very low, but then
concentration visibly increases from C2 to a peak at C8 around mole fraction 0.10-0.12 and then
decreases in a tapering fashion monotonically with carbon number.

Light ends and fixed gases are indistinguishable at the linear scale shown here but segregate at the
log scale in a way that helps identify N2 levels that drive differences in vapor pressure at T = 100
F and low V/L. The middle carbon numbers C6-C10 vary among methods as they did for the ND
oil with TM4 showing slightly higher mole fractions for C7-C9 and TM3 showing slightly higher
mole fractions for C10-C14. These differences are immaterial for calculating vapor pressure at
low temperature. Implications on EOS simulations of PVT behavior at higher temperature are
addressed in section 5.7.
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Figure 5-34. Aggregate plot of mole fraction (linear scale) versus carbon
number for the TX Eagle Ford oil, color-coded by sampling method and test
method for all sampling and test method types.
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Figure 5-35. Aggregate plot of mole fraction (log scale) versus carbon number
for the TX Eagle Ford oil, color-coded by sampling method and test method for
all sampling and test method types.

5.7 Simulated Pressure-Volume-Temperature for Heating at V/IL = 1.5

A special case for determining the PVT relationship at a higher temperature range was
implemented here in order to support upcoming crude oil combustion tests. A vessel filled with
oil to V/L = 1.5 at ambient temperature was heated to 572°F (300°C) while pressure was
monitored. Laboratory measurements are compared with EOS model results in Figure 5-36 for
the ND Bakken sample and in Figure 5-37 for the TX Eagle Ford sample. In both cases, measured
versus modeled agree well up to 392°F (200°C), but then the model starts to deviate high above
392°F (200°C). For the ND Bakken, the model over-predicts pressure by about 10-20% relative
to the lab measurements above 392°F (200°C). For the TX Eagle Ford, the model over-predicts
pressure by about 25-35% relative to the lab measurements above 200°C. Both oils show an
inflection point in the measured data at 392°F (200°C) that initiate the deviation from the EOS
model result. The boiling point of pure water at 120 psia (827 kPa) is about 342°F (172°C), which
coincides with the inflection point on both plots, so water phase behavior may be involved, but the
cause of the deviation is not clearly understood.
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Figure 5-36. Overlay of measured and EOS-simulated PVT for ND Bakken crude
at starting V/L = 1.5 for T =50 - 300°C.
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Figure 5-37. Overlay of measured and EOS-simulated PVT for TX Eagle Ford
crude at starting V/L = 1.5 for T = 50 - 300°C (ND TM1 data included for

reference).
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5.7.1 Implications of TM Differences in EOS Calculations at High Temperature

Re-examining the PVT figures above (Figure 5-36 and Figure 5-37) for effects of compositional
test method (TM1, TM3, TM4) indicates nearly indiscernible differences (< 10%) in EOS-
calculated pressure at temperature from 50-300°C based on the TM. Intended use of these
calculations was for mechanical design of test vessels where a safety factor of 1.5 to yield was
used for the tank shell and a 20% tolerance for burst disc design was needed. As such, adding
50% over the already slightly higher model predictions for pressure was conservative for the vessel
design, and choice of TM1, 3, or 4 to supply the compositional data for the EOS calculations was
therefore not critical.

5.8 Manual VPCRx-F(T) by ASTM D7975

Vapor pressures acquired by the manual tester method (ASTM D7975) are compared with ASTM
D6377 measurements and with the TVP-95 EOS model expansions in this section of the report.
Recall the manual vapor pressure tester operates in the field and in this application takes
measurements at a temperature that is monitored but not controlled. Temperatures can vary from
measurement to measurement and differ from the temperatures specified for the VPCRx testing
discussed above (68,100 and 122°F). Also, because of dead space in the filling system and errors
in the volume guides the actual V/L ratios differ from the nominal design ratios of 0.25:1 and 4:1.
The actual ratios, corrected using the calibration procedure specified in ASTM D7975, are
provided in Table 5-14.

Table 5-14. Nominal and actual V/L for ASTM D7975 manual testers.

Nominal Lab 1 Lab 3
0.25 0.24 0.24
4.0 3.04 2.86

5.8.1 Manual VPCRx-F Results for ND Bakken

Manual VPCR-F data for ND Bakken oil are plotted as pressure vs. temperature and compared to
data interpolated from the TM1-TL EOS and AVG-CLSD ASTM D6377 data in Figure 5-38 (a)
and (b), respectively. Also, shown in these figures are a series of D6377 measurements (green
dots) taken at V/L=0.25 and T=86°F by LAB3. This data range from 14 to 18 psi and span the
TM1 V/L=0.24 line. The data represents 2 replicates for each of the 4 sampling methods and are
consistent with VPCR results discussed above. Also, shown in the figures are the VPCR4(nominal)
corrected to 100°F using CCQTA nomographs (CCQTA 2016).

The manual VPCR-F data presented in Figure 37(a) are from both labs and cover two distinct
temperature ranges. The data compare reasonably well with the linear interpolated EOS data from
TMI1 at both V/Ls, nominally V/L’s of 0.24 and 3. Differences between VPCR-F and EOS data
are on the order of 1 psi.

The manual VPCR-F data are repeated in Figure 5-38 (b) but are compared with the average
closed-sample D6377 results (AVG-CLSD). Recall that the TM1-EOS and AVG-CLSD data
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tended to bound the EOS results for most test and sample methods. Comparisons to AVG-CLSD
at V/L~3 are very good. However, at V/L=0.24 VPCR-F’s are several psi lower than the AVG —
CLSD, likely reflecting reduced N2 in the manual VPCR tester. The reduction in N2 for the
manual tester is due to the multiple purge cycles called out in the D7975 procedure for sampling.
The procedure prescribes a minimum of three (3) full cylinder volume purges prior to final
sampling and testing.
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Figure 5-38. VPCRx-F by manual tester vs. temperature compared with
(a) TVP-95 EOS model and (b) AVG-CLSD D6377 for ND Bakken oil.
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5.8.2 Manual VPCRx-F Results for TX Eagle Ford

As with the ND Bakken, manual VPCRx-F data were obtained for the TX Eagle Ford and the same
comparisons were made of the VPCRx-F versus the TM1-EOS and Average Closed Data and
presented in Figure 5-39(a) and (b) below.

The TX Eagle Ford data when compared to the TM1-EOS provide a close <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>