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1. Professional background

I am a professor of petroleum engineering at Imperial College London.

My speciality is the study of oil flow through rocks underground, a field known as reservoir engineering.
I have taught the fluid flow principles presented in this report for over 20 years. My students have gone
on to teach and practise petroleum engineering in universities and oil companies around the world. For
instance, Dr. Hughes, at Louisiana State University, one of the leading reservoir engineers who consulted
for the US Government’s Macondo Flow Rate Technical Group, is one of my former PhD students from
Stanford University. | have also taught classes for industry in the UK, US, China, Brazil, Iran and Saudi
Arabia.

| have published over 200 papers which have been cited over 7,000 times.

| am a distinguished member of the Society of Petroleum Engineers (SPE). | served as an SPE
Distinguished Lecturer in 2001. | received the SPE Cedric Ferguson medal for the best paper written
under the age of 33, discussing a new method for using computers to simulate hydrocarbon fluid flow
through reservoirs. | also received the 2011 SPE Lester Uren award for contributions to petroleum
engineering technology made before the age of 45. | was given the 2012 Darcy Award for lifetime

achievement by the Society of Core Analysts.
| am the editor of the scientific journal Transport in Porous Media.

| served as Head of the Department of Earth Science and Engineering at Imperial College from 2006-
2011.

| have helped found, and am Chief Scientist of, two companies providing services to the oil industry.

| received a PhD in physics from Cambridge University in 1988. When | graduated, | worked for four
years for BP. | developed new methods to improve the accuracy of reservoir simulators. These
simulators predict oil recovery as an aid to reservoir management. For this work BP awarded me its
Tallow Chandlers prize. | then joined the faculty of Stanford University. At Stanford my research on
improving oil recovery was funded by the US Government and a consortium of major oil companies. |

left Stanford to become a professor at Imperial College in 1999.

| have never testified as an expert witness before and my compensation is not dependent on the

outcome.
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1.1  Scope of Work

| have calculated the amount of oil spilt during the Deepwater Horizon incident using the methods of my
field, reservoir engineering. | have drawn on the work of other BP experts, including the pressure
transient analysis of Professor Alain Gringarten; the rock-compressibility results of Professor Robert
Zimmerman; the pressure data generated by Professor Martin Trusler; the fluids analysis of Professor

curts Whitson; anc

My analysis uses a well-established method from my field called material balance. My Imperial College
London colleague Professor Gringarten is submitting a report estimating cumulative flow using different
techniques from his field of expertise, pressure-transient analysis. | make use of some of the results of
his study, while he uses the results of some of my analysis. Even though there are a few steps in our
respective calculations that use the same principles and interim methodologies, our determinations of
cumulative flow are independent and involve distinct approaches. For example, Professor Gringarten
does not directly use the main principle in my approach, material balance. And | do not use the method

that Professor Gringarten pioneered, called deconvolution.

TREX-011553-R.0005
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2. Executive summary of analysis and contrast with Government
estimates

| calculate that the volume of oil released from the Macondo reservoir was 3.26 million stock tank
barrels (MMstb). | have used conservative assumptions to avoid under-statement of the volume. | find

a range of oil released between 2.9 and 3.7 MMstb.

This is the total volume of all the oil that left the reservoir, including any oil burnt or collected,

converted to a volume at surface (stock tank) conditions of 60°F and 1 atmosphere pressure.

My calculation uses the same reservoir engineering principle employed by the Government’s reservoir

engineering experts Drs. Kelkar & Raghavan, namely material balance.

In material balance, three quantities — the oil volume connected to the well, compressibility and

pressure depletion — are multiplied together to calculate cumulative oil flow.

Compressibility determines how much oil is released from the rock as the pressure drops. The main
difference between my estimate and those of Dr. Kelkar & Raghavan and another US Government
expert Dr. Hsieh, is that they double the compressibility from the value measured on Macondo rock
samples at an independent service laboratory. This is a switch from the approach that Dr. Kelkar used
when he first evaluated Macondo oil flow for the US Flow Rate Technical Group in 2010, where he took
a measured value for rock compressibility, as | do in this report. Dr. Kelkar & Raghavan’s expert report
acknowledges that if they use the same rock compressibility as | do, they obtain roughly my value for
cumulative flow.® Similarly, when Dr. Hsieh input into his model the measured compressibility, he
obtained an estimate of cumulative flow in my range.” Neither Dr. Kelkar nor Dr. Hsieh have provided a

scientific justification for their decision to double the rock compressibility from the measured values.

We will see that this has been a repeated problem in the work of the Government experts. In order to
obtain their estimates of 5 MMstb oil released, they had to make assumptions that disagree significantly
with direct measurements of the Macondo rock and fluid properties. The Government investigators
each disregarded vital pieces of experimental evidence without justification; not all of their errors were
identical, yet they arrived at the same final answer. There is a choice: either accept their calculation of 5
MMstb, despite the lack of any scientific explanation of why the measurements are wrong; or perform a
calculation consistent with the data and arrive at a lower value. | have chosen the latter approach.

Nevertheless, there is an implicit consensus on many of the inputs into a calculation of oil released,
which highlights the remaining disagreements. The table below isolates the most important biases in

the Government calculations, juxtaposes my approach, and shows the net effect of each difference:

! See Kelkar & Raghavan expert report [KR], page 45. (Bracketed information refers to the table of sources in
Appendix N, which contains a full description of the referenced documents.)

? See Dr. Hsieh’s deposition [42], page 267, line 5 (“Q. And if you input a rock compressibility of 6 microsips, your
model yielded a cumulative flow estimate of 3.4 million barrels? A. That's correct”); page 269, line 3 (“A. | believe
that it will give a number similar, close to 2.9 million barrels”); Exhibit 8635, pages 73 and 74.

6
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highlighted in red are assumptions that have a significant impact (>0.5 MMstb) on the calculated

cumulative release of oil. Each key input is discussed in more detail in the Section indicated in the table.

SUMMARY OF DIFFERENCES BETWEEN THIS REPORT AND GOVERNMENT EXPERTS®

Inputs into the material balance equation her k
Expert and Connected oil Compressibility Pressure drop Other key R
méthod iséd —— assumptions and on oil
(See Section 4.1) (See Section 4.2) (See Section 4.3) camments relaased
My analysis: | 112 MMstb 21.4 microsips (total) | 1,367 psi Based on measured data 3.26
material 6 microsips (rock) or pre-incident analyses .
balance & independent experts. MMstb
Drs. Kelkar &| 124 MMstb 27.7 microsips (total) | 1,460 psi Calculated alternative
Raghavan: (110-137 MMstb) | 12 microsips (rock) e Used curve-fitting | estimate of 3.4 MMstb
material * Unsupported e No evaluation of method to oi{ relefzsed using 6
balance assumption of laboratory data to extrapolate microsips rock
full reservoir justify doubling of pressure. compressibility and an oil
connectivity. measured values for ® Wrong conversion volume of 11_0 MMstb
® Over-stated rock compressibility. from capping stack| (See Appendix F.3).
conversion from to reservoir
reservoir to pressures.
surface volumes.
0.48 MMisth 70.22 MMsh
Dr. Hsieh: 110 MMstb 28.3 microsips (total) | 1,583 psi Assumed constant
reservoir o Assumed full 12 microsips (rock) e Poor late-time Oulf/mff path, with no
simulation connectivity. ® No evaluation of match between analysis of erosion
e Overall value laboratory data and pressure data and | (See Section 3.5).
close to mine. unjustified doubling of model simulation. o »
measured values for * Wrong conversion Admitted in deposition
rock compressibility. from capping stack| that moded showed
b reservalr release of 2.9 MMstb
pressiires. using lab measurement
of 6 microsips for rock
compressibility
Dr. Pooladi- | 137 MMstb 22.2 microsips (total) | 1,654 psi Assumed constant
Darvish: ® Unsupported 6 microsips (rock) ® Wrong pressure outflow path, failing to
reservoir assumption of e Used same number for conversion from disprove historical
simulation full reservoir rock compressibility as capping stack to | changes from erosion
connectivity. my analysis, contrary to|  reservoir (See Appendix F.4).
e Over-stated Drs. Kelkar & Raghavan pressures, with
conversion from and Dr. Hsieh. under-estimated
reservoir to weight of well-
bore oil.

surface volumes.

+0.15 MMstb

+0.68 MMstb

* Sources: Kelkar & Raghavan report [KR], mid-range value, with a connected oil volume of 123.5 MMstb; Pooladi-
Darvish report base case; for my values, | have averaged my calculation for the three sets of fluid data using the
mid-range rock compressibility: see Section 4; | use an effective compressibility, not the total compressibility — see
Appendix A — so that oil released is found by multiplying the values of the three variables together. Further details
are provided in Appendix F.5. Note there is some rounding in the calculations for purposes of summary

presentation.
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There are three other overarching problems in the Government expert reports.

1. Government experts assumed an unchanging outflow path, predetermining a total flow

estimate of 5 MMstbh. The experts who did not use the material balance method — Dr. Hsieh,

Dr. Griffiths and Dr. Pooladi-Darvish — took an estimate of the final flow rate before shut-in,
approximately 50,000 stb per day, and assumed that the flow rate during the preceding 86 days
was even higher. Of course, simple mathematics dictates that the outcome of a cumulative-flow
calculation based on this assumption will exceed 4.5 MMstb. They justified this approach by
assuming that there were no impediments to oil flow in the well-bore, blow-out preventer or
tubing that might have caused flow to be lower in those preceding days. They did not prove this
assumption; indeed, they hardly discussed it. By contrast, the material balance method used
here is not tied to an assumption about historical flow rates (see Section 3.5).

2. Government experts assumed the reservoir oil was completely connected to the Macondo

well, omitting to analyze geological features that the Government’s non-litigation expert

consultant said would limit _connectivity. None of the Government experts analyzed the

evidence from the Macondo geology and seismic analysis that indicates that the oil reservoir
was not completely connected to the well. This is a change from prior expert analysis
commissioned by the Government. Dr. Hsieh was told by the Government’s consultant Prof.
Fleming from the University of Texas that the “geological evidence” pointed to “a significant
probability of poor connectivity” in the Macondo reservoir.’ The Government estimates
therefore have an implicit upward bias from ignoring evidence that some of the oil was likely
compartmentalized and hence cut off from flowing to the well (see Section 4.1).

3. Government experts over-estimated flow by over-stating the pressure depletion in_the

reservoir. They used an improper conversion from the pressure measurements at the capping

stack to the pressure inferred in the reservoir. They did not account for pressure increases as

the oil trapped in the well-bore cooled. The estimates of oil flow by Drs. Kelkar & Raghavan,

Hsieh and Pooladi-Darvish over-stated the reservoir pressure depletion that drove the flow. All
of these experts used the pressure measurements taken from the capping stack mounted above
the blow-out preventer, as do I. These were used to deduce the bottom-hole or reservoir
pressure. But between the capping stack and the reservoir was a column of trapped oil
thousands of feet tall. So the reservoir pressure was higher than at the capping stack — it had a
column of oil sitting above it. This “head” is a function of the density of the trapped oil. The
density rose following the shut in. The oil was hot as it flowed from the reservoir to the ocean.
When flow stopped, the oil cooled down, gradually becoming heavier. The Government experts
based their calculation on measurements of capping stack pressure increasing slowly over time,
but the reservoir pressure was rising faster than they suggest: there was an extra factor — the
weight of oil — that was also increasing. As we will see below, none of the Government experts
presented an analysis accounting for this changing oil density. By assuming the oil was hotter
and lighter than it actually was, indeed unfeasibly hot, they end up over-estimating pressure

depletion, and hence the oil flow (see Section 4.3).

* See Exhibit 8624 (presentation to the USGS) [64], slide 7.

8
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3. The material balance method to calculate oil released

This Section explains the methodology used in my analysis, known as material balance, which also was

used by the Government experts Drs. Kelkar & Raghavan.

Flow from the Macondo well involved two distinct physical systems. One consisted of the well-bore and
equipment through which hydrocarbons flowed upward and into the ocean. Before entering the well-
bore, the hydrocarbons had to flow through the rock in which they had been stored. This second system
is called the reservoir.

I will first provide a brief overview of reservoir engineering as it pertains to this case, then introduce the

particular methodology used in my analysis.

3.1 Introduction to reservoir engineering best practice

One hundred years ago at Imperial College London, where | teach, Vincent llling began pioneering
methods for appraising petroleum reservoirs. Reservoir engineering has evolved ever-more-modern
tools to predict the behaviour of hydrocarbon fields, harnessing the power of high-speed computing. |
have helped develop some of these tools, and have founded two start-up companies to pursue
innovative approaches to predict fluid flow. But the results from any model, no matter how
sophisticated, are only valid if the inputted data are sound. Therefore, best practice requires the
reservoir engineer to check the model against measurements and analysis from other disciplines, such

as geology.

The Government experts have (1) repeatedly inputted data contradicted by laboratory measurements
and then (2) omitted the important process of geological verification. Thus they have: overlooked the
likelihood that the reservoir was not fully connected to the well (see Section 4.1); ignored laboratory
measurements of rock compressibility (Dr. Hsieh and Drs. Kelkar & Raghavan, see Section 4.2); and
neglected the changing temperature of the oil in the well-bore column, thereby over-stating the

pressure depletion (all Government experts, see Section 4.3).

3.2 The material balance method used by Government experts and me
The most basic principle in reservoir engineering, and the cornerstone of this report, is material
balance.” As the Government expert report by Drs. Kelkar & Raghavan states, “material balance [is] a

6
”? Because

standard petroleum engineering calculation based on the principle of conservation of mass.
conservation of mass is a universal law of physics, material balance calculations can be used to analyze
the work of the other Government experts as well, since their software packages (if they are valid) are

written to conserve mass. This is why, for example, Government expert Dr. Hsieh calculated the same

® See, for instance, the standard textbook by Dake (1978).
® Kelkar & Raghavan report [KR], page 23.
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cumulative production that | do when he input a rock compressibility consistent with laboratory
measurements.’

Here is how material balance works. When the well is drilled through the reservoir, it encounters the
fluids in the reservoir rock: oil and water. These fluids are stored at very high pressures in tiny pore
spaces. Figure 3.1 shows a core sample of the Macondo rock, accompanied by a microscopic image of a
sandstone with similar properties. The rock is under enormous pressure from the weight of rock above
it. The well allows a release of oil out of the reservoir to the surface. As oil starts to flow through the
rock’s connected pores, the pressure of the oil in the reservoir decreases. When the pressure
decreases, the remaining oil expands, pushing the oil out of the reservoir. As the pressure of the fluids
within the rock pores drops, the rock is compressed down, squeezing the pore spaces, pushing out more
oil. The material balance principle says that the volume of oil that comes out of the reservoir must be
equal to the combined volume expansion of oil (and to a lesser extent water) and the compression of
the rock pore space. To calculate the oil produced from this fluid expansion and rock compression, we
need know only the compressibility of the fluids and rock, the size of the reservoir connected to the
well, and the change in pressure. These are the three variables that will be discussed throughout the
remainder of this report.

o ) | ad .;.."\ r A PptT A
: 3 ?&‘f

ritheim

cni 24

Figure 3.1. Macondo sandstone core (left) and a microscopic cross-section of a quarry sandstone called Bentheimer.® The
mean grain size of the Macondo sandstone is indicated by the red bar.? The Macondo sandstone has a similar average
porosity, but a smaller grain size than Bentheimer. Bentheimer sandstone is used in buildings, including the pedestal of the
Statue of Liberty.

7 See Dr. Hsieh’s deposition [42], page 267, line 5; page 269, line 3; Exhibit 8635, pages 73 and 74.

® Taken from Blunt et. al (2013).

° BP-HZN-2179MDL02394186 (Weatherford'’s grain size analysis) [25]. The picture is taken from WFT-MDL-
00039841 (Weatherford’s core photographs) [51].
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In even simpler terms: the pressure-driven change in the volume of oil, water and rock pore space in the
reservoir is equal to what comes out of the well. This is the central concept in reservoir engineering: we
relate what was produced to changes in the reservoir. We keep track of the volume of oil produced by
calculating the volume of oil displaced from fluid expansion and pore contraction.

The measurement that gauges how much oil is produced is the reservoir pressure. This concept is
illustrated in Figure 3.2 by analogy with a barbecue propane tank. The gauge on the tank measures the
gas pressure. Likewise, in the material balance method, one input is the change in reservoir pressure.

In the barbecue propane tank, the volume of the tank determines how much gas is produced for each
incremental drop in pressure. Likewise, the larger the original volume of oil in the reservoir, the more
oil is produced for a given pressure drop. Thus, the original (connected) volume of oil in place is another
input in the material balance equation.

The driving factor of compression is also analogous between the barbecue tank and the reservoir. While
barbecuing, the propane gas expands in the tank, propelling the flow, just as in the Macondo reservoir,
the expansion of oil and the compression of rock pore space drove the flow of oil. This combined
compressibility of oil, water and rock (the first two expanding, the third contracting) is the final material
balance variable.

| calculate that the Macondo pressure gauge indicates that 2.9% of the oil in the reservoir was produced
during the spill: this equates to around 3.3 MMstb (see Sections 4.2 and 4.3).

Figure 3.2. A schematic of material balance using a barbecue propane tank as an analogy. The gauge records the fraction of
gas remaining in the tank. At the end of the incident, | calculate that the Macondo oil gauge read 97.1% (shown by the red
arrow): 2.9% of the oil connected to the well had been released. This represents a pressure drop of almost 1,400 psi.

The advantage of the material balance approach is that it does not require knowledge of changing flow
rates over time, instead computing directly the total amount of oil produced. It avoids the error of the
Government’s experts in assuming an unchanging flow path of the oil from the reservoir to the surface.
This Government error led to the extrapolation of a final flow rate of 50,000 stb per day (or higher) to
the whole period of the spill, pre-ordaining the outcome of the cumulative flow calculation (see Section
3.5).
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3.3 Material balance equation

The material balance equation for the oil released, N,, can be written as follows:

Pressure drop —from

Qil released =
\»Np =NXcX AP4—capping stack pressure

Oil volume connected to f Talgsl (3:1)
the well — from seismic Compressibility of rock and fluids —
surveys, geology and from fluid and core measurements

pressure anlaysis

3.3.1 Oil connected to the well. The oil volume contained by the Macondo reservoir, N, can be
calculated from an analysis of the seismic survey — performed before the well was drilled — that finds the
overall extent of the field. Each of the Government experts used this method, as do I. In petroleum
engineering it is common to refer to the stock tank oil initially in place, or STOIIP. This is the total
amount of oil in the whole field. In a proper material balance analysis, however, it is not STOIIP that we
need, but the volume of oil that was connected to the well. As we discuss later in Sections 4.1 and 5, it
is unlikely that this one well was connected to all the sandstone channels in Macondo: the N we use in
the equation can be less than the STOIIP determined from the seismic survey. The value of N is

informed by the seismic survey, the geology of the field and the analysis of the pressure data.

3.3.2 Compressibility. This is the combined compressibility of the rock, water and oil in the pore space.™
It measures the fractional change in volume per unit decrease in pressure. Technically, this is called
“compressibility,” even though in our case the fluids are expanding. An analogy would be the air in a
bicycle tyre. If you release the pressure, the air expands and flows out of the valve. More compressible
fluids expand more as the pressure is dropped, pushing out more oil. In the reservoir, the fluid pressure
drops and the fluids (oil and water) expand, pushing oil out through the rock pores and into the well.
The rock also gets compressed — like squeezing a sponge to release water — and this adds to the
production. Unlike sponges or air, the compressibility of the rock and fluids we consider is much lower,

so the change in volume is relatively smaller.

3.3.3 Pressure drop. The third and final quantity in the material balance equation is 4p, the pressure
drop in the reservoir. This is the difference between the initial reservoir pressure and the final pressure:
Ap = prpr. The final pressure is the average pressure in the reservoir at the end of the spill after the well
has been closed: it is the pressure in the well at reservoir depth only after a very long time, once the
pressure everywhere in the reservoir equalizes, which takes time, since it involves communication
through tiny rock pores, rather than the open space of a bicycle tyre. Thus, we cannot simply derive this
number by using the pressure in the well when the capping stack was shut and the spill ended, nor even
when the well was cemented in almost three weeks later: the pressures at these earlier times vary
across the reservoir and will be lowest at the well. It takes a long time for the pressures throughout the
reservoir to even out, so the final equilibrium pressure is always greater than that measured at the well
soon after the flow ceases.

1% see Appendix A.4 for the precise derivation the compressibility, ¢, defined so as to obey material balance exactly.
The equations more normally employed — Egs. (A.6) and (A.7) — are exactly equivalent to Eq. (3.1).
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Thus, to deduce the final average pressure, we need to extrapolate the final pressure readings to very
late times. As do my Government expert counterparts, | obtain the final average reservoir pressure by
constructing a mathematical model. This model predicts the pressure increases that would have
occurred after the well was cemented and measurements were thereby cut off. This is discussed in
Section 4.3.

3.4 Each input into my material balance equation was adopted, at some

point, by a Government expert

For every key input that | use in the material balance equation, there is a Government investigator who
agreed with my value: the problem is simply that none of the Government expert reports consistently
used data that corresponded to measured values throughout their calculations. Table 3.1 provides a
pictorial illustration of the three key variables employed in the material balance equation by the
Government investigators: it is a simplification of the Section 2 summary table. Green indicates that
they considered values in line with my calculations, while red indicates the use of values that contradict
direct measurements. They all made different mistakes to arrive at the same answer of 5 MMstb.

Investigator Oil volume Compressibility | Pressure drop

Drs. Kelkar & Raghavan'*

Dr. Hsieh

Dr. Pooladi-Darvish™

Table 3.1. Table showing where the values for the three key properties in the material balance equation employed by
Government investigators broadly correspond to my determinations (green), or are significantly different (red).

Before proceeding with a more in-depth discussion of these differences, | will briefly contrast the
material balance method and the methodologies of Government experts Drs. Hsieh and Pooladi-Darvish
that take a final flow rate and extrapolate back in time to find the total oil released.

3.5 Contrast with the non-material balance methods used by Government
experts

3.5.1 Calculating the final flow rate and then extrapolating it backward for the entire spill period
makes the unproven assumption of no outflow configuration changes over time. The expert reports of
Drs. Hsieh and Dr. Pooladi-Darvish take a calculated flow rate of around 50,000 sth/day near the end of
the spill, and then assume or posit that the rate was higher throughout the preceding period of the
incident.” The end result will necessarily be a cumulative flow calculation of 4.5 MMstb or more. It is
based on the assertion that the resistance of the flow path of oil from reservoir to the ocean remained
unchanged; the only influence on rate would be the depletion of reservoir pressure, causing the rate to
fall gradually over time.

" see Kelkar & Raghavan report [KR], page 28: lower bound case assumes STOIIP of 110 MMstb, consistent with
my analysis; upper case assumes a value of 137 MMstb, which is not.

2 Dr. Pooladi-Darvish’s overall compressibility lies within the range of the measurements, although the oil
compressibility is over-stated; see Section 4.2.

 see Pooladi-Darvish report [PD] between 51,600 and 54,200 stb/day; Dr. Hsieh has 52,603 stb/day (Exhibit 8617
(Hsieh pressure analysis)) [44].
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This constraint explains how Dr. Pooladi-Darvish, who considered 25 quite different scenarios, can
apparently match the pressure data with only a narrow range of cumulative-release numbers at or near
5 MMstb; when he relaxed the assumption of a constant outflow, he was able to find lower values.' His
superficially impressive array of seemingly diverse simulations essentially answers the question: “If |
assume a cumulative flow of around 5 MMstb, what are the consistent reservoir properties?” As | show
in Section 4 and in Appendix F.4, the reservoir properties that he input to make his model match the
pressure data lie outside the measured values, precluding the ability to validate his assumption of
constant outflow. This is a key flaw in this approach: since it is not possible to know the outflow with any
certainty during the earlier part of the spill, these assumptions are, at best, somewhat speculative, and

in any event, do not truly amount to an independent assessment of cumulative flow.

3.5.2 Evidence for an increasing flow rate caused by erosion of obstacles in the flow path. There is
persuasive evidence that the outflow configuration did, in fact, change over time. For example, Phase 1
expert Dr. Emilsen concludes that at the time of the blow-out, the oil flowed into the well-bore over a
restricted interval of the reservoir, perhaps because of residual cement blocking the flow. This would
lead to an additional pressure drop between the reservoir and the well-bore, causing a slower flow rate
at the outset of the incident, rather than the higher rate assumed by the Government experts. At the
end of the incident, just before the well was cemented, the injectivity test showed negligible resistance:
the measured pressure increase on injection was an order of magnitude less than if these impediments
were still present.””

Outflow impediments in oil wells are common: petroleum engineers are accustomed to planning for
huge losses in pressure (the driving force of flow rate) from such restrictions. However, petroleum
engineers generally consider them to be fixed over time, unless particular efforts are made to increase
the flow from the well (by injecting acid, fracturing or making new perforations through the casing). This
perhaps explains why Dr. Hsieh neglected this effect completely, while Dr. Pooladi-Darvish considered
only a constant additional flow resistance.

Unlike a normal well, the Macondo oil flow was unplanned and uncontrolled: the flow resistance
between the reservoir and the well-bore most likely decreased over time, as the oil forced its way
through more of the formation, perhaps through erosion of the cement, and as abrasive materials in the
oil (such as sand or cement fragments) eroded barriers to flow, either in the blow-out preventer or in
the equipment clogging the bottom of the hole. It is likely that initially there was a very large pressure
loss down-hole, giving a low initial flow rate, which then rose over time as the restrictions eroded, even
if we ighore changes in the surface equipment. It is very difficult to make a reliable estimate the
maghnitude or duration of this effect, making any calculation of cumulative flow that depends on
assumptions about historical flow rates — particularly in the early period of the spill — highly unreliable.
Government estimates that assume away this problem (Drs. Hsieh, Pooladi-Darvish, and Griffiths) are
therefore unreliable. This confirms why it is so important to have an independent analysis that assesses

the cumulative flow directly, such as the material balance method used here. Indeed, this is accepted

' See Pooladi-Darvish report [PD], page 26.
** See Final Emilsen report [27] and Appendix E.3 for further discussion and quantitative analysis.
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by Drs. Kelkar & Raghavan who, while they estimated a final flow rate, used material balance to

compute the cumulative release.

3.5.3 Analogy that illustrates the advantage of the material balance method over the Government
method of assuming a constant outflow configuration and extrapolating backward from a final flow
rate. Imagine that one evening a police officer arrests a thief who is emerging from a hole through the
side of a building that connects to a bank vault. The thief is arrested and found to be carrying around
$53,000. The police look at closed circuit television pictures and notice that this hole has been present
for 86 days. Then they guess that the daily take was higher at the outset, perhaps because the thief
initially selected stacks of higher denominations, so they assume an average daily loss of, say, $58,000.
The newspaper headlines say “S5 million taken in bank heist.” Through a well-meaning series of
unverified assumptions, this would exaggerate, if not the amount stolen, then the degree of underlying
uncertainty. As we have discussed, this is akin to the erroneous assumptions and extrapolations made

by some Government investigators.

Now, imagine further that the bank is insured for this loss, so they contact their insurers with these
estimates and ask for S5 million in compensation. Would the insurers pay? No, they would ask the bank
to check their records and say how much was in the bank vault before the hole was made, and then
return to the vault, count the money and report the difference. This may be more or less than $5
million, but avoids the somewhat difficult and problematic analysis of exactly how much was stolen on
each of the 86 days.

Material balance is the petroleum engineering equivalent to counting the money in the vault. [t
accounts for the oil volume in the reservoir before and after the spill, to provide a direct calculation of

the total volume of oil released. It does not rely on an assessment of flow rate at any given time.

3.6 Sequence of the material balance method to be discussed here

Figure 3.3 is a flowchart that summarizes the approach | will follow. | will determine the value for the
three parameters in the material balance equation — volume of oil, compressibility and pressure drop —
based on measured data or pre-incident analysis supplemented by independent expert assessment.

| find an effective compressibility of around 21 microsips, including the 6 microsips for rock
compressibility, based on independent laboratory measurements. | find the pressure drop to be 1,367
psi. If we multiply the compressibility by the pressure drop, we obtain the fraction of the oil in the
reservoir released: this is 0.029 or 2.9%. | deduce that the connected oil volume is likely to be around
112 MMstb. Then the volume of oil released is 112 MMstb multiplied by 0.029, giving 3.26 MMstb."

| will also calculate a range of cumulative flow, from 2.9 to 3.7 MMstb, defined by the range in values
assignhed to the material balance equation variables. The range for those variables is derived from the
variation of laboratory measurements of fluid and rock properties (see Appendix A). Thus, my
cumulative flow calculation is based on experimental measurements, but my quoted range is also tied

directly to the variability of measurements. In other words, my approach is data based.

'8 See Section 4 for actual numbers used; for this introduction | am using averages of my mid-range calculations.
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My calculations are also conservative. Where the data are susceptible to interpretation, | take values
that would lead to the highest estimate of oil released. For oil volume, | have assumed a connectivity
consistent with the highest plausible assessment of permeability (the ability for fluids to flow) (see
Section 4.1). For compressibility, | allow the highest measured value from one rock sample, even though
it appears inconsistent with my review of the literature (see Section 4.2). For pressure drop, | ignhore the
effects of cooling from the ocean that would make the oil denser, leading to a larger pressure drop (see

Appendix B).

In the Sections that follow, and in the Appendices, | will carefully assess every input, reviewing the direct
measurements and placing them in the context of the scientific literature. | also take information from
independent experts who have looked at different aspects of this problem: pressure analysis, fluid
properties, pressure readings and rock mechanics. | also look for mutual consistency between different
assessments of reservoir properties. This follows best practice: a conscientious reservoir engineer
combines insights from experimental measurements, geophysical surveys (the seismic) and geology.
Finally, | will contrast the approach to each variable used by the Government experts, highlighting where

they have departed from measured data.
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Material balance methodology
N, = N.c.Ap

3.26 MMstb = 112 MMstb X 21 microsips X 1,367 psi
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Figure 3.3. Flowchart summarizing the approach followed in this report to calculate the volume of oil released from
Macondo. The colours indicate which part of the material balance equation the analysis informs.

The seismic image in Figure 3.3
above is HIGHLY CONFIDENTIAL
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4. Determination of the parameters used in the material balance
equation

This Section has three parts, each discussing one of the three properties in the material balance
equation, which when multiplied together give the total oil released: the oil volume; the compressibility
of fluids and rock; and the pressure drop. The Government counterpart to this discussion in found in
the report of Drs. Kelkar & Raghavan, who apply material balance in their Section lll, at pages 23-28.

4.1 Firstvariable: connected oil volume

Each of the Government experts who have studied the Macondo reservoir has used the same number as
| do for connected oil volume — around 110 MMstb — as either their sole value, an alternative base case,
or as one end of their range of input values. Dr. Hsieh employed this value exclusively; Dr. Pooladi-
Darvish adopted it for what he termed his analytical case; while Drs. Kelkar & Raghavan used it as their
low-end estimate."”’

Drs. Kelkar & Raghavan and Dr. Pooladi-Darvish used a higher value of 137 MMstb for their high-end and
simulation base cases, respectively. Their starting point though was the same as mine: they accepted
BP’s pre-drill seismic analysis of the volume of reservoir rock. We part ways in two subsequent steps in
the calculation. Firstly, they assumed that all the oil contained in the reservoir was connected to the
Macondo well, as | discuss immediately below. Secondly, they over-estimated the translation to surface
oil volumes, using a conversion factor different from that measured directly on Macondo oil samples. |
will discuss this issue in Section 4.1.8.

4.1.1 Geological complexity is ignored in the Government assumption of 100% oil connectivity. None
of the Government reports considered the reservoir geology. They assumed — without discussion — that
all the oil in the field is connected to the well. The US Geological Survey (USGS) did consider the geology
of Macondo in an internal presentation co-authored by Prof. Flemings from the University of Texas, who
concluded: “It is geologically reasonable that there is limited channel connectivity,”*® yet Dr. Hsieh from
the USGS did not mention connectivity in his published analysis.

Connectivity directly affects the calculation of the amount of oil released, which under the material
balance equation is proportional to the volume of oil contacted by the well; if the reservoir has limited
connectivity, then less oil flows. The connectivity is controlled by the structure of the sandstone

channels comprising the reservoir, so some discussion of the geology is in order.

4.1.2 Geological history and resulting complexity of reservoir structure. For 50 million years the
Mississippi River and its tributaries have been transporting sediment from the erosion of the North
American mountain ranges — grain by grain — down to the Mississippi delta.

7 Sources: 1GS642-000215 (Dr. Hsieh’s 10/13/2010 Pre-decisional draft report, Tables 1 and 2) [11]; Drs. Kelkar &
Raghavan [KR], page 28, Tables 9 and 10; Dr. Pooladi-Darvish [PD], Appendix Il, slide 31 mentions “O0/P=109
MMSTB.”

*# see Exhibit 8624 (Geological evidence for an elongate, heterogeneous reservoir) [64], slide 6.
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Some of these sediments became the Macondo field, which lies 40 miles off the shore of Louisiana,
approximately 130 miles SE of New Orleans, beneath the Gulf of Mexico — see Figure 4.1. The water
depth is almost 5,000 ft and the oil reservoir itself lies a further 13,000 ft under the sea bed.

NORTHERN GULF OF MEXICO
Figure 4.1. The location of the Macondo field under the Gulf of Mexico in the Mississippi Canyon area. The field is below

deep water, just off the continental shelf. 19

The Macondo reservoir is formed of sand deposited in the Middle-Miocene age — around 13 million
years ago.” The sand was deposited in underwater flows called turbidites. These flows follow a
variable path over the course of geologic time, forming long, sinuous channels that can accumulate in
different geometric patterns like those shown in Figure 4.2. The reservoir was formed of several of
these channels with impermeable mud in between. They were deposited within a NW-to-SE trending
“fairway” several miles wide. Over time, huge volumes of further sediment have been laid down,
crushing the sand at very high pressures and temperatures, fusing the grains together and forming
sandstone. Sandstone is porous, and if the pores are sufficiently connected, oil can flow into and
through them. The mud sediments that were deposited in between the sandstone channels became
shale upon burial over geologic time. Shale is largely impermeable to the flow of oil.

19 BP-HZN-2179MDL00059145 (BP Shallow Hazards presentation, [29].
%0 Bp-HZN-2179MDL03290054 (BP Post-Well Subsurface Technical Memorandum) [6], page 3; BP-HZN-
2179MDL05181294 (Macondo Review, slide 24) [36].
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Figure 4.2. Left is a schematic of the structure of a turbidite channel complex, an arrangement of individual sinuous
sandstone channels.” Right is a seismic (sound wave) image showing such channels from the Gulf of Mexico.”? Macondo
was so deep though that seismic surveys could not discern individual channels.

Figure 4.3 shows a cliff face of part of a turbidite channel complex, highlighting the shale lenses and
layers that can cut off continuity of flow between adjacent sand channels.

Figure 4.3. A cliff face at Fisherman’s Point in Ireland illustrating the interbedding of shale and sandstone typical of a
turbidite channel cornplex.a The green shows a channel margin (or edge, where the sand is interspersed with less
permeable sediment) while the red lines delineate individual channels (the layers of rock). The pale blue (top left) and
purple (right) indicate impermeable shale and mudstone, at the sides of the channels, which blocks the flow between
channels.

4.1.3 Connectivity analysis of the Macondo geology. If we knew the exact geometric relationships of
the various channels making up the Macondo reservoir — which ones were connected, and to what
extent any were compartmentalized by shale layers or faults — then we could quantify what percentage
of the total oil in the reservoir sandstones was drained by the Macondo well. However, the information
needed to determine connectivity is incomplete and not conclusive. But as we will see, there is strong
evidence of compartmentalization. Let us examine this evidence.

The figure on the cover page of this report shows how the oil-bearing sandstone channels connected to
the Macondo well might be arranged. The reservoir is composed of several meandering channel

= McHargue et al. (2011).
2 posamentier and Kolla (2003).
i Alpak et al. (2013).
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complexes." Each channel complex is approximately 40-100 ft (15-30 m) thick, and up to a mile (1,600
m) wide. The reservoir is several miles long. This image is BP’s interpretation of a seismic survey,”

which sends sound waves through the rock; the waves that return produce an image of the subsurface.

Figure 4.4 is a schematic showing how the well cut through three sandstone channel complexes (layers).
Also shown in red is a so-called seismic wavelet, to show that the wavelength of the sound waves sent
through the rock to image the field is longer than the thickness of the sandstone channels, and so the
waves cannot discretely resolve them. We do not know exactly how the channels are arranged in the
subsurface; the seismic survey only indicates where the hydrocarbon-bearing sandstone is likely to be
located, on average.

Seismic Single
Wavelet  Channel Well location and down-hole

- / measurements

Width: 800-1400 ft
Thickness: 40-90 ft

CHANNEL FAIRWAY
Width: 2 — 4 Miles
Thickness: 200-300 ft

Figure 4.4. Schematic showing that the Macondo well cut through three sandstone channel complexes (Iayers).zs Note the
channel complex on the left that is not connected to the well.

I will now consider the possible structure of the Macondo reservoir in Figure 4.5, juxtaposed with the
BP’s pre-drill seismic interpretation. The BP seismic image by itself does not discern individual channels,
let alone reveal their degree of connectivity. Instead what is shown is the presence and inferred
thickness of oil-bearing sandstone: green represents a relatively thick layer, with blue then purple
indicating — on average — less oil. Black represents water-filled rock, or impermeable shale or salt.

# See McHargue et al. (2011) and Alpak et al., 2013) for more precise descriptions of the variable levels of
complexity and corresponding refinements of terminology of turbidite complexes. | will use a simplified
vocabulary: a channel complex comprises one layer encountered by the well and makes a connected path through
the reservoir.

% BP-HZN-2179MDL04440238 (BP seismic survey presentation, slide 10) [17].

%6 BP-HZN-2179MDL04440238 (BP seismic survey presentation, slide 1) [17].
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Figure 4.5. Left is BP’s seismic map of the Macondo field.” Green suggests a likely thick layer of oil-bearing sandstone on
average, while areas marked in blue, then purple are progressively thinner. The black indicates shale or water-saturated
sandstone. The red circles indicate the location of the Macondo well (lowest circle) and two other planned wells. On the
right is a photograph of a model of the field made by me using coloured modelling clay, placed over this map, showing the
putative location of individual channels. The brown is shale — this lies below, between and above the channels. The
yellow, orange and red indicate the three channel complexes (layers) encountered by the Macondo well. The lilac-coloured
channels are not connected to the well.

BP, unsurprisingly, targeted the middle of the thickest likely portion of oil-bearing sandstone with the
Macondo well, indicated by the lower red circle. Two other planned wells are also shown — these were
not drilled.

My own interpretation of possible channel interrelationships is superimposed on the same horizontal
area on the right of Figure 4.5. While | do not know the exact location of every channel, nor have |
attempted to capture every nuance of their structure, the following qualitative features are important,
relevant and supported by the evidence from the pressure analysis (Section 4.3), seismic survey and

geology.

1. The reservoir is formed from a series of channel complexes, themselves composed of
individual channels.

2. The channels are sinuous and run approximately North-West to South-East.

3. Oil can flow along the channels. But there may be little or no flow between channel

complexes. This is the problem overlooked by the Government experts in assuming 100%
connectivity of all the oil-bearing sands in the Macondo reservoir.

77 BP-HZN-2179MDL02107723 (BP’s Technical Assurance Memorandum, Section 3, row 60) [10].
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4. The Macondo well likely contacted three of these complexes: these are the three layers
encountered when drilling the well — shown in Figure 4.5 as the red, orange and yellow
strands of clay.

5. The oil volume contacted by the Macondo well represents the majority of the total volume
of the field, but not all of it. The oil in some of the channels cannot flow to the well. These
are the lilac-coloured channels in the picture. This is consistent with BP’s interpretation —
see Figure 4.4 — where the channel complex to the left is not connected to the well.

6. There could be other sources of compartmentalization, such as faults, and there is some
indication in the seismic data that faults cut the Macondo channels.?®

4.1.4 Evidence for limited connectivity in channelled reservoirs. The original development plan for
Macondo proposed drilling three wells to produce the field.”® Three wells — as opposed to one — would
lead to higher production rates, but also has the advantage of ensuring that the vast majority of the
reservoir volume would indeed be connected to at least one of these wells. To quote from BP’s pre-drill
assessment® “Estimate 80% of prospect resource recoverable from wells on MC 252.” What this means
is that even with three wells and a production time of several years, BP considered that only 80% of the

IM

field would be drained. BP stated that a single wel
»31

will confirm 63% of the predicted resource

volume. BP considered “In the event of a compartmentalized reservoir, additional wells may be

n32

required to adequately drain the reservoir.””* In the opinion of BP geophysicist Dr. Ritchie “I think it is a

very unlikely case that one well would drain the fully connected volume.”**

He also states “.. the fully
connected volume | believe is unrealistic.”** BP’s geological review states:* “Flooding along the axis of
the channel may result in good ... communication. Flooding across the channel ..... with the risk that

permeability barriers prevent pressure support at the producer.”

Based on BP’s analysis before the accident and the interpretation of their geologists, the Government
experts’ assumption that the well drained the entire field will over-state N in the material balance
equation. It is very likely that not all the oil-bearing sandstone channels in Macondo intersect or

otherwise conduct flow across the shale barriers that separate them.

Published petroleum reservoir literature also recognizes that the connectivity of turbidite channel

. . . . 36 . .
reservoirs is a problem in field development: “operators have encountered severely impaired

»37

reservoirs ..... attributed in large part to reservoir compartmentalization.””” Dr. Kelkar is a co-author on a

paper >® that states, in reference to deepwater fields, “some of these reservoirs are highly

*® For instance the red line in the BP seismic (upper part of the figure).

* BP-HZN-2179MDL06566208 (BP Pre-Drill Review) [31], slide 24.

*1d., slide 24 [31]; BP-HZN-2179MDL02107723 (BP Technical Assurance Memorandum, Section 3, row 11) [10].
*! BP-HZN-2179MDL02107723 (BP’s Technical Assurance Memorandum, [10]) Section 3, row 11.
*21d.,.

** See Bryan Ritchie Deposition [46], page 322, line 21.

*1d., page 324, line 17 [46]; see also /d., page 325, line 13 [46]

**BP-HZN-2179MDL06604338 (BP’s presentation of reservoir geology, slide 2) [39].

*® See, for instance, Abreu et al. (2003), Ragagnin and Moraes (2008), and Alpak et a!. (2010).

*” Alpak et al. (2010).

*% Liu et al. (2008).
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compartmentalized.” Limited connectivity has hampered production in channelled turbidites in the
Schiehallion field West of Shetlands, the Bittern Field in the North Sea, and the Ram Powell field in the
Gulf of Mexico.*

4.1.5 Government experts deduce smaller reservoir areas without reducing connected volume. Later
in this report we will discuss how both the Government experts and | use measurements of the pressure
build-up after well shut-in to deduce the size and shape of the Macondo reservoir (see Section 4.3).
Every expert found that the connected reservoir has a smaller area (and width) than determined from
BP’s seismic analysis in Figure 4.5.°° BP likewise used pressure analysis after choke closure and also
presented a model with a smaller area.”’ This suggests that the well-known geological phenomenon of
compartmentalization of turbidite systems has indeed limited the connectivity of the greater Macondo
reservoir shown by BP’s seismic analysis. Yet the Government experts omit the next step of
proportionately reducing their connected volume of initial oil. “The primary job of a reservoir engineer,”
Drs. Kelkar & Raghavan tell us, “is to obtain a production forecast . . . after addressing three primary
questions: . . . (3) how much of the available quantity of fluid may be produced.”** Yet they did not

assess what percentage of the Macondo field could be produced by the single Macondo well.

Finding a smaller area from a pressure analysis does not alone prove poor connectivity: the geology has
to be considered carefully to determine if it is plausible that the whole field can drain to the well in the
times indicated by the pressure analysis: | suggest that this is not possible for the BP seismic
interpretation (see Section 5). It is unreasonable to suggest that oil located far beyond the boundaries
detected by the pressure analysis can reside within these confines.

4.1.6 My method for assessing connectivity and connected oil volume. | use the area | compute from
the pressure analysis. | take the largest plausible permeability value, which gives the largest area. |
assume that the oil outside this area is not connected to the well, but that the reservoir thickness is only
10 ft in these regions: the purple areas shown in Figure 4.5. 10 ft is the limit of the seismic
interpretation,” so this is a lower bound on the disconnected volume, or an upper bound on
connectivity. This is the most optimistic assessment of connectivity that is consistent with the pressure
analysis, the seismic interpretation and calculations of permeability. The details are given in Section 5:
dependent on the fluid and rock properties assumed, the connectivity is 87-90%. From Figure 4.5, this is
evidently a very generous interpretation, placing the vast majority of the oil in the yellow, red and
orange channels while making the lilac channels very thin in comparison. This approach will give a
plausible upper bound on oil released.

** Govan et al. (2006), Alpak et al. (2010), Alpak et al. (2013).

% 1GS642-00215 (Hsieh’s draft report, page 12, Table 2 (1,958 acres: 22,270 ft length times 3,830 ft width) [11];
Pooladi-Darvish report [PD], Appendix V, slides 4 and 5 (between 1,686 and 2,228 acres, using the quoted widths
and lengths); BP’s mid-range area is 4,482 acres. BP-HZN-2179MDL05173765 (BP gross rock volume assessment)
[30].

* See Dr. Levitan’s deposition [56], page 141, lines 14 and 15 (2,185 acres).

* See Kelkar & Raghavan report, [KR], page 31.

* See BP-HZN-2179MDL05173765 (BP’s gross rock volume assessment) [30], slide 1, most likely case: “10 ft cutoff
footprint (noise background).”
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| contrast my approach with that of the other Government investigators in Table 4.1 below. 1 allow a
larger connected area than all the other experts, but this is still smaller than inferred by BP in their
seismic interpretation (4,482 acres). In brief, the Government investigators squeezed too much oil into

their models of the reservoir.

4.1.7 Oil volume underground. Table 4.1 also shows the total oil volume in the reservoir. Having
calculated the extent of the rock containing oil, we need to determine how much oil is in this rock. This
is done using logs of down-hole measurements of porosity (the fraction of the rock that is void space)
and saturation (the fraction of the void space that contains oil — the rest contains water). | follow the
same approach here as Dr. Kelkar & Raghavan and find virtually identical numbers; Dr. Pooladi-Darvish
and Dr. Hsieh also used values that correspond to mine. Since there is no disagreement on this part of
the analysis — either in terms of the method or the conclusions — and since it is standard in any oil
industry assessment, | leave the details to Appendix A.2. Bear in mind, however, that while we agree on
translating reservoir rock volume to reservoir oil volume, the similar numbers mask the issue discussed
in the preceding sections: the Government numbers do not account for the geological evidence of

incomplete connectivity.

Reservoir area from Reservoir volume Surface
Expert pressure analysis Connectivity (MM reservoir volume
(acres) barrels) (MMstb)
. 44 ) 0N 109-114
My analysis 1,931-2,590 87-90% 258 (112 mid range)
Drs. Kelkar & Assumed to be 110-137
Raghavan45 Not stated 100% 293 (124 mid range)
. 146 Assumed to be
Dr. Hsieh 1,958 100% 259 110
Dr. Pooladi- Assumed to be
Darvish®’ 2,167 100% 296 137

Table 4.1. Areas and oil volumes connected to the well proposed by me and the Government experts.

4.1.8 Conversion of oil volume to surface conditions. Our focus now switches from the rock to the
fluids contained within them. Macondo oil samples were collected using down-hole tools before the

accident. Three laboratories — Schlumberger, Intertek (Westport Labs) and Core Labs (Pencor)® —

**| show the full range of connected areas and connectivity, the mid-range determination of reservoir volume and
the range of surface volumes using the mid-range rock compressibility. See Section 5 and Appendix D.1.6 for
further details.

** From Kelkar & Raghavan report [KR], page 27. Also considers 110 MMstb, ([KR], page 28) so the mid-range oil
volume is 124 MMstb quoted in the summary table in Section 2 and Table 4.1.

* values computed from values in Dr. Hsieh'’s draft report [11], Tables 1 and 2.

* Dr. Pooladi-Darvish base case [PD], values from Appendix 1V, slide 10. Surface volumes found using B,; = 2.15306
in his simulation input files.

*® | have taken data directly from their reports: BP-HZN-2179MDL04440732 (Intertek fluid property report) [18],
BP-HZN-2179MDL00063016 (Core Labs fluid property report) [19]; BP-HZN-2179MDL00063084 (Core Labs fluid
property report with cover page) [20]; BP-HZN-2179MDL01608973 (Schlumberger Fluid Analysis on Macondo
samples) [34]; BP-HZN-2179MDL01872218 (Core Labs fluid properties report) [35]; see Appendix A.1 for further
details.
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independently measured the properties of these samples. The measurements include a quantity called
the formation volume factor (B,): the ratio of the reservoir volume of oil to the surface volume.

The inconsistency in the estimates of original oil in place between the Government experts Drs. Kelkar &
Raghavan and Dr. Pooladi-Darvish (137 MMstb) and me (around 110 MMstb, see Table 4.1) arises from
both the consideration of connectivity (addressed above) and from a different conversion of a reservoir
volume of oil to a volume measured at the surface (which we will discuss below). Background on why oil
changes volume between the reservoir and surface will help resolve the correct method for how that
translation should be calculated.

4.1.9 Shrinkage of the reservoir oil volume from exsolution of dissolved gas with changing pressure.
Oil is a mixture of hundreds of different hydrocarbon components. Some of these — methane, ethane,
propane and butane — are gases at the surface, which we refer to as stock tank conditions. When the
pressure in the oil drops (for instance, as oil flows to the surface up the well-bore), these gaseous
components come out of solution — see Figure 4.6.

Gas at the
surface,
volume Vg

Surface Oil at the surface,

volume Vs

Oil formation
volume factor,
By = Vor/ Vos

Pressure drops:
gas comes out of
solution

Reservoir

Oil in the reservoir,
volume V,,

Figure 4.6. When oil flows up to the surface, its pressure drops. Bubbles of gas exsolve from the oil. At the surface, both oil
and gas are produced. The volume of oil at the surface is lower than that in the reservoir, because gas has come out of
solution. The oil formation volume factor is the ratio of the reservoir volume of oil to the volume at standard or stock tank
conditions (60°F and atmospheric pressure). In this analysis | calculate oil volumes at stock tank conditions.”

The pressure when the first gas appears is called the bubble point. The same phenomenon occurs when
you open a can of soda: prior to opening, carbon dioxide is dissolved in the liquid at high pressure.
When you release the pressure by opening the can, carbon dioxide comes out of solution and produces
bubbles.

- Image from dehaanservices.ca
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Macondo was an exceptionally light oil which shrank significantly when taken to the surface. As a result

the shrinkage coefficient B, plays a major role in the calculation of oil released.

4.1.10 Two different methods to convert to surface volumes. Two approaches are used in the oil
industry to convert from oil volume in the reservoir to oil volume at surface conditions. A higher
amount of produced oil is calculated using the conversion factor produced by the Government’s fluid
expert Dr. Zick. He used a method known as multistage separation. This is what is used by oil
companies to maximize volume during normal, planned production. When oil companies normally
produce oil, they separate the oil and exsolved gas through a deliberately-engineered series of
separators at a succession of decreasing temperatures and pressures. This multistage separation is
designed to produce as much (valuable) oil, and as little (less valuable) gas as possible. The value of B,
depends on the exact sequence of separations. It will be the lowest possible B, in order to produce the
highest possible surface volume. Dr. Zick tries to construct the high-volume separation process that he
asserts BP was planning to use if it produced oil from Macondo for sale. But of course, the Macondo oil
was hot produced in such a fashion. It flowed through various openings at different depths,
temperatures and pressures over 86 days. BP’s fluids expert Dr. Whitson tries to reconstruct what the
actual multistage separation would have been during the incident, and derives a higher number for B,,
which yields a translation to fewer barrels at surface conditions. He also concludes, as do |, that the
complexity of this analysis can be avoided by using the other industry method for conversion to stock
tank conditions, known as a single-stage separation. This occurs when the oil and gas remain in contact
as they are brought to surface conditions. Dr. Whitson finds that the number for B, using this definition
is close the value derived from the appropriate multistage process. Thus, | will use the values of B, from

the single-stage separation in my calculations.>®

The measured value of B, for the single-stage separation used in my calculations ranges from 2.3 to 2.4
depending on the reservoir pressure.” Government expert Dr. Hsieh used a value similar to mine:
2.35.>> Dr. Pooladi-Darvish and Drs. Kelkar & Raghavan used a significantly lower number of
approximately 2.1.° Dr. Pooladi-Darvish, however, said that he used a single-stage method for the

. 54 . . 55
conversion,”” so his number should be closer to mine.

4.1.11 Connected oil volume: 109-114 MMstb. Table 4.2 shows my determinations of initial oil in place:
there are three values, derived from the values of B, measured by the three different laboratories.

Thus, as will be the case for each input variable, | base the range on the measured data.

| arrive at a number — around 110 MMstb — which has been agreed as plausible by all the Government
investigators.® However, we arrive there by different methods. The Government experts omitted the

*° See Appendix F.2 and Appendix A.2.

*! See Table A.4.

*2 Dr. Hsieh’s draft report [11], Table 1.

** Dr. Pooladi-Darvish value of 2.15306 for initial formation volume factor for his base case simulation model taken
from his computer input files; Drs. Kelkar & Raghavan used 2.14 ( [KR] page 27).

** See Pooladi-Darvish report [PD], Appendix Il, slide 45.

*® See Appendix F.2, Table F.1 and Table A.4.

*® All but one of Dr. Pooladi-Darvish’s “good match” simulation models over-state the oil volume — Appendix F.4.
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step of evaluating the geology and selecting and justifying an estimate of connectivity to the well of the

various sandstone channels comprising the Macondo field. Thus, their value for oil volume implicitly

assumed a connectivity of 100%. Furthermore, the conversion from reservoir to surface conditions used

values that were not justified by direct measurements. Thus, their analysis was incomplete and their

calculations were biased to over-state the oil released.

High case Middle case Low case | Average value
Intertek Schlumberger | Core Labs
Connected oil volume | 114 MMstb | 112 MMstb | 109 MMstb | 112 MMstb

Table 4.2. Connected oil volume using the three sets of fluid properties.s7

*” This assumes the mid-range rock compressibility; see Section 5 for further discussion.
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4.2 Second variable: compressibility

4.2.1 Introduction to compressibility. Compressibility is the second variable in the material balance
equation. In this Section we evaluate the data for fluid and rock compressibility. As mentioned in
Section 2 (and the summary table) Dr. Hsieh and Drs. Kelkar & Raghavan used a value for rock
compressibility outside the range of the measurements, leading to a significant over-estimate of oil
released.

Figure 4.7 shows a schematic of what is meant by the compressibility of fluids and rock, and how it
contributes to oil production. As the pressure drops, the oil and water expand. The rock grains — held
apart by the high fluid pressure — begin to crush together, resulting in a decrease in porosity.

Initial oil pressure p;

Oil préssure decreases

Fused sand grains Wiager sxpanas Decrease in porosity that

press closer together Oil expands squeezes out more oil

4
Final oil pressure py¢

Expansion of oil and water plus
compaction of rock = oil produced

Figure 4.7. Schematic explanation of compressibility. As the oil pressure drops, oil and water expand, while the rock
compresses. The arrows indicate the expansion of the oil and water and the collapse of the sand grains into the pore space
(this effect — a change of less than 1% in the pore space — has been exaggerated for clarity). All three phenomena contribute
to oil production. The change in volume is the oil produced.

Compressibility is measured in units of inverse pressure, called sips. A microsip is a millionth of a sip: if
the compressibility is 10 microsips, a pressure drop of 1,000 psi (around 70 times atmospheric pressure)
will result in a 1% change in volume.

4.2.2 Oil compressibility: 13.7 — 14.8 microsips. This range covers the compressibilities (or
“expandibilities”) from the three sets of fluid measurements introduced in Section 4.1. | compute oil
compressibility so that it provides exactly the measured change in volume from initial to final reservoir
pressures: the details are provided in Appendix A.2. While there are variations in the values between the
three laboratories, | would consider them broadly consistent. | will use all three values in the
calculations that follow.
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Dr. Pooladi-Darvish’s analytical model used an oil compressibility of 28 microsips, twice the measured
value.”® This is the main contributor to his overstatement of oil produced. Furthermore, his simulation
models took another value which is also outside the measured range.”® While he presented reasonable
values in his report, the numbers used in quantitative calculations depart significantly from the

. - . 60
measurements, a problem that we will see again in his treatment of pressure.

4.2.3 Water compressibility: 3 microsips. Water is much less compressible that the reservoir oil. There
are no direct measurements of the compressibility of the reservoir brines at Macondo conditions. Since
the water saturation is low, different plausible values of water compressibility make a negligible (less
than 0.3%) difference in calculated oil released. | take an upper bound value based on my reading of the
literature: 3 microsips.”® The Government experts used a similar value as well.

4.2.4 Pore volume compressibility: 4.3 — 8.6 microsips. This is the main source of the departure
between my estimate of cumulative production and those of Government experts Dr. Hsieh and Drs.
Kelkar & Raghavan (see the summary table in Section 2).

Rock properties were measured on core samples by Weatherford laboratories. These cores were
extracted from the well during drilling. These measurements provide the only direct assessment of the
compressibility and permeability. °* Neither Dr. Hsieh nor Drs. Kelkar & Raghavan used these

measurements or provided a scientific explanation for disregarding them.

Before drilling, BP predicted that Macondo rock compressibility would be 5 - 6 microsips, based on
property correlations from other fields in the Gulf of Mexico.®® A comprehensive review of production
in the Gulf of Mexico, co-authored by Dr. Kelkar, considered a range of 1-10 microsips, with a mid-range
value of 3 microsips for fields of similar geological age to Macondo.®® Once experimental data were
available, a value of 6 microsips was taken for BP’s reservoir modelling.”® This value was also used by Dr.
Pooladi-Darvish.®® Dr. Kelkar, when working for the Macondo Flow Rate Technical Group in 2010, used a

. . 67
base-case value of 5.61 microsips.

So, the mid-range value | will use, based on the measurements, is also around 6 microsips.

*% A value of 28.5 microsips; Pooladi-Darvish report [PD], Appendix Il, slides 30 and 31.

*153 microsips, see Appendix F.4.6.

® See Section 4.3 and Appendix B.4. Values in Pooladi-Darvish report [PD], Appendix IlI, slides 8 and 9.

®! Osif (1988).

® The raw data from the measurements of pore volume compressibility are given in spreadsheet form; BP-HZN-
2179MDL02394185 (Weatherford pore volume compressibility) [24]. A summary of the measurements is also
provided; BP-HZN-2179MDL02393883 (Weatherford summary of pore volume compressibility) [26]. The results of
permeability measurements are reported in BP-HZN-2179MDL02394182 (Weatherford permeability
measurements) [23].

® See Figure A.1 taken from BP-HZN-2179MDL06566208 (BP Pre-Drill Review, slide 17) [31].

® See Liu et al. (2008), Table 2.

® see, for instance, Pinky Vinson’s deposition [47], page 300, line 15. Also Dr. Merrill deposition [54], page 214:
21-23.

® pooladi-Darvish report [PD], Appendix llI, slide 8.

® See Don Maclay’s deposition [62], page 393, line 9 to page 394, line 1.
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However, Dr. Hsieh® and Drs. Kelkar & Raghavan,69 in their expert reports, used a value of 12 microsips.
The origin of this value appears to be BP’s work in support of the well integrity test. This was as part of
evaluating a worst-case scenario.”® In any event, | consider BP’s opinions largely irrelevant here — after
all 1 don’t accept their connectivity (see Section 5), pressure drop (see Section 4.2) or B, (Section 4.1)
estimates either: | base my analysis on the experimental evidence.

Rather than discuss this further — there is no scientific evidence or analysis for this value to discuss — |
will instead carefully outline why | have chosen my values.

Weatherford measured the pore volume compressibility on three core samples from the Macondo well.
In Appendix A, | show how pore volume compressibility is found from the Weatherford data. The
calculation exactly reproduces the change in volume — and hence oil production — associated with rock
compression as the fluid pressure drops.

Sample name 3-6R 3-16R 3-22R
Location and CT scans of the Top layer Middle layer | Middle layer
cores in axial and longitudinal “TER ¥
directions
Uil =
Porosity, ¢ 0.217 0.206 0.214 Average compressibility
¢t (microsips; x10° psi™) 8.57 4.34 6.14 6.35

Table 4.3. Measured pore volume compressibilities. Also shown are X-ray CT scans of the cores in axial and longitudinal
directions: they are approximately 1 inch in diameter and 1.7 inches long. The images show the uniform internal structure of
the rock.”

The values | quote in Table 4.3 are taken from the expert report of Dr. Zimmerman. He has employed
the same approach as | have, but pruned out the initial period of the experimental test when the rock
deformed slowly in response to the change in fluid pressure. He also accounts for the compressibility of
the solid grains themselves. This leads to slightly higher values of compressibility than simply taking all

%8 1GS642-000215 (Draft Hsieh report) [11] Table 1.

& Kelkar-Raghavan report [KR], page 28.

o Pinky Vinson’s deposition; [47], page 300, line 15. Also Dr. Merrill’s deposition; [54], page 192, line 5; page 214,
line 23; and page 216, line 15 onwards.

™ From Weatherford’s X-ray CT scans; [52].
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the raw data. | will defer to his superior expertise, noting that using his values leads to higher estimates

. 72 . .
of oil released.’” | will consider values that cover the full range of the measurements.

Published literature regarding Gulf of Mexico fields also supports the reliability of the Weatherford
measurements.”> For instance, a comprehensive review of compressibility measurements in the
literature is provided by Newman (1973). His measurements for consolidated sandstones of similar
porosity to that encountered in Macondo indicate values of around 3.5 microsips or lower. However,
he states: “The salient conclusion is that to evaluate rock compressibility for a given reservoir it is

necessary to measure compressibility in the laboratory.”

Following Newman’s advice, | will use the measured compressibilities in my calculations, even though

they appear at the upper end of likely values based on the other evidence | have presented.

4.2.5 Effective compressibility for input into the material balance equation: 18.7 — 24.5 microsips.
Table 4.4 reports the values of effective compressibility that | will use in the material balance equation.”®
| have combined the values of oil, water and rock compressibility together in a way that exactly
reproduces the volume change as the reservoir pressure declines. There are nine values: three sets of
fluid measurements times three rock compressibilities: the high, middle and low cases. This covers the
full range of the measurements.

Fluid properties
Effective compressibility, ¢ (microsips) | High case Middle case Low case Average value
Core Labs | Schlumberger Intertek (mid case)
High case rock compressibility 24.48 23.64 23.45
Mid case rock compressibility 22.01 21.16 20.97 21.38
Low case rock compressibility 19.76 18.91 18.72

Table 4.4. Values of effective compressibility that will be used to compute oil released in the material balance equation.

72 see Appendix A.2 for further discussion.
7 For more detail see Appendix A.3.
7* See Appendix A.4 for a discussion of compressibility definitions.
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4.3 Third variable: pressure drop

The third parameter in the material balance equation is the pressure drop in the reservoir caused by the
outflow of oil. My analysis here departs from that of the Government experts in two significant
respects: the conversion from capping stack to down-hole pressure; and the extrapolation to find the
final reservoir pressure.

4.3.1 Conversion from capping stack to down-hole pressure. We need to know the pressure in the
reservoir. However, there was no pressure gauge there during and after the incident. The pressure data
was measured on a gauge in the capping stack. This was separated from the reservoir by a column of
trapped oil thousands of feet tall.

During the build-up period (when the well was closed) there was no flow, and the down-hole pressure
was the capping stack pressure plus the weight of fluid from the capping stack to the reservoir: this is
called the head. | have performed this conversion for the three sets of measured fluid data.”” The
Government experts have all performed this translation incorrectly. It is the biggest source of error in
their derivation of the pressure-change input into the material balance equation.

Here is the part of that analysis that the Government experts got wrong. During the spill, hot oil rose
through the well, heating the casing, cement and surrounding rock from the reservoir to the sea bed.
When flow ceased, the rock, and the oil in the well-bore, cooled down again. Colder fluids are denser,
and so the pressure difference between the capping stack and the reservoir increased over time. To
account for this changing head properly requires an analysis of heat transport — conservation of energy
—in the well-bore and the surrounding rock. This is presented in Appendix B.

The capping stack pressure increased slowly, very slowly indeed by the beginning of August. This misled
the Government experts: from the gradual rise of the capping stack pressure they mistakenly concluded
that the reservoir was highly permeable. More permeable reservoirs allow oil to flow more easily, and
hence build up less pressure. However, even when the capping stack pressure was flat, the reservoir
pressure continued to rise: this cooling oil was pressing down more and more. The rising reservoir
pressure was masked by the apparent flattening of pressure readings at the capping stack. If the
Government experts had accounted for the extra pressure rise due to cooling, they would have deduced
a lower permeability and flow rate, as we discuss below.

4.3.2 The poor conversion of the capping stack pressures is the principal problem with the pressure
analysis of the Government investigators. In Appendix B.4 | quantify the effect of using a poor
conversion from capping stack to reservoir on the pressure drop and oil released in the Government

6

reports.”® Here | will provide an overview to highlight its importance to their over-estimates of oil

produced.

7 The details are presented in Appendix B.
7® Further details of my critique are also provided in Appendices F and G.
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To find the final reservoir pressure (and hence the pressure depletion) there are two steps: converting
the capping stack pressure to down-hole values, and then predicting the additional increase in pressure

after the well was cemented in. | focus on this first step here, before moving to the second.

The Government experts assumed that there was a fixed pressure difference between the capping stack
and the reservoir of between 3,100 and 3,200 psi.”” My values change with pressure and temperature.
They are typically 150 psi higher: this discrepancy alone has a 10% (0.5 MMstb) impact on the
Government’s estimated oil released. However, Dr. Hsieh considered a conversion close to mine, but
never used it,”® while Dr. Pooladi-Darvish calculated a wide range of values yet inexplicably chose a value

. . . 79
below them all for his base case simulation model.

The critical part of the calculation is to assess the cooling rate of the oil trapped between the capping
stack gauge and the reservoir at the bottom of the hole. | show that the oil became cooler than the
Government experts presumed, hence the reservoir pressure was higher than they realized, and the
depletion lower. My calculations err on the side of higher temperature, hence lower reservoir pressure
and more oil produced: | calculate that the temperature of the oil near the sea bed cools from close to
reservoir temperatures to around 95°F at the time of cementing the well: this is still much warmer than
the surrounding ocean and sediment, which is at 40°F.%° What temperature did the Government
investigators assume? | have extracted the temperature that would give the pressure conversion they
used (using data for oil density).®! The temperature values | calculate are implausible: close to or above
the maximum recorded flowing temperature of 221°F,** and, for Drs. Pooladi-Darvish and Griffiths, in
excess of the reservoir temperature itself (243°F).

The Government investigators made the oil unfeasibly hot; they implied that oil sitting in the capping
stack, surrounded by cold steel and deep ocean for 19 days, would remain as hot as, or hotter than, the
deep reservoir. This is impossible. Technically, the Government calculations disobeyed the second law
of thermodynamics: hot things cool down.

This pressure conversion error caused large errors in the simulation work of Dr. Hsieh and Dr. Pooladi-
Darvish: not only did it lead to an over-statement of pressure drop that drives the flow, but also of the
permeability, the connectedness of the rock pores that also directly governs the flow rate, discussed
later in this Section. The correct pressure head conversion would have led these investigators to halve

their estimates of oil released.

I will now discuss the second step in the pressure analysis: extrapolating to late times to find the final
reservoir pressure, and hence the pressure drop to input into the material balance equation.

" The sources and precise values are: Drs. Kelkar & Raghavan [KR], page 19 (3,220 psi); Dr. Hsieh, (pressure
analysis) (3,199 psi) [44]; Dr. Pooladi-Darvish [PD], Appendix Ill, slide 23, base case model assuming a well-head
temperature of 220°F (3,137 psi); Dr. Griffiths, [SKG], Appendix F, page 39 (“calculated static head of 3190 psi”).
’® Exhibit 8617; in digital format as IGS770-000026 (Dr. Hsieh’s spreadsheet), first tab, cell H2 (3,350 psi).

7 See Pooladi-Darvish report [PD], Appendix Ill, slide 23 (range 3,318-3,148 psi).

¥ Appendix B.3.

# Appendix B.1.

® Reddy et al. (2012).
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4.3.3 Pressure analysis to determine reservoir size and pressure decline. In standard oilfield
operations, a so-called pressure transient or well test is often performed. The pressure in the well is
measured as a function of time while the well is flowing, declining in what is called the draw-down.
After the well is shut in, the pressure increases in what is called the build-up.

During a draw-down or build-up, pressure changes radiate outward from the well-bore, like a wave
moving through the reservoir. This so-called pressure transient can be thought of as ripples in a pond
moving out in circles until they encounter some barrier to flow (such as the river bank). Just as the
reaction of ripples to the river bank can be seen with the eye, the encounter of the pressure waves with
reservoir boundaries can be detected in changes in the slope of the pressure response. This is shown in
Figures 4.8 and 4.9 below; we will review how | deduce the Macondo reservoir boundaries from the

pressure transient in the following sections.

We will also use the pressure measurements to determine the final variable in the material balance
equation, reservoir pressure depletion. The Macondo the well produced for almost 86 days. Then the
well was closed. The pressure at the capping stack was measured before the well was closed, and for 19
days afterwards. That pressure was still increasing when the well was cemented in, so we need to use
proper methods of extrapolation to determine the final average reservoir pressure and hence the
depletion from the initial pressure to obtain our third material balance variable. This will be analyzed in
Sections 4.3.6 - 11.

4.3.4 Radial flow period to determine permeability. Government experts Drs. Hsieh and Pooladi-
Darvish arrive at enormously over-stated flow estimates because their models double the correct value
for permeability. Permeability is a rock property that measures how easily the oil can move through the
tiny, tortuous pathways connecting the pores between the grains of sand, shown previously in Figure
3.1. Higher values for permeability give higher flow rates. Permeability is controlled by the size of the
pores (larger pores allow more flow) and by how well they are connected together.

The Government experts all assumed a permeability of over 500 mD.% That is more than twice the most
likely value, and proportionately inflates the Government estimates of flow. To understand how the
Government experts made this mistake, and to determine an appropriate value for permeability
ourselves, we need to introduce the methods for interpreting the pressure changes that occur when a

reservoir stops producing and builds up pressure.

To represent the pressure response, we treat the reservoir as a box, shown schematically in Figure 4.8,
as has every other investigator who has studied Macondo. This box contains all the oil-bearing

sandstone connected to the well.

If we return to the analogy of the ripples in the pond, the pressure signal moves out in circles (radially)
before it encounters a boundary (the edges of the reservoir channel or channel complex). This is
depicted in Figure 4.9. Permeability is deduced from identifying the initial radial flow period. We will

plot the Macondo radial flow pressure transient to calculate the permeability in Section 4.3.8.

® See Section 4.3.8. Appendix C discusses permeability in more mathematical detail.
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Figure 4.8. Schematic of the reservoir geometry used in our analysis of the pressure response. At the top are the three
sandstone channels connected to the Macondo well extracted from the geological model shown in Figure 4.5. We represent
this in our mathematical model by a box of length L, width W and height h: this box contains all the oil-bearing sandstone
connected to the well. We assume that the well is drilled through the centre-line of the box middle at some point along the

length.
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Figure 4.9. A horizontal cross-section of the reservoir, indicating radial and linear flow regimes. At early times the pressure
decreases in an approximately circular manner from the well. This radial flow period ends when the pressure reaches the
boundary of the channel at time 7, — around 17 hours or 60,000 s for Macondo. There then follows a longer period of linear
or channel flow. It is possible to find the times to reach the two ends of the channel using the analysis techniques described

in this report.

4.3.5 Linear or channel flow. When the radial flow pressure transient hits the nearest boundary of the
reservoir — the sides of the channel — the flow begins moving in a linear direction along the channel. As
depicted in Figure 4.9, the time for the transition from radial to channel flow — 7z, — can be used to
calculate the reservoir width. To obtain distances from travel time, we need to know the speed.?® The
speed of the pressure transient is proportional to permeability. So having derived the permeability from

8 Technically this is a diffusivity, defined in Appendix C.
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the radial flow analysis as described in the previous section, we will be able to deduce the size of the

connected reservoir from the times at which the pressure transient hits the boundaries.

From the geological interpretation of the field it is reasonable to consider that the reservoir is composed
of one or more channel complexes, which — for simplicity — | will refer to as channels from now on. Once
the period of radial flow ends, our analysis shifts to the movement of pressure along the channel — this
is one-dimensional or linear flow. We can detect the times when the pressure wave hits the two ends of
the channel, and calculate the length of the channels. From the width and the length we can determine

the area of the reservoir connected to the well: the area of the box in Figure 4.8.

I employ a rectangular flow model to study radial flow and the transition to flow in a channel, and a
linear flow model for the late-time behaviour to determine the times to reach the ends of the reservoir

and the pressure drop.

We now have the principles for analyzing the pressure data as a function of time. We will show how it
provides us with four important pieces of information: (1) the final reservoir pressure, used to calculate
pressure depletion, a direct input into the material balance equation; (2) permeability, the critical
determinant of flow rate, from the rate of pressure build-up in the radial flow period; (3) the time for
the pressure response to hit the sides of the channel, which will be used to measure reservoir width and
check connectivity; and (4) the times for the pressure response to reach the two ends of the channel,
which will be used to help assess original oil volume and exclude the possibility of aquifer support to the
production of oil.

4.3.6 Pressure prediction. We start with a plot of the build-up of pressure as a function of the time after
the capping stack was shut in. | have plotted this pressure response in Figure 4.10 together with the

8 | obtain a close match to the

predictions of my analytical rectangular and linear flow models.
measured pressure, demonstrating that my model is an accurate depiction of the behaviour by reservoir

engineering standards:*® this is shown by the red and black lines in Figure 4.10.

But there is a more powerful methodology for plotting and analyzing the pressure build-up. It focuses
on the trend, or slope of the data. Analyzing the changes in slope provides insight into the
characteristics of the reservoir. Matching the slope changes with a model is an extra litmus test of
model validity.

4.3.7 Pressure derivative methodology and its importance. A revolution in the ability to interpret
pressure tests and thereby determine reservoir properties occurred in the 1980s,%” when reservoir
engineers began to focus on the plot of the change in pressure as a function of time. Using this plot,
characteristic shapes appear in the slope, from which an engineer can determine the structure of the

reservoir and the permeability. Like a physician with a chest X-Ray, a reservoir engineer can diagnose

® See Appendices C and D.

® | have derived all the equations | use by hand, and have not relied on commercial pressure transient analysis
software. Such software requires an assumed flow rate (see, for instance, M. Levitan deposition [56]; page 216,
lines 19,20).

¥ Bourdet et al. (1983; 1989).
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the properties of the reservoir from the so-called derivative plot. This has been the standard approach
in the oil industry for the last 25 years. | am not going to go through the technical details;*® instead | will
illustrate the concept with some examples.

7,000 -
15t July 3" August
6,950 - MF,//’
6,900
6,850
#

Capping stack pressure (psi)

500,000 1,000,000 1,500,000

Time since choke closure (s)

Figure 4.10. The measured capping stack pressure. Time is measured in seconds from well closure until the injectivity test
prior to cementing the well. For reference 1,000,000 (one million) s is around 11 days and 14 hours. The red line is my
prediction using a linear flow model, after one day (86,400 s), while the black line uses a rectangular flow model.

Figure 4.11 is a textbook graph of the pressure and the pressure derivative (the slope of the pressure as
a function of time). After around 10 hours (36,000 s) the derivative reaches a constant value: this is
radial flow from which permeability is calculated. A higher derivative means a lower permeability.

| also show a field example from a deepwater channelled turbidite (like Macondo).** Here we detect
radial flow (at 3 hours or about 10,000 s) followed by channel flow (after 10 hours or 36,000 s), when
the derivative starts to increase. In these figures the points are the data, while the lines are matches
using a rectangular model, which | will employ to study Macondo. Note that both pressure and
derivative are accurately predicted by the models.

A good engineer would look at the field example below and determine that there was an initial period of
radial flow. The increase in derivative that occurs later — the slope is % — tells you that flow then became
confined to a channel. Then the engineer would match the data to a mathematical model to quantify

® The mathematical details are presented in Appendix D.

® Govan et al. (2006). The field is Schiehallion on the Atlantic margin of the United Kingdom Continental Shelf. In
the paper, the BP engineers describe a variety of methods to predict production and reservoir connectivity. The
analysis includes material balance and the use of pressure derivatives.
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the permeability, the pressure drop, and the size of the reservoir connected to the well. So, let’s do the
same for Macondo.

104 : ~ ) Increasing derivative
Radial flow indicates channel flow

100 | Pressure

-~ y | e
g ~ A P0-12
e . )
\»' ,———eaa

Derivative % . g
10 [, _— ol [ ' Derivative
Higher derivative = lower permeability ¥

Pressure change and Derivative (psi)

102 101 1 10 102 10° &
Elapsed time (hours)

Figure 4.11. Left: exemplar pressure build-up and derivative.”® The pressure build-up appears to show little information but
the derivative — the slope of the plot — reveals the behaviour of the reservoir in great detail. The constant value of the
derivative seen after around 10 hours indicates radial flow, from which permeability can be calculated: the higher the value
the lower the permeability. Right: a field example of the pressure and derivative in a channelled deepwater turbidite oilfield
(Govan et al., 2006; © Society of Petroleum Engineers) showing similar features. The points are data and the lines the model
match: note how the model is expected to reproduce the data and its derivative almost exactly.

4.3.8 Pressure derivative for Macondo. Figure 4.12 is the centre-piece of the pressure analysis. It
shows the measured and predicted reservoir pressure derivative, as well as the pressure rise itself. This
is the traditional presentation of pressure analysis in petroleum engineering. It is similar to the field
example above: radial flow apparent at around 10,000 s and an increase in slope — showing channel flow
— coming later (in this case around 60,000 s or 17 hours).

The graph contains a lot of valuable information. There are two main points to note.

1. The pressure and derivative are accurately matched by the analytical models. The pressure is
matched with an error of 2 psi or less — this is superior to all the matches presented in the
expert reports of Dr. Pooladi-Darvish and Dr. Hsieh.”* | have matched the data using both a
linear flow model, applicable after 1 day (86,400 s), and a rectangular flow model that better
represents the transition from radial to linear flow.”> The sensitivity of the pressure gauge is
only 5 psi, so we can consider this — by engineering standards — a more-or-less exact match.

2. The permeability can be estimated from the value of the derivative in the radial flow period. |
find a value of approximately 300 mD.” This value is consistent with Macondo core and log
measurements.”® Using a fixed reservoir-to-capping stack conversion means that — to match the

* Taken from the lecture notes of Dr. Gringarten (2012).

*! See Tables D.2 and D.3; Pooladi-Darvish report [PD], Table 1, page 3; for Dr. Hsieh see Appendix G.

*2 The linear model equations are given in Appendix C; the rectangular model is standard in well test analysis and
was first derived by Earlougher et al. (1968).

** The equations are presented in Table D.1, the best match in Table D.3 for the rectangular model (Core Labs
properties — see Table A.1 for viscosity). | assume a final flow rate of 45,000 stb/day.

* See Appendix A.5 for a detailed discussion of the permeability data.
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pressure — the Government investigators assumed that the rise in reservoir pressure was the
same as in the capping stack, with a lower derivative. This corresponds to a higher permeability
of around 560 mD.” This almost exactly matches the 550 mD used by Dr. Pooladi-Darvish® and
593 mD employed by Dr. Hsieh:*” they did indeed match the pressure, but the wrong pressure
to find the wrong permeability, which lay outside the averages from log and core
measurements. The flow rate is proportional to the permeability, so their simulation models
significantly over-estimated the flow rate (and hence cumulative oil released).

1,000
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Figure 4.12. The pressure derivative and the pressure rise plotted as a function of time since choke closure. The red points

are the derivative measured at the capping stack, while the crosses show the down-hole (reservoir) pressure derivative,
which is higher, indicating lower permeability. | show best match predictions to the reservoir behaviour using both
rectangular (black lines) and linear flow models (red lines). The linear flow model shows a deviation at early times, since it
cannot represent the transition to radial flow.

4.3.9 Reservoir pressure predictions. The analysis of the pressure in the first day (86,400 s) has some
uncertainties: cooling from the ocean, the thermal properties of the annulus around the well, and the
complex sequence of flow rates during choke closure all impact the early pressure transient. | consider
the permeability calculated in the expert report of Dr. Gringarten, 238 mD, which avoids these problems
through using down-hole pressure measurements, more robust than my determination presented

» Assuming a radial flow stabilization in the capping stack derivative of 32 psi in Figure 4.12.
% Dr. Pooladi-Darvish’s base case model [PD], Appendix lll, slide 8.
97 Exhibit 8615 (10/22/2010 Hsieh Draft Report, Table 2) [67].
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above, although my value lies in his statistical range.”® The emphasis of my calculations will be on late
times, beyond a day, when there is linear flow. A close match to the pressure in this regime is important

to determine the final reservoir pressure and the location of the far reservoir boundary.

My base case assumes a constant (albeit unspecified) flow rate. The flow rate history does impact the
pressure response, as stated above. However, for times beyond a day or so, the pressure response is
governed by the average rate alone.”

Figure 4.13 shows the down-hole pressure plotted against time compared to the pressure predicted by
my model: the inset shows the pressure prediction for later times, indicating that the pressure stabilizes
to its final value of 10,433 psi around three months after choke closure. The final reservoir pressure
that | use in my material balance calculation ranges from 10,433 to 10,531 psi, depending on which sets
of the fluid properties are used.'®

101

The Government reports all estimate a final reservoir pressure that lies below my values. None of

these reports compare their predictions to the data using the X-ray examination of the pressure

102

derivative.”“ Dr. Hsieh omitted this analysis, even though the BP engineers with whom he was working

103

did use derivative plots. However, my value is lower than the value presented in a press release by

BP: “industry-standard techniques predict the final reservoir pressure to be approximately 10,600 psi.”***

| find a lower final pressure than that derived by BP, resulting in a higher calculated cumulative flow.

Dr. Hsieh and Dr. Pooladi-Darvish significantly over-estimated the pressure drop and consequently over-
stated the oil released; this effect is quantified in the summary table in Section 2. Drs. Kelkar &
Raghavan made two errors that partially cancelled: they under-estimated the head, but slightly over-
estimated the pressure rise, leading to a more reasonable final assessment of pressure drop (see
Appendix B.4).

*Dr. Gringarten [ACG] quotes a range of 170-329 mD.

* see Appendix E.

1% The fluid properties determine the conversion from capping stack to reservoir properties (Appendix B) and so
the predictions are different for the three sets of measurements. In this Section | show model comparisons using
the Core Labs properties; my analysis is, however, performed for all three sets of data.

‘% Dr, Hsieh, 10,267 psi (see Exhibit 8617 (Hsieh pressure analysis)) [44]; Dr. Griffiths, 10,310 psi [SKG] Appendix F,
page 39; Dr. Pooladi-Darvish [PD], Appendix V, slides 4 and 5: 10,053 to 10, 382psi from his simulations; Drs.
Kelkar and Raghavan [KR] , page 23: 10,235-10,396 psi.

'% Dr. Pooladi-Darvish [PD] presented a pressure and derivative match for his analytical model, Appendix II, slides
30 and 31; however, for all his simulation runs, he only showed matches of pressure alone.

1% see Dr. Merrill’s deposition [55], page 344, line 18 where Dr. Merrill mentions “Bourdet derivative plots”.

BP press release, page 6, second paragraph [50].
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Figure 4.13. Down-hole (reservoir) pressure data (crosses) compared to the predicted pressure for linear (red line) and
rectangular (black line) models. The inset shows the extrapolation to late time showing that the final reservoir pressure

(10,433 psi) is reached around 3 months after choke closure.

4.3.10 Pressure drop: 1,325 - 1,423 psi.105 For completeness, we end this section with Table 4.5, which

presents the final reservoir pressure and pressure drop Ap (the initial pressure, 11,856 psi, minus the
final pressure) using the three sets of fluid data. The pressure drop is the third and final component in
the material balance equation: its value lies between 1,325 psi and 1,423 psi.

Property High case | Middle case Low case Average values
Core Labs Intertek Schlumberger
Final reservoir pressure, py (psi) 10,433 10,502 10,531 10,489
Pressure drop, Ap (psi) 1,423 1,354 1,325 1,367

Table 4.5. Final reservoir pressure and pressure drops determined from the pressure match for the three sets of fluid

properties.

105

42

These values are found using the linear flow model. See Appendix D, Tables D.2 and D.3.
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5. Confirming the consistency of the calculations with other evidence

Before we multiply our three numbers together to calculate the oil released, we need to pause to check
if the different inputs to our calculation are mutually consistent. It is standard in reservoir engineering
to check if the predictions of the pressure analysis agree with the geology of the reservoir. We have
assembled the pieces of the Macondo jigsaw in this analysis; now we will analyze whether they fit
together to construct a coherent picture of the reservoir. This vital assessment was not performed by
any of the Government investigators: such a check would have shown (as we will show here) that their
analysis was incompatible with the measurements.

In Section 4.1 we showed how the Government investigators assumed without geologic analysis that the
total reservoir volume was connected to the well. In Section 5.1, | will combine the seismic and pressure
analysis to show that the reservoir is not 100% connected. In Section 5.2 | will explain how my approach
of using the range of values from the data for each parameter ends up defining a range of calculated

flow volumes that is more certain and reliable than other approaches to uncertainty.

5.1 Cross-checking seismic and pressure-transient indications of reservoir

size, dimensions and connectivity

5.1.1 Reservoir length. It could be possible for the connected reservoir to be shorter than the length of
the field. For example, in the seismic interpretation introduced in Section 4.1, faults were mapped
cutting across the axis of the channel orientation. | would arrive at a much smaller connected reservoir

and lower connected oil volume (and hence cumulative flow) if | adopt such an assessment.

Figure 5.1 shows a BP interpretation of the seismic survey where individual channels are identified. The
analysis suggested that the channels were not necessarily continuous in a North-South direction. From
this, BP made an assessment of the area connected to the Macondo well — before the capping stack
pressure data was available — that gave values between 50 and 225 acres.”™ By comparison, the entire
area in BP’s seismic analysis is much larger — 4,482 acres. If | were to use the smaller connected area
suggested in this BP study, the calculated volume of oil released would be at most between 80,000 and
440,000 stb.

While BP’s analysis is not unreasonable from a geological standpoint, | will show in this Section that the

pressure response clearly indicates that the connected area is considerably larger than this.

Thus, | will not consider the possibility that the reservoir is compartmentalized by a fault or other barrier
cutting across the channels. Instead, | believe the pressure-transient evidence (outlined below) suggests
that the limitation on connectivity is associated principally with the reservoir width, that is, how far it
extends East-West or NE-SW.

1% Bp-HZN-2179MDL04440238 (BP seismic survey presentation, slide 3 and 4, respectively) [17]. Other estimates
of the connected oil volume made during the spill by BP include 650 acres — see Dr. Levitan’s deposition [56]; page
95, lines 7,8 — which is still much lower than indicated by the pressure response once the well was closed.
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Figure 5.1. Map of the Macondo field.)” This is a detailed view of Figure 4.5 where the location of sandstone channels is
postulated — it is not possible to determine their locations, connectivity and shape exactly, but what is shown is a reasonable
inference from the likely geology and seismic survey. Flow — and pressure — follows a sinuous path along the channels. On
the left, | have taken the channels marked 1-4 on the figure, rotated and flipped them and placed them to lie —
approximately — on a sine wave. | assume that the flow follows the sinusoidal path shown - this is approximately 14% longer
than a straight line. Note that some channels, 1 for instance, are not connected to the well.

5.1.2 Interpretation of the pressure response and connected reservoir areas. In Sections 4.3.4 and
4.3.5 we introduced the general method of using the pressure transient after well shut-in to find the
reservoir boundaries. Figure 4.9 showed that we would use the times to hit the boundaries,
denominated by the Greek letter 7and multiply that by the pressure wave speed, which is a function of
permeability, to find distances. | have used this method to find the times 7; and 7, for the pressure to
detect boundaries to the North-West and South-East (or South) of the well respectively, while 7y is the
time taken to detect the width of the channels in a roughly East-West (or SW-NE) direction. (The
precise times are derived in Appendix D and shown in Tables D.2 and D.3.) These are no-flow
boundaries, meaning that no oil or water moves beyond the extent of this connected reservoir volume.

197 Bp-HZN-2179MDL04440238 (BP seismic survey presentation, slide 2 [17].
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Once we know the times to see the boundaries of the (connected) reservoir, we need to derive the rate
at which the pressure signal propagates. If we know this speed and the times, then we can find the
physical locations of these boundaries. In Sections 4.3.4 and 4.3.5 we discussed that this rate is a
function of permeability. Higher permeability allows faster flow and a more rapid propagation of the

pressure signal. Hence higher permeability gives a larger area and greater connectivity.

The speed of the pressure transient is also a function of the rock compressibility. A more compressible
rock retards the speed of pressure transmission. Hence reservoir engineers use a term for pressure-
transient speed called diffusivity, which proportional to permeability but inversely proportional to
compressibility.’®

With our pressure-transient deductions of times to hit boundaries, combined with possible ranges of
values for diffusivity, | can calculate a likely upper bound on the reservoir’s connectivity. | will take the

19 This is above the value

largest permeability value from the expert report of Prof. Gringarten: 329 mD.
| deduced from pressure analysis (300 mD — see Section 4.3) and from down-hole measurements (219

mD — see Appendix A.5).

Using this upper bound on permeability, the connected area | calculate varies from 1,931 to 2,590 acres
(see Table 4.1).1°

5.1.3 Meandering flow path. Figure 5.1 shows that the pressure response (and the oil) does not move
in a straight line — it follows the winding path of the sandstone channels. Hence the pressure signal (and
the flowing oil) travels a longer-than-straight-line distance. To calculate the path length | have taken
some of the channels indicated in Figure 5.1 and modelled their shape as sine waves. This is a standard

"1 | calculate that the true distance travelled is around 14% longer than

geometric approach in geology.
a straight line."? In reality, the flow path could be more tortuous still, taking detours along locally the

thickest sands in three dimensions. | used this sinuosity in constructing my model in Figure 4.5.

5.1.4 Combining pressure and seismic analysis to deduce connected area. In Figure 5.2, the left side
overlays the reservoir size estimated from pressure analysis onto the size predicted by the seismic
analysis. The horizontal lines indicate the width of the field as interpreted from the pressure analysis.
The pressure-inferred size is smaller, which suggests that the field is poorly connected, requiring a
reduction of the initial-volume input for material balance from the value used by the Government. A
possible reason is shown on the right side of Fig. 5.2, my geological (clay) model, showing how individual

oil-filled channels may be disconnected laterally from the well.

108

Using Eq. (C.4).

The Gringarten report [G] has a range 170-329 mD with a most likely case of 238 mD. Technically, this means
that there is a 10% probability of the permeability exceeding 329 mD.

19 see Appendix D.1 for the mathematical details of how distances and areas are calculated.

See, for instance, Posamentier (2003), Dystra and Kneller {2008).

See Appendix D.1 for the mathematical details.
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' 5 |
BP seismic . Geological model |
interpretation q .

7

Parts of the field not
connected to the well

Figure 5.2. Left is the BP interpretation of the seismic, right is my reservoir model (see Figure 4.5). The horizontal yellow
lines indicate the width of the connected oil volume predicted from the pressure analysis. The wavy lines indicate the
predicted extent of the reservoir. | have considered a high case permeability. The lilac ovals indicate regions of the field that
are unlikely to be connected.

The wavy lines show the extent of the field to the North-West and South.**?

We appear to have hit a sweet spot: the extent of the field to the North-West predicted from the
pressure transient is consistent with the seismic interpretation. This provides confidence in our
pressure analysis and our assessment of the rock and fluid properties that go into the compressibility
component of diffusivity, the speed of the pressure wave.

Figure 5.2, combined with our pressure analysis (Section 4.3), indicate the following:

1. The channels are well connected longitudinally. Along the sandstone channels the Macondo
well drains all or most of the field.

2. The width of the region drained by the well is roughly one half the total width of the field near
the well. This suggests that the connectivity of the field in a transverse direction, between —
rather than along — channels is poorer. The well does not necessarily connect to the entire
volume of oil-bearing sandstone. This is consistent with the geology — flow is well-connected
along a channel, but restricted between channels that may not intersect and are separated by

™ The lengths from the pressure analysis are the path lengths along the sinuous channels indicated: the straight-

line path is some 14% shorter.
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% In Figure 5.2, | have indicated by the lilac ovals regions of the field

low permeability shale.
that | consider are unlikely to be connected to the well.

3. The clear signature of channel flow, the restricted width of the channel, and evidence of no-flow
boundaries along all sides of the region connected to the well, strongly indicate that there is no
aquifer support. There is no evidence that we are seeing a drainage region that extends beyond

the oilfield.
We will now address possible objections to this interpretation.

1. Permeability. The higher numbers for permeability assumed by the Government experts would
suggest higher connectivity. However, Prof. Gringarten’s report uses a superior method for
deducing permeability that is based on pre-spill measurements and dynamic flowing data,
considered the gold standard for permeability assessment. He derives a permeability of 238
mD. | am using a higher value of 329 mD — the upper end of his range. It is not possible to
reconcile significantly higher permeabilities — of 500 mD and above — as used by the
Government investigators'™ with measurements on rock samples from Macondo (average 364

116

mD), log (down-hole) analysis (average 219 mD), ™ and my pressure analysis (300 mD, Section

4.3).

There is another source of evidence that the Governments high permeabilities are highly
improbable. If the permeability had been 500 mD or higher, then the effect of well cooling may
well have exceeded the slow reservoir pressure rise after choke closure on July 15" 2010. The
capping stack pressure might have stabilized and then fallen slightly in the first day. This is likely
to have been misinterpreted as a sign of poor well integrity, the choke would have been re-
opened, and oil would have continued to spill, unnecessarily, into the Gulf until the relief well
was drilled.*"’

2. Compressibility. As discussed earlier, some Government experts asserted a higher
compressibility, leading to a higher calculation of cumulative flow. However, this would lead to
a slower-moving pressure signal, since the diffusivity is inversely proportional to compressibility.
Hence, their assumption of higher compressibility must result in an interpretation of the
pressure transient yielding a smaller calculated drainage region. A low compressibility, in
contrast, allows the pressure signal to travel faster and encounter more of the field. Notice two
competing effects of compressibility: while — for a fixed oil volume and pressure drop — a high
compressibility leads to more oil released, a high compressibility indicates a smaller oil volume.
So, allowing a much larger compressibility is inconsistent with the seismic extent of the field,

unless the field is poorly connected.

"% posamentier (2003).

See Appendices F and G.
See Appendix A.5.
See Appendix B.3 for a fuller discussion.
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3. Aquifer. During the incident, investigators from both the Government and BP considered that
an aquifer drive could provide pressure support and additional recovery in Macondo;™*® this was
a reasonable hypothesis to consider, but the impact of the aquifer would require production
periods of some vyears, while the pressure response indicates flow boundaries were
encountered during the time-scale of the incident. For an aquifer — located to the sides and end
of the main oil-bearing channels — to contribute to oil production, the pressure response has to
pass through poorly-connected, low permeability regions between channels, or pass beyond the
longitudinal extent of the reservoir. This flow response takes several months or years to
contribute noticeably to production. This conclusion is consistent with the modelling work of all
the Government investigators and the analysis performed shortly after capping stack closure by
BP. BP’s reservoir engineer Dr. Merrill says that he “excluded an aquifer’*™ as the easiest and
simplest way to match the measured pressures.

4. Analysis of the implicit Government premise that the well drained the entire width of the
field. | have calculated that — approximately — half the width of the field near the well is

120
contacted.

To double this, so that the whole width is encountered, would require an increase
of my value of 7, by a factor of four — from around 17 hours to more than three days."** Despite
the ambiguities associated with the interpretation of the pressure response at early times, a
clear indication of channel flow is encountered within a day. Furthermore, | have assumed that
the average permeability across or between channel complexes (including low permeability
shale that separates individual channels) is the same as the permeability along a channel. This

again is unlikely,'® and so — if anything — my calculated width is likely an over-estimate.

5.1.5 Deducing connectivity from the overlay of pressure and seismic analysis. | will take a generous
approach, which — while it likely over-states the connected oil volume — provides a robust upper bound.
As outlined in Section 4.1, | place the oil connected to the well in the area predicted from the pressure
analysis. | assume that outside this area, the oil does not flow to the well. The thickness of the oil in
these regions is assumed to be 10 ft on average — this is the limit of the seismic interpretation.’® The
overall average thickness of the whole field 44 ft, while the thickness at the well is 93 ft, so | am placing

124

very little oil outside the main, connected channels. | find a connectivity of between 87 and 90%

12 | find it implausible that the connectivity is better than this: the

dependent on the fluid properties.
seismic interpretation places oil further to the East and West of the well than can be possibly connected
to it. | cannot, however, exclude a lower case with more restricted connectivity, based on the most

likely value of permeability in the Gringarten report.

118

BP-HZN-2179MDL06566208 (BP Pre-Drill Review, slide 18) [31].

Dr. Merrill deposition [55], page 442, line 27.

° 7, indicates the transition from radial flow to channel flow and so, technically, is used to find the connected
reservoir width near the well.

21 Since this is a diffusive process, to travel twice the distance takes four times longer.

See BP’s geological review; [39], slide 2.

See BP’s gross rock volume assessment; [30], slide 1, most likely case: “10 ft cutoff footprint (noise
background).”

124 See Table A.3 and [31], slide 15.

See Appendix D.1.6 for the mathematical details and Table D.4 for the values.
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My assumptions are consistent with the upper bound of permeability. | can only allow a larger
connected area by reducing the compressibility. This may allow more oil to be connected, but less oil is
released for a given pressure drop. The two effects cancel out. Or, | allow a larger permeability, outside
the values assigned by robust pressure analysis and down-hole measurements. It is not possible to use

plausible rock and fluid properties and allow a cumulative oil release that lies above my range.

5.2 Consistency with flow rate history

5.2.1 Pressure analysis and flow rate history. | will now mention one last, further, consistency check
related to the pressure analysis. The pressure was matched by a mathematical model that assumed a
fixed (albeit unspecified) flow rate. To yield my calculation of total oil released, if the flow rate was
constant, it was in the range of 34,000 — 43,000 stb/day. This is inconsistent with the Government
assumption of flow rates that were either constant or decreasing over time with final value of around
50,000 stb/day. If this final flow rate is correct, then my analysis asserts that the flow rate must, overall,
have increased on average during the spill period.

In Appendix E.2 | match the pressure response using different possible flow rate histories. This approach
is standard in pressure transient analysis, where — for many reasons — the flow at any given well may
vary. | can obtain good matches for various flow rate histories, including those with a final flow rate
consistent with Government estimates, while arriving at my mid-range calculation of total oil released.

Furthermore, analysis of the accident suggests that oil flow into the well-bore was initially highly
restricted, but the restriction(s) had disappeared by the end of the spill, as indicated by the injectivity

126

test just before cementing the well, which showed negligible resistance to flow.™” This also supports

the conclusion that flow became less impeded during the spill, allowing the flow rate to increase.

The available evidence indicates that even if we accept the Government estimates of flow rate for the
latter period of the spill, it is likely that the flow rate increased on average over time, giving a cumulative

oil released significantly below the totals assumed by the Government investigators.

5.2.2 Statistical analysis and a likely range of oil released. When petroleum engineers are evaluating a
new oilfield, they often use statistical methods to estimate ranges of each input into their calculations —
permeability, compressibility, oil formation volume factor, porosity, saturation and gross rock volume.
Then, the statistics of a combined quantity — such as oil originally in place (STOIIP) — are computed. This
is valuable to quantify uncertainty leading up to investment decisions.'” For example, a range of
outcomes with associated probabilities for each can be used for cost-benefit decisions. | have not
followed this approach for two reasons. Firstly, such quantification of uncertainty involves a series of
somewhat subjective inputs. Secondly, this statistical approach is most valuable before production,

when data on many properties that determine reservoir behaviour are completely absent.

In Macondo, a well was drilled that produced oil. This provides information that helps narrow the
uncertainty in our calculations. For instance, the most likely case seismic analysis suggested that the

12® see Appendix E.3 and the Emilsen report [27] for further discussion.

*7 For instance, BP presents a statistical analysis of STOIIP in its Macondo pre-drill report [9]; Section 6.19.
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8 . .
In the seismic

well would encounter 96 ft of oil-bearing sandstone: it encountered 93 ft.*
interpretation, BP was uncertain as to the lateral (East-West) extent of the field with a predicted
maximum height of up to 140 ft at the well:'*® the pressure response demonstrates that the flow into
the well was confined to a channel that may not have encompassed the entire width of the field. Data
from the well and the pressure analysis considerably reduce the uncertainty in connected oil volume.
The mutual consistency between the results of the pressure analysis, measured rock and fluid

properties, and the geology of the field significantly shrinks the uncertainty in reservoir properties.

| have taken an unbiased approach, defining my ranges of likely outcomes based on the ranges in the
data, allowing for the full range of measured fluid and rock properties. The resulting range of oil
released is £12%. The approach taken here in the determination of cumulative flow is more robust and
avoids the unsupported extrapolations, poor analysis and scant regard for measured data in the
Government’s analyses. For the reasons given above, | consider it highly unlikely that the oil released

from Macondo lies significantly above the values | present in the next Section.

12% ee Table A.3 and [31], slide 15. Also BP’s gross rock volume assessment; [30], slide 1, most likely case: “96 ft at

proposed location.”
2% see BP’s gross rock volume assessment; [30], slide 3: “Scale Up from 96 to 140 at proposed location.”
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6. Range of cumulative oil released

We will now recap our values of each of the three fundamental inputs to the material balance equation,
and then calculate the volume of oil released. Recall that the simplified presentation of the material

balance equation was:

(6.1)

6.1.1 Connected oil volume, N, is 107 to 116 MMsth. The discussion in Section 5 demonstrates that the
connected oil volume | use is a possible upper bound. There are nine values, dependent on which set of

i . p— 130
laboratory data is used to convert from reservoir to surface volumes, and the compressibilities used.

Connected oil volume, N (MMstb) Fluid properties
High Middle Low .
A d
(Intertek) | (Schlumberger) | (Core Labs) RS ity
High case rock compressibility 113 111 107
Mid case rock compressibility 114 112 109 112
Low case rock compressibility 116 114 110

Table 6.1. The calculated volume of oil connected to the Macondo well. These are values of N input directly into the
material balance equation.

6.1.2 Effective compressibility, ¢, is 19 to 24 microsips. The compressibility values | use cover the full
range of the measured rock and fluid data, Table 4.4 (Section 4.2).

Effective compressibility, ¢ Fluid properties

(microsips) High Middle Low Average
(Core Labs) | (Schlumberger) | (Intertek) (mid case)

High case rock compressibility 24.48 23.64 23.45

Mid case rock compressibility 22.01 21.16 20.97 21.38

Low case rock compressibility 19.76 18.91 18.72

Table 6.2. The effective compressibility, c, that will be used to compute oil released in the material balance equation.

6.1.3 Pressure drop, AP, is 1,325 to 1,423 psi. Here we have three values for the different fluid
properties used (Section 4.3).

High | Middle | Low | Average

Pressure drop, Ap (psi) | 1,423 | 1,354 | 1,325 1,367

Table 6.3. Pressure drops, Ap, determined from the pressure match.

6.1.4. Calculated oil released is 2.9 to 3.7 MMstb. | multiply the values for the connected oil volume,
compressibility and pressure drop together, Table 6.4. | take values corresponding to the same set of
fluid data for consistency. |allow for the full range of measured fluid and rock property data. This is the

3% Tables 4.1 and 4.2 only showed the volumes for the mid-range rock compressibility.
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amount of oil released from the reservoir, not what entered the ocean. Oil burnt or collected before
reaching the ocean is not subtracted from this total.

I consider that the mid-range compressibility to be most consistent with the data: averaging the
numbers for the three sets of fluid properties gives a base-case calculated volume of 3.26 MMstb.

Fluid Properties
Oil Released (MMstb) - -

High | Middle | Low | Averaged
High | 3.74 | 3.57 | 3.47
Rock Properties | Middle | 3.41 | 3.24 | 3.15 3.26

Low 3.10 2.94 2.86
Table 6.4. The predicted oil released in million stb (MMstb) using the material balance equation (6.1).

6.1.5. Conclusion. This report contains all my analysis, my conclusions and the reasons for them. The
opinions that | have expressed are based on my review of the documents referred to in this report,131 in
the light of my education and experience.132 I may do further analysis to supplement my findings after

receiving any subsequent Government expert reports or other relevant information.

I am receiving £280 per hour for my work on this case, though | understand that the contracting agency
of my university, by whom | am paid, receives £350 per hour.

May 1, 2013

A complete bibliographic list of the documents referred to in forming my opinion is provided in Appendix N.

132 My academic CV is provided in Appendix L and my full publications list in Appendix M.
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Data analysis details

A.1. Introduction and data sources
Table A.1 shows the data that | have used with a brief justification of the choice.
Quantity | Symbol | Data source | Value | Unit | Comments
Connected Oil Volume, N: 107-116 MMstb
Gross rock volume v R |[r19t]erpretat|on 1,530 rb Assess 87-90% connectivity
Porosity 1) Log analysis [6] 0.217 Thickness-weighted average over 93 ft
Oil saturation St Log analysis [6] 0.878 Thickness-weighted average
Initial oil formation Service laboratory reports 2.2708- -
volume factor B, [18,20,32,34] 23595 rb/stb Use values from three laboratories
Compressibility, c: 18.7-24.5 microsips
O —————— 13.70; Track exact change in volume for
Oil compressibility G (18 20p32 24] P 13.90; microsips | calculated pressure drop for three sets
e 14.82 of service company data
Pore volume il 4.34 . . Range based on measured data to
compressibility gl MRBSLEAMENTS [ 24,26] — microsips match change in pore volume
and Dr. Zimmerman [Z] 8.57
Water " Literature value, Osif 3 — Has negligible impact on the
compressibility = (1988) P calculation
Pressure Drop, Ap: 1,325; 1,354; 1,423 psi
The Whitson tables provide a
Denslt_les for Whitsan tables. (W] and consistent extrapolation for_
conversion from ) 3 temperatures lower than studied
. P Core Labs measurements Varies kgm . -
capping stack to [20] experimentally. Retain direct data for
reservoir Core Labs to provide an
experimentally-based lower bound.
Temperatures for Solution of heat transport Take literature values of thermal
P ) T . _p 40-243 °F properties. At late time, behaviour
density values equations, Appendix B . -
insensitive to values used.
. Computed for three sets of fluid
Pressure difference . F :
befwsen camsln Calculation of head, 3,210- i properties. Conversion tabulated as a
b g S Appendix B 3,435 = function of capping stack pressure and
stack and reservoir : 2
time since choke closure.
. . Capping stack fter chok
Pressure readings P.(t) Trusler report [T] Varies psi Sl L I
closure
Final reservoir Section 4.3, Appendices C 10,433- i From fit to analvtical linear flow model
pressure Py and D 10,531 p ¥
Times to reach Section 4.3, Appendices C . Using analytical linear and rectangular
; ; 7 Varies s
reservoir boundaries and D flow models

Subsidiary variables used in the consiste

ncy check, Section 5

Gringarten report [ACG],
core measurements [1,23]

From Gringarten expert report

Permeability K ; 170-329 mD X >
and pressure analysis, including upper range
Section 4.3, Appendix E
Vilhitson table (W] for Measured data inconsistent k_)etwe_en
. . 0.205, labs. Use well-bore pressure in radial
Viscosity 7 Core Labs sample 19 at mPa.s . . -
p ; 0.2197 flow period, final pressure for reservoir
9,800 psi and 10,500 psi :
boundaries.
Table A.1. Summary of the data used in my calculations.
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| have relied on data in the reports provided by the independent service laboratories mentioned below.
For Core Labs | have taken the data from the less dense sample,™ giving the higher estimate of oil
released: additional data is summarized in BP’s Post-Well Technical Memorandum.”* | have also
employed values for fluid and rock properties determined from expert reports, although | have

performed my own appraisal of the data.

A.1.1 Core Labs (Pencor) data. Core Labs received the down-hole Macondo fluid samples shortly after
collection. Later they provided samples to Intertek and Schlumberger for analysis. The Core Labs data |

> The formation volume factor for a single-stage flash at the

use is taken from a spreadsheet.
saturation pressure (the bubble point pressure, when gas first exsolves from the oil) and a temperature
of 242°F is given in tab “Res. Fluid Summary C50” cell C48 (the value is 2.618). | use the tables of fluid
density from tabs “CCE at 100 °F”, “CCE at 170 °F” and “CCE at 242 °F”. The densities are found at a
given temperature and pressure by linear extrapolation, as outlined below, from the tabulated values.
The formation volume factor is the value at saturation pressure multiplied by the ratio of the density to
the density at the saturation pressure. Viscosity as a function of temperature and pressure is taken from

the tables in the “Viscosity” tab.

A.1.2 Schlumberger data. Here the data is taken from the pdf document [34]. The formation volume
factor at the saturation pressure, 2.539, is taken from the table at the bottom of page 4 (called the “zero
flash”). Tables 24 and 25 are used for fluid densities. | use the Anton Parr values (the other set of values

are similar to less than 0.2%). Viscosities were not measured.

A.1.3 Intertek data. Here the spreadsheet [32] is used to find the formation volume factor at the
saturation pressure, 2.5104 (“Summary” tab, cell C27). Then another spreadsheet [18] contains
tabulated data for fluid density at the reservoir temperature, 243°F (Table 3, located, confusingly, under
tab “Table 4”). | have used the values with a mixer — a magnetic stirrer — since this more rapidly
establishes thermodynamic equilibrium in the system. While measurements were taken at a lower
temperature of 100°F, there are no absolute measurements of fluid density (no single-phase flash was
performed at this temperature to obtain these values). | use the viscosity data in Table 8 of [18].

A.2  Fluid properties and petrophysical analysis
A.2.1 How compressibility is calculated. The definition of the isothermal compressibility for oil is:
19V,
&y = ————
Vo Op
(A.1)

'3 See the Pencor deposition [66], exhibit 8584, page 5, that shows a reservoir condition density of 0.583 g/cm”®.

This is from sample 19 and is the data | use. Compare with sample 53: exhibit 8583, where the same measurement
gives a higher value of 0.587 g/cm’.

134 BP-HZN-2179MDL03290054 (BP Post-Well Subsurface Technical Memorandum, [6] , pages 40 and 41).

** BP-HZN-2179MDL00063084 (for sample 19) (Core Labs fluid property report) [20]. Core labs did analyse
another sample, 53, and obtained similar results; | have not used this data directly though. | have used the sample
with the lower density as mentioned in the main text.
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where V, is the oil volume. However, the compressibility of the oil (and rock) is not constant, but varies
with pressure. In the material balance equation (and the analytic analysis — Appendix C) a single
compressibility value is used: this is not the derivative of volume change with pressure, as in Eq. (A.1)
but a difference, so that cAdp is strictly the fractional change in volume for a pressure drop 4p in Eq.
(3.1).

In reservoir engineering, we normally define oil expansion in terms of the oil formation volume factor:
the derivation that follows is a little clumsy but straightforward. Originally the oil volume in the
reservoir is V,; = Ah¢S,; at the surface its volume is N=V,/B,;. The reservoir pressure drops and finally
reaches a value p; with oil formation volume factor B,. The surface volume is the same, but the
reservoir volume at this final, lower, pressure is larger V,;=NBys = V,; By/B,i. The difference is the volume
produced. This has a reservoir volume V,; (Bos/B,i -1) = Ah¢S,(BorBoi)/Boi- Using Egs. (A.1) and (3.1) this
defines ¢, as:

c = Bof — Byi
? BoiAp
(A.2)

In the material balance analysis | can find the appropriate value of c once | know the pressure drop 4p. |
take the Ap determined from the pressure analysis (see Appendix D, Section 4.3 and Table A.5). Thereis

a negligible change in properties if other possible values of Ap are used.

A.2.2 | use linear extrapolation to find properties. In all calculations, to find properties at a given
temperature and pressure, | use linear extrapolation between the closest sets of data (that is measured
data at the nearest pressure and temperature conditions). This is a standard approach and employed,
for instance, in reservoir simulators. The equations are readily used in a spreadsheet.

| wish to find the value of a property A at a known temperature T and pressure P. Imagine that | have
the tables below. The two values of temperature and pressure chosen will be those closest to Tand P —

usually values above and below the required values.

Then | calculate:

® — P1a)A1 + @1y — P)A1a
(T, -T)—-p)

(P — P2a)A2p + (P21 — P)Aza
(T, =T (@ — P2a)

A(T,p) = (T —-Ty) ]+(T2_T)

(A.3)

A.2.3 Log analysis. When the Macondo well was drilled it encountered three layers of sandstone that

136

contained oil with impermeable shale in between, shown in Figure 4.4. The oil-bearing rock was

*® |n this report | will accept BP’s interpretation of hydrocarbon-bearing sandstone encountered in BP-HZN-

2179MDL04440267 (Macondo OOIP) [8]; BP-HZN-BLY00120160 (BP summary of permeability, porosity and
saturation) [16] and will consider the layers M56 D, E and F to comprise the Macondo reservoir. | will include
MS56F despite the suggestion by Pinky Vinson from BP that this may not be hydrocarbon bearing (see Pinky
Vinson’s deposition [48], page 341, lines 14-24). Excluding M56F from the analysis would reduce my calculations
of oil released by 100,000 - 140,000 stb (3-4% of the total).
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detected through logs — these are down-hole measurements of density and electrical conductivity that
can be used to infer the presence of oil. These measurements were used to find water saturation (the
fraction of the void space of the rock filled with water — the rest is filled with oil) and porosity. Fluid
samples were collected down-hole and analyzed. Rock core samples about an inch in diameter and
almost two inches long were drilled out of the side of the well-bore, and their properties were

measured.”

The fluid samples were used to determine — among other things — the ratio of the volume
of oil in the reservoir to its volume at surface conditions. Porosity was measured on the rock samples to

calibrate the calculations from the logs.

T=T,

Pressure Value of A
Pia A

P Az

T=T,

Pressure Value of A
P2a Azq

P2p Az

Table A.2. Example data at different temperatures and pressures to illustrate linear extrapolation of values.

The results of this analysis, taken from BP’s reports, are tabulated in Table A.3. | have then determined

% The average porosity™® calculated from the logs —

average values of porosity and oil saturation.
21.7% — is close to the average of the core measurements — 22.2%."° For reference, BP’s calculated

e 141
permeability values are also shown.

Anadarko also performed a preliminary petrophysical analysis. Their conclusions would lead to a smaller
oil volume — and hence oil released. However, their results were not calibrated against core data, since

this was not available at the time. This is discussed further in Appendix A.7.

" These were rotary sidewall cores: cylindrical samples of rock drilled out from the side of the well. They are

typically around 1.7 inches (4 cm) long with a diameter of 1 inch (2.5 cm).

** | use a thickness weighting of the values in each layer as shown in Table A.3. See BP-HZN-2179MDL04440267
{(Macondo OOIP) [8]; BP-HZN-BLY00120160 (BP summary of permeability, porosity and saturation) [16].

*° This is the average porosity for the 16 core samples taken from layers M56D and M56E for which permeability —
see Appendix A.5 — was also measured; BP-HZN-2179MDL02394182 (Weatherford permeability measurements)
[23].

% The 16 core measurements have an average porosity of 0.222. Using this value (as opposed to 0.217 in Table
A.3) would increase the volume of oil released by approximately 2% (60,000 stb) because of a larger calculated oil
volume. However, the log-derived values — from the whole 93 ft of oil-bearing sandstone encountered by the well
—are more representative of the reservoir than the average of 16 core measurements on samples around 2 inches
long.

! These values are discussed further in Appendix A.5: they are the geometric averages in each layer, corrected for
oil flow and the presence of water.

56

TREX-011553-R.0056



M J Blunt Expert Report

Layer Layer thickness (ft) | Porosity | Permeability (mD) | Oil saturation
Top (M56D) 22 0.2067 86.53 0.8283
Middle (M56E) 64.5 0.2208 275.22 0.903
Bottom (M56F) 6.5 0.2108 110.39 0.7815
Average (total) 93 (total) 0.217 219 0.878

Table A.3. The properties of the three oil-bearing sandstone layers penetrated by the Macondo well.'? | have computed the
average porosity, permeability and oil saturation using a pore-volume weighted average. The permeability is shown for
reference: it is the geometric average of the permeability calculated within each layer, corrected for oil flow and the
presence of water.

A.2.4 Steps to find the initial oil in place. BP analyzed the seismic data to calculate the initial oil in place
before the Macondo well was drilled. There are four steps in the calculation: determining the volume of
rock that contains oil; correcting for the fact that most of the rock is solid; correcting for the percentage
of pore space containing water; and converting the reservoir volume of oil to surface volume. | will
describe each step in turn: this is the standard approach used universally in the industry. |also arrive at
essentially the same number found in the Kelkar & Raghavan report.'*

BP determined the total horizontal area, A (4,482 acres) over which it expected to encounter oil and the

144

average height of permeable oil-bearing sandstone over this area, h (44 ft).”” The volume of oil-bearing

rock is therefore Ah. This is called the gross rock volume.

The reservoir rock is composed of solid grains fused together, with pore space in between containing oil
and water. We are only interested in the oil volume. To find that oil volume, Ah is multiplied by the
porosity ¢, the fraction of the rock volume that is pore space. The result is the volume of void space in

the reservoir rock — the space that can be filled with fluid. This is called the pore volume.

We then multiply the void space of the reservoir by the oil saturation, S, — the fraction of the void space
that contains oil. This is less than 1, as there is always some water present in reservoir rock: the rock
was originally saturated with water, and oil migrated into the reservoir, forcing out most — but not all —

the water. This gives us AhgS,, which is the oil volume in the reservoir.
Then the oil volume at the surface, called the stock tank oil initially in place, STOIIP, is given by:

STOIIP = Ah¢S,/B,;
(A.4)

A.2.5 Summary of fluid properties. The three sets of measured data are broadly consistent. | will use

all three in my calculations. Table A.4 below compares values of oil formation volume factor with those

142

BP-HZN-BLY00120160 (BP summary of permeability, porosity and saturation) [16]; see also BP-HZN-
2179MDL04440691 (BP summary of log analysis) [15], slide 25.

* While the reservoir oil volume is similar in the Kelkar & Raghavan report, they not use a measured value to
convert this to a surface volume (see Section 4.1), and assumed full connectivity.

4% BP-HZN-2179MDL0O5173765 (BP gross rock volume assessment, slide 1) [30], for the most likely case. See also
BP-HZN-2179MDL06566208 (BP Pre-Drill Review) [31], slide 15; and BP-HZN-2179MDL04440267 (Macondo OOIP,
row 12) [8] for height h (44ft), and row 26 for area A (4,482 acres).
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145 . .
As a basis of comparison, | show here

146

from the BP fluid property tables (see the discussion below).
the calculated properties at the initial reservoir pressure (p=11,856 psi)"" and at the final pressure
(determined from the pressure analysis, Section 4.3). For the calculation of initial oil in place, | need to
know only the initial B,; but the final-pressure B,swill be used later for the calculation of compressibility.

Table A.5 shows the oil compressibilities (Section 4.2).

The three sets of measured data give consistent values of B, and c,: the discrepancy in values is around

5%. These are difficult measurements made on a complex fluid at high temperatures and pressures.

Property | Core Labs | Schlumberger | Intertek | BP tables
B, 2.3595 2.3031 2.2708 2.1431
By 2.4093 2.3455 2.3129 2.1841

ps (psi) 10,433 10,531 10,502 10,502

Table A.4. Comparison of fluid data used in the analysis. The subscript i refers to initial conditions (pressure of 11,856 psi)
and fto final reservoir conditions. B, is the oil formation volume factor. pyis the predicted final pressure from an analysis of
the capping stack pressure build-up presented in Section 4.3: | find different values dependent on which set of fluid data is
used. The final pressure is not calculated for the BP tables: the Intertek value is used to determine properties for comparison
only.

Property Core Labs | Schlumberger | Intertek

¢, (microsips; x10° psi’) | 14.819 13.899 13.703

Table A.5. Comparison of measured oil compressibility. This is one component of the total or effective compressibility used
in the material balance calculation.

A.2.6 BP fluid property tables, and the value of B, used by the Government, have a bias. BP created

7 These use thermodynamic correlations™* tuned to match the

tables of oil properties for Macondo.
data to construct a convenient tabulation of properties for use in further analysis, including simulation
tools. As seen in Table A.4, there is a significant discrepancy between the oil formation volume factor in
the BP table used by the Government and the appropriate value of formation volume factor for this

149 . . .. .
Any conversion from reservoir to surface volumes is inversely proportional to the value of

problem.
B, used. Use of these BP tables leads to approximately a 6-10% increase in calculated oil volume
released, dependent on what measurement it is compared to. Since these BP tables are not reports of
direct measurements, and because we do not know the purpose or origin of these tables, | conclude

that they should not be used for this analysis.

** viscosity was also measured by Core Labs and Intertek (see Appendix A.1 and BP-HZN-2179MDL00063016 (Core
Labs fluid property report) [19];BP-HZN-2179MDL04440732 (Intertek fluid property report) [18]; For reference,
the Core Labs data gives values of 0.2026 and 0.1876 mPa.s for initial and final reservoir conditions respectively,
while the Intertek measurements give 0.2610 and 0.2462 mPa.s for initial and final conditions respectively. | do
note that the difference in these measurements may be the result of different experimental techniques. | will use
the viscosities computed using an equation of state in the Whitson report in this analysis.

'%® see Appendix A for a justification of this value.

BP-HZN-2179MDL04578104 (BP fluid property tables) [5]. In the oil industry these are called “black oil” tables.
While crude oil is indeed black in colour, this is a technical term referring to the characterization of the oil as being
liquid (stock tank oil) containing gas that is dissolved in the oil at reservoir conditions.

¢ Technically these correlations are called equations of state.

It is not clear if the BP Tables record single-stage or multistage separation values, which could explain the
discrepancy. In any event, my approach is to stick to the measured data.
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However, the value of B, in one BP table was also used in both the Kelkar & Raghavan and Pooladi-
Darvish reports. This is the principal reason for their over-statement of oil volume. This value was also
used in the Griffiths report, again introducing a bias. **°

A.2.7 Data summary. For reference Table A.6 shows the information | will use to find oil in place. It
helps illustrate the sequence of multiplications to find the reservoir volume of oil. Then | divide by the

values of B,;in Table A.4 to find the initial oil in place.

Area, A Average Gross rock Porosity, Oil Reservoir Connectivity | Connected
(acres) height, h volume, Ah ¢ saturation, oil volume, % oil volume
(ft) (MMrb) So Ahgs, Mid case
(MMstb) {(MMrb)
4,482 44 1,530 0.217 0.878 291 87-90 258

Table A.6. Compilation of data used to find the reservoir volume of oil in the Macondo reservoir. | assume that 87-90% of
the oil is connected to the well. | then divide by B,; to find the connected oil volume measured at surface conditions: Table
A.4.

A.2.8 Gas/oil ratios. In addition to the comparison of properties presented in Table A.4, | have also
compared the measured gas/oil ratios: this is the ratio of gas volume to oil volume measured at stock
tank conditions for a single-stage flash. Table A.7 shows numbers that are broadly consistent across the
three laboratories. Here the BP tables are almost exactly the same as the Intertek data.

The gas/oil ratio has been used to convert a total flow of oil and gas in the ocean determined from in

situ observations, to an effective oil flow rate at the surface.

Property | Core Labs | Schlumberger | Intertek | Average of the measurements | BP tables

R; (scf/stb) 2,906 2,945 2,831 2,894 2,833

Table A.7. Comparison of measured gas/oil ratios R,. scfis a standard cubic foot and stb is a stock tank barrel."*

A.2.9 Definition of oil formation volume factor. Oil is more valuable than gas, and so fields are operated
to collect as much oil as possible. The heavier gas components — propane and butane — can, with
judicious chemical engineering, be dissolved in the oil phase, leaving a lower volume of a so-called lean
gas composed almost entirely of methane and ethane. You can increase the amount of oil recovered by
preferentially separating out the gas at higher pressures (and temperatures) and then letting the
depleted oil reach equilibrium with the remaining dissolved gas. This can happen naturally in the
reservoir below the bubble point (the saturation pressure), if gas is preferentially produced: this is called
differential liberation (of gas). The amount of oil collected can also be maximized through multistage
separators at the surface that are designed to collect as much liquid (oil) as possible. | note that much of

the fluid property data concerns measurements of differential liberation and multistage separator

%% see Section 4.1 and Appendix F for more details.

BP-HZN-2179MDL00063084 (Core Labs fluid property report, “Res. Fluid Summary” tab, cell B48 for single-
phase flash) [20]; BP-HZN-2179MDL01608973 (Schlumberger Fluid Analysis on Macondo Samples, , zero flash
value) [34], page 4; and BP-HZN-2179MDL04440977 (Intertek multi-state separator tests and compositions) value
from “Summary” tab, cell C28 (for single-stage separator test) [32]. The Whitson [W] table values are the average
of the values provided based on the samples analyzed by the different laboratories.
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tests.

These can give lower values of B, (meaning more oil at the surface). | will not use these values,
as they do not correspond to the circumstances of the Macondo spill. The oil remained above the
bubble point in the reservoir, and oil and gas remained in equilibrium in the well-bore before being
released to the ocean, or collected. | quote from Muskat’s classic work The Physical Principles of Oil

Production (p76):

Implicit ... has been the assumption that the solubility and shrinkage properties of crude-oil and natural-
gas systems are independent of the thermodynamic paths followed between terminal points, i.e.,
reservoir and atmospheric conditions. This, of course, will be true if the total hydrocarbon content be
kept fixed and the gas and liquid phases are maintained in continuous contact... Such a process (for fixed
total composition) is termed “flash liberation” or “flash vaporization.” An example of its occurrence in
practice is the variation in pressure and temperature of the stream of oil and gas as it flows up the well
bore to the surface under steady-state conditions.

During the Macondo spill, the oil and gas maintained continuous contact from the reservoir to the exit
point. Hence, the single-stage flash (called flash liberation in the quotation above) B, — and not the B,
obtained from a separator analysis has been used in my calculations. This is discussed further in

Appendix F.2.

A.3 Rock properties
As with oil, the compressibility — the fractional change in volume per unit change in pressure — changes
with pressure. To track exactly the volume change for the calculated change in pressure in the reservoir,
| define the pore volume compressibility as follows, to be consistent with material balance Eq. (3.1):
e(pf)
T~ ¢ — py)
(A.5)

where ¢ is the volumetric strain (the fractional change in rock volume) as a function of pressure. As
before, | take ps to be 10,500 psi — the final answer is insensitive to the exact choice within around 100
psi. ¢ is the initial porosity and p; is the initial pressure (when the strain is 0) which — in these
experiments —is 11,800 psi.

Using this approach | obtain values of 7.41, 3.74 and 5.32 microsips for the three samples.

Dr. Zimmerman in his expert report [RWZ] examined the Weatherford pore volume compressibility. |
will use his (higher) values — in Table 4.3 — for my calculations.

There is little definitive public domain data that might help constrain the value of pore volume
compressibility further than discussed in the main text. A paper published by authors from Chevron, ENI
and Baker Atlas (Wolfe et al., 2005) by the Society of Petroleum Engineers reports laboratory
measurements of ¢; that lie between 1 and 2 microsips for deep Gulf of Mexico sandstones. They

132 gee, for instance, BP-HZN-2179MDL04440977 {Intertek multi-state separator tests and compositions) [32]; BP-
HZN-2179MDL04440978 (Intertek multi-state separator test results) [33].
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propose a method to calculate pore volume compressibility from logs that shows reasonable agreement
with direct measurements on both whole cores and rotary sidewall cores. Liu et al. (2008) quote a
range of compressibility between 1 and 10 microsips for Gulf of Mexico reservoir of similar geological
age to Macondo, with a base case of 3 microsips.

Ostermeier from Shell (2001) presents an overview of the compressibility of Gulf of Mexico sandstones.
He distinguishes two classes of sandstone: the first are poorly consolidated and highly compressible with
a compressibility that increases as the fluid pressure declines. He reports compressibilities as high as
100 microsips. In Macondo, however, the sandstone is of the second class (again this is clear from a

%) with a lower porosity and a

study of data from other fields in the Gulf of Mexico provided by BP
compressibility that declines with declining pore pressure. He reports one set of measurements with

values less than 10 microsips.

There are correlations in the literature to predict pore volume compressibility from porosity for
sandstones. For instance, the Hall (1953) correlation can be used to calculate compressibility from

porosity. For Macondo, this gives a value of 3.5 microsips.

The mineralogy of the sandstone also suggests a relatively incompressible rock compared to other
samples from the Gulf of Mexico. Weatherford determined that the Macondo sandstone is 93% quartz
(ranging from 91-94% on the core samples studied) with on average 3% clay.” Ostermeier, from Shell,
in a Distinguished Author article in the Journal of Petroleum Technology (Ostermeier, 2001), provides a
review of Gulf of Mexico rock compressibility. He comments that rocks with high quartz content — as in
Macondo — have low compressibilities: the quartz is very hard compared to more ductile, or easily
deformed, components of the rock, such as clay. Quartz-rich sandstones can have a high compressibility
only if the grains contact at sharp points: the grains can then easily rotate and compress into the pore
space. However, for a system of this relatively low porosity, and buried at high temperature, there is
likely a relatively high degree of cementation (the grains are stuck or fused together).

It is not possible to make a more definitive statement on likely pore volume compressibility: | will be
guided by the direct measurements that do appear to be in a plausible range, albeit at the upper end,
based on my reading of the literature.

I conclude, for reference, with Figure A.1 which shows the correlations used by BP to estimate
compressibility before drilling. While consistent with a value of 6 microsips, the considerable scatter

emphasizes the importance of checking the value with directly measured data.

153

BP-HZN-2179MDL06566208 (BP Pre-Drill Review, slide 17) [31].
BP-HZN-2179MDL02394187 (Weatherford rock composition analysis) [37].
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A.4 Total compressibility
| simplified the material balance equation (3.1) to emphasize the key data that contribute to the
calculation of oil released: equation (3.1) is correct but requires a non-standard definition of
compressibility presented in Section 4.2. The more standard expression in the oil industry (Dake, 1978)
for material balance is as follows:

19 BP-HZN-2179MDLO6566208 (BP Pre-Drill Review, slide 17) [31].

62

Figure A.1. The correlation between pore volume compressibility and porosity (top figure) and depth (bottom figure) for
Gulf of Mexico fields taken from a BP report prepared before drilling.” 1 psip is a microsip or 10° psi’. The graphs — with

some scatter — indicate a compressibility of between 5 and 6 microsips, close to the average of the measurements — Table
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N, = LWh¢ - ¢, - Ap/B,y
(A.6)

LWh¢ is the connected pore volume of the reservoir, Ap is the pressure drop and B is the oil formation
volume factor at the final reservoir pressure.

c; is the total compressibility:

Bp = & T 85,85 + Sylw
(A.7)

where the subscripts r, 0 and w stand for the rock, oil and water respectively. c; is the combined

compressibility of the rock, oil and water. The void space is full of fluid, hence S, + S, =1.

: —— . . . Bo; P—
The effective compressibility used in the main text isc = (B—‘") (;—t) where the total compressibility is
of o

given by Eq. (A.7).

Table A.8 provides the values of total compressibility multiplied by porosity that | calculate. This is —

16 | take a fixed value of pore

traditionally — the direct input into the material balance equation (A.6).
volume compressibility, but average the fluid compressibilities for each layer using the height-weighted

average to find the effective value for a given set of fluid and rock properties.

Total compressibility times porosity (microsips) | Core Labs | Schlumberger | Intertek
High case 4.76 458 4,54
Mid case 4.28 4.10 4.06
Low case 3.84 3.67 3.63

Table A.8. The total compressibility multiplied by porosity, using the full range of measured pore volume compressibility and
oil compressibility from the three sets of fluid data.

A.5 Permeability

While permeability does not enter into the material balance equation directly, it is a key component of a
consistent model of the reservoir. This is because permeability ties together the variables in the
material balance analysis, allowing us to confirm (or question) the reliability of our values for each
variable.

The permeability will allow us to assess the size of the connected reservoir — determined from the
pressure response — and to compare this with the seismic interpretation.

Permeability is also a crucial parameter in the Hsieh and Pooladi-Darvish reports that use reservoir
simulation: the flow rate is directly proportional to permeability. Hence, through over-stating the
permeability, they over-estimated the volume of oil released.

Hence it is important to review the permeability measurements.

'*® The approach in the main text and here are mathematically equivalent and give exactly the same values of oil

released.
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Permeability is typically the most uncertain parameter in a reservoir engineering analysis. Hence, it is
unwise to hinge a prediction of flow rate — and hence oil released — directly on one inference of its value
without checking for consistency with other parameters. Furthermore, in this report we carefully
compare and critique permeability determined by different methods: direct measurements on core
samples, correlations to down-hole measurements, measurements on neighbouring fields and

deduction from pressure analysis.

Like pore volume compressibility, permeability is measured on inch-long rock samples taken from the
reservoir. In the laboratory, permeability is found from the relationship between flow rate and pressure
gradient — embodied in Darcy’s law which we describe mathematically in Appendix C. It is relatively easy
to perform this measurement using a dry core (with no liquid inside) by measuring air flow. However,
air and oil flow are not identical and a correction needs to be made to reduce the air-measured
permeability. Furthermore, in the reservoir, the rock also contains water. This water does not flow, but

it restricts the volume occupied by oil and further reduces the permeability to oil.

There are four main sources of evidence for permeability that | review below: Weatherford’s direct core
measurements, BP’s down-hole (log) analysis, data from other fields in the Gulf of Mexico, and literature
values. In addition, in the main text (Section 4.3), | calculate permeability directly from the pressure
analysis. Finally, and most importantly, Dr. Gringarten has provided the most robust determination of
permeability from pressure measurements made down-hole just after drilling the well. | will use these

values in my calculations for the reasons outlined in this Section.

A.5.1. Core measurements: permeability is 364 mD. Weatherford reported a series of measurements of
permeability on the core samples taken from the reservoir sandstones contacted by the Macondo

1.7 Permeability was measured using two synthetic oils flowing through 19 cores: the values

wel
obtained ranged from 7 to 181 mD. The arithmetic mean (average) of all the oil measurements is 75
mD. The oil flow measurements were made on the cores as they were received in the laboratory and

d.™® As a consequence, the pore spaces of the rock could be clogged

before they were cleaned and drie
with drilling fluid (“mud”) and associated sand dislodged during drilling and extraction of the core
samples. Hence, while oil flow reproduces the conditions pertaining in the reservoir under production,
these values may be unrepresentative. However, this observation indicates that the rock in the near-
well-bore region had a reduced permeability. This could have restricted flow, particularly in the early
period of the spill.™®

Weatherford also reported air permeability measurements on 16 cleaned cores that were drilled from
the two main sandstone layers: M56D (6 samples) and M56E (10 samples): photographs of these cores

are shown in Figure A.2. The average air permeability is 474 mD with a range from 64 to 756 mD. The

**7 These are contained in a series of spreadsheets: BP-HZN-2179MDL05223139 (Weatherford permeability
measurements to oil) [1]; BP-HZN-2179MDL00470598 (Weatherford summary of cores collected) [21]; BP-HZN-
2179MDL00470599 (Weatherford rotary core summary) [22] provide summaries of the cores collected and tested;
while BP-HZN-2179MDL02394182 {Weatherford permeability measurements) [23] reports the measurements on
cleaned samples.

*® see Pinky Vinson’s deposition [47], page 110, lines 9-11.

This is discussed further in Appendix E.3.
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air permeability was corrected to represent liquid (oil) flow.™ | have calculated an average (mean) of

442 mD.*!

M56D — upper sandstone layer

Somple: 3-4R Sample: 3-5R Sample: 3-8R sample: 3-9R Sample: 3-10R Sample: 2-4R
Depth: 18069.80 feet Depih: 18072.00 feet Depth: 18081.80 feet Depth: 18083.00 feet|Depth: 18084.90 feet Depth: 18087.00 feet

1" e
M56E — middle sandstone layer

Sample:  3-17R Sample:  3-19R sample:  3-21R sample:  3-23R sample:  3-25R sample:  1-2R
Depth: 18131.90 feet Deplh:

Sample: 3-26R Sample: 1-3R Satnpre. 3-29R Sample: 3-31R
Depth: 18166.00 feet Depth: 18174.00 feet Depth: 18178.00 feef pepth: 18183.10 feet

Figure A.2. Photographs of the 16 cores from the two main sandstone layers M56D and M56E, for which permeability was

162

measured. ~ The flow-based average permeability to oil is 364 mD.

It is not best practice simply to use the mean of the permeability measurements to represent the
average for field-scale production. For three-dimensional flow, the geometric average within each

163 ; : s s 5 %
layer—" is more representative, since this better captures the flow conditions in the reservoir. | also

%% Air permeability is modified using the “Klinkenberg correction” to account for “gas slippage”. Physically, the gas
has a finite flow near the solid grain boundaries at the microscopic scale, whereas in a liquid (such as oil) the flow
is strictly zero at the solid. This means that the air-measured permeability is higher than the oil-measured values.
*®1 My averages are higher than those quoted by Weatherford; | have excluded lower permeability samples that
are not from the main sandstone layers as defined in BP-HZN-BLY00120160 (BP summary of permeability, porosity
and saturation) [16].

'%2 Taken from WFT-MDL-00039841 (Weatherford’s core photographs) [51].

'3 Mathematically, this is found from computing the mean value of the logarithm of permeability and then finding
the exponential.
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. 164
correct for the presence of water in the pore space.

165

This makes the oil flow-based average of the
Weatherford measurements 364 mD.

A.5.2. Down-hole measurements: permeability is 219 mD. BP related down-hole (log) readings to core

166 . L.
These down-hole measurements use sophisticated tools lowered

measurements of air permeability.
in the well which record the density and electrical conductivity of the rock — and the fluids within them —
close to the well-bore. They provide reliable values of porosity and water saturation. They do not
directly study fluid flow; instead a correlation is determined between down-hole readings and
permeability measurements taken from rock samples at the same depth. The data from these samples
are used with the logs to interpolate the permeability along the entire oil-bearing interval of 93 ft. This
is a standard approach and the log-based values are often considered more representative than the
average of the core measurements. BP presents the geometrically averaged permeability:*® as
mentioned above, this best reflects the overall behaviour in the layers of sandstone through which the
oil flows. This permeability is corrected to account for the presence of water in the pore space. BP
calculated average permeabilities'®® of 87, 275 and 110 mD for the top (M56D), middle (M56E) and
lower (M56F) sandstones respectively, with an overall average of 219 mD (Table A.3).**°

A.5.3. Correlations from other fields in the Gulf of Mexico:'’® permeability is 400 mD. BP also
presented an overview of permeability measurements on other fields in the Gulf of Mexico and
correlated permeability with porosity, shown in Figure A.3 — this is a universally applied method in the
oil industry. The expected permeability, using a porosity of 0.225, is around 500 mD. With the
measured porosity of 0.217 (Table A.3) the likely permeability based on this correlation is around 400

mD. This is at the upper end of the nhumbers quoted above.

A.5.4 Literature values. Ostermeier (1996) presents an overview of permeability in Gulf of Mexico
sandstones. He considers sandstones with porosities in the range 0.344-0.256, which is significantly
higher than the values we see in Macondo (around 0.21-0.22). It is difficult to make a definitive
assessment of likely permeability based on the data presented, but extrapolating his measurements to a
lower porosity range and accounting for grain size, using his data | would calculate that likely

permeabilities are around 200 mD or lower in Macondo.

'*% | multiply by 0.85 — see the discussion of BP’s log analysis in Appendix A.5.2.

16 Mathematically, | take the geometric mean of the 6 measurements in layer M56D and the geometric mean of
the 10 measurements in layer M56E. | then use the height-weighted average of these two values.

'®® This analysis is presented in BP-HZN-2179MDL03290054 (BP Post-Well Subsurface Technical Memorandum) [6];
permeability values uncorrected for oil flow and water are shown in Figure 35.

'®7 These are provided for each layer in the BP spreadsheet; [16].

These are the Klinkenberg-corrected geometrically-averaged air permeabilities multiplied by 0.85 to account for
the presence of water. In the absence of direct experimental data, the factor of 0.85 was taken from the Santa
Cruz field in the Gulf of Mexico (see Pinky Vinson’s deposition [48], page 254, line 25, and page 355, lines 1 and 2).
'®° This is the layer thickness-weighted average of the values.

BP studied other fields in the Gulf Mexico whose data were used by BP to develop correlations between rock
properties (for instance, between porosity and permeability) that were then employed to calculate rock properties
for Macondo. It does not imply that the value of a property measured at another field is the same at Macondo.
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A.5.5 Gringarten pressure analysis: permeability is 238 mD. Dr. Gringarten has analyzed the pressure
measurements down-hole performed by Schlumberger before cementing the well in his expert report
[ACG]. These provide a valuable flow-based estimate of permeability. This analysis avoids the
complexities associated with estimating permeability from the capping stack response because the

down-hole measurements include both accurate assessments of rate history and pressure.

The Gringarten analysis provides a reliable estimate of permeability that represents reservoir flow in a
region that extends several 100s of ft around the well and so is a flow-based average, rather than a

measurement on a small core sample.

As a consequence, | consider his analysis — close to the average of the log measurements — to provide
most valid determination of permeability. He quotes a statistical range of possible values between
approximately 170 and 329 mD, with 238 mD representing the mid-range (P50) case.

A.5.6 Data-informed permeability range: 200-400 mD. If we exclude the relatively low permeabilities to
oil measured by Weatherford, all the other data indicate an average permeability in the range 200-400
mD. However, the value of permeability does not directly affect the material balance analysis if other

properties — oil volume, compressibility and pressure drop — are known.

The Gringarten analysis suggests that the flow-based average permeability in the field is at the lower

end of this range.
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BEST.PHIE / BEST.K2200M3 Crossplot
Well: MCO727_1_CHV MCO0778_1_BP1_BPA MC0778_1_BPA
Range: All of Well
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Figure A.3. The correlation between permeability and porosity for Gulf of Mexico fields."”* BP estimated a mean porosity —
before drilling — of 0.225 giving an expected permeability of approximately 500 mD for Macondo. With the measured
porosity of 0.217 (see Table A.3), the average permeability is approximately 400 mD.

17 Bp-HZN-2179MDLO6566208 (BP Pre-Drill review, slide 14) [31].
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A.6 Datum depths, pressures and temperatures

Using the BP technical notes [14] and emails [4] the pressure transducers in the capping stack were
located at a depth of 4,912 ft below the sea surface. This is 12 ft below the top of the HC connector
[14].

The sea floor is at a water depth of 4,992 ft [4].

| need to relate the capping stack pressure to the reservoir pressure. Using the BP summary
spreadsheet [16] | choose a datum depth approximately mid-way through the middle — thickest — layer.
The top layer is at 18,034.1 TVDSS (true vertical depth sub-sea) and the bottom is at 18,105.0 ft. The
middle is therefore at 18,069.6 ft. The datum depth given is 18,065 ft which is close to the middle of the
sandstone. However, there may be a transcribing error in the spreadsheet, since the original
Schlumberger MDT report [63] implies a different depth, 18,056 ft, which | use."’?

The initial reservoir pressure is hence 11,856 psi*’* at a depth of 18,056 TVDSS.”* The initial reservoir
175

temperature is 243°F.
The vertical distance from the capping stack transducer to the datum reservoir depth is 18,056-4,912 =
13,144 ft (rounded to the nearest ft).

A schematic of the reservoir, well bore and capping stack is shown in Figure A.4 that explains the

distances mentioned above.

A.7 Anadarko petrophysical analysis

Anadarko, a part-owner of Macondo at the time, performed an independent analysis of the log (down-
hole) data prior to the accident. These results are preliminary, since it is usual — as for the BP analysis
presented earlier in this Appendix — to calibrate the results against direct measurements on core
samples taken from the well. This was not done, since, at the time, the results of the Weatherford core

analysis were not available.

Table A.9 presents the key Anadarko results compared to those from BP, and the values used in this
report. Note that use of the Anadarko data would lead to lower estimates of oil released. However, as
noted above, the lack of calibration means that their results are less likely to be representative of the
field. | will note, however, that the logs do indicate a lower porosity and permeability than the averages
of the core samples.

72 BP-HZN-2179MDL03742328 (MDT report, page 7) mentions a pressure of 11,856 psi at a depth of 18,131 ft.
[63]. Then page 28 mentions that the true depth below the sea is 75 ft lower than this, giving a datum depth of
18,131-75=18,056 ft.

17 Taken from BP-HZN-2179MDL03742328 (MDT report, page 24 from the Test Point Table [63]; also [63] page 7.
174 BP-HZN-BLY00120160 (BP summary of permeability, porosity and saturation, cell D12) [16].

7% [BP-HZN-BLY00120160 (BP summary of permeability, porosity and saturation, cell T12) [16]. The initial reservoir
pressure and temperature accord to that considered by Dr. Yun Wang at BP (see Edmond Shtepani’s deposition
[53] page 28, line 22).
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The oil saturation estimate was not subject to calibration, and hence, of all the properties shown, is
possibly as representative as the BP value. Using the Anadarko saturation would result in a lower
estimate of oil released.

Sea surface

Figure A.4. A schematic of the well bore, capping stack and reservoir geometry taken from [4,14,16,63]. The figure is not to
scale. We need to know the distance from the capping stack to the reservoir to calculate the weight of fluid in the well bore
and hence to find the reservoir pressure from the measured capping stack pressure.

Net pay (total layer Porosity Permeability (mD) oil
thickness) (ft) saturation
BP Igs analysis 93 0.217 219 0.878
Anadarko log analysis 92 0.192 107 0.837
Values | use in my calculations 93 0.217 245 0.872
Effect on oil released of using Anadarko Implies reduced
et b . 0.04 0.27 :’ g 0.05

Table A.9. Comparison of the results of BP’s and Anadarko’s petrophysical analysis. Also shown is the impact of using each
piece of Anadarko data on my estimates of oil released.'”®

176 The BP data is taken from Table A.3. The Anadarko data is taken from Brian O’Neill’s deposition [60], page 77,

line 4 for net pay; page 79, line 1 for porosity; page 80, line 1 for saturation; and page 81, line 5 for average
permeability.
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Appendix B. Conversion from capping stack to down-hole
pressures

B.1. Requirement to correct the data and the equation used

The measurements of fluid pressure in the capping stack provide valuable information about the
reservoir. When the well was closed, the pressure increased over time and was continuing to rise —
albeit slowly — when the well was cemented in. The final pressure (had the measurements continued for

much longer) helps determine the total amount of oil that was released, Eq. (3.1).

We are interested in the pressure in the reservoir — strictly speaking the pressure down-hole, or the
reservoir pressure at the well-bore and at the datum depth. We have measurements at the capping
stack. Since — once the well is shut in — there is no net flow, the down-hole pressure is the capping stack
pressure plus the weight of fluid from the capping stack to the reservoir. This is a familiar concept:
atmospheric pressure is the weight of air above us, while pressure increases with depth in the sea (or a
swimming pool) because of the weight of water above you. Indeed, the high fluid pressures
encountered in deep oil reservoirs are a consequence of the weight of fluid (and rock) above them.

I will provide a careful analysis of this pressure conversion, since it does have a significant impact on the
pressure analysis. Furthermore, this calculation has not been performed properly by any of the
Government investigators: specifically they all took a fixed pressure difference, ignoring the increase in
its value over time as a consequence of the increasing capping stack pressure and the cooling well-bore,
both of which tend to make the oil denser.

The concept is simple, but the details — provided here — touch upon a number of fascinating, classical
problems in fluid dynamics.

Mathematically, if the capping stack pressure transducer (where the pressure is measured) is at a depth
Z.s and the reservoir is at a depth z, (all depths are measured below the sea surface) then we can relate
the down-hole (well) pressure p,, to the capping stack pressure p. by:

Zy

Pw = Pes T f p(T,p)g dz

Zcs

(B.1)
where p is the oil density and g is the acceleration due to gravity (9.81 ms™ in Sl units). We know the oil
density as a function of temperature and pressure from the fluid property reports presented in
Appendix A. The pressure at any depth is — as we have already said — the weight of fluid above it. We

can compute density and hence pressure in a step-wise manner starting from the known (measured)
capping stack pressure and integrating downwards.
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B.2 Temperature changes in the well-bore

The deep ocean seawater has a temperature of approximately 40°F (4°C).>’

Below the sea bed, there is
a natural geothermal gradient of around 30°C per km (20°F per 1,000 ft), meaning that the rock and
fluids get hotter as we go deeper. We know that the Macondo oil is at a temperature of 243°F. It is a
reasonable approximation to assume that before the spill the temperature decreased linearly with

distance from 243°F in the reservoir to some lower temperature in the capping stack.

B.2.1 Heating the well and the surrounding rock. While Macondo was flowing, hot fluids moved rapidly
up the well-bore, heating the well and the surrounding rock, as well as the blow-out preventer. Hence,
the flowing temperature of the oil and gas was close to the reservoir temperature. This is a well-known
scientific problem, analyzed comprehensively in 1961 by the founder of rigorous well-test analysis, Prof.

8 However, when the well was closed, the facilities on the sea bed, the well-bore and the

Hank Ramey.
surrounding rock cooled. The process can be modelled using heat transport equations that are similar in

form to the ones we use to analyze pressure — this is considered in Section B.3.

B.2.2 Double-diffusive convection. Surrounded by cold sea water, the capping stack cooled rapidly.
Cold fluids are denser than warm ones. Hence, the cold oil in the pipe in the capping stack was denser
than the warmer fluid below it. This cold oil sunk and warm oil rose, as illustrated in Figure B.1. This is
another fascinating problem in fluid mechanics that has received considerable attention, as the same
physical phenomenon — the over-turning of fluids because of an unstable density variation — is seen in
many circumstances, from the sea below Arctic ice, to the interior of large stars. | recommend the
engaging review paper by Huppert and Turner (1981). Technically, our well-bore circulation could be

described as double-diffusive convection.'”®

The increase in pressure with depth makes the fluids
denser, and so is stabilizing. The cooling of the oil at the top is, however, destabilizing. A
mathematically similar problem for salt water in a well has been analyzed by Love et al. (2007). They
define a critical Rayleigh number for the onset of this convection. As | show in Section B.3, this
convection started a day or two after choke closure. While it does not directly impact the calculation of
pressure difference, it does explain how — on average — we can maintain denser fluids above less dense

ones: there was a continual circulation of fluid, which persisted until the well was cemented.

B.2.3 Data tabulation. | will start with the data, tabulating the pressure difference between the
reservoir and the capping stack for different temperatures and pressures at the capping stack, Table B.1.
| will assume that the temperature increases linearly with depth from some specified capping stack
temperature to the reservoir temperature. | evaluate the integral Eq. (B.1) numerically over 10 ft depth
increments using standard methods coded into a spreadsheet.

77 See a detailed analysis of temperature in and below the Gulf of Mexico in Forrest et al. (2005).

Prof. Ramey was Prof. Gringarten’s PhD supervisor at Stanford University and trained the current elder
generation of experts in well test analysis. He also co-authored the analytic derivation for flow in a rectangular
reservoir used in Section 4.3. The paper referred to is Ramey (1961).

'7° Classically the instability comes from a combination of thermal and concentration gradients. Here it is a
combination of thermal and pressure gradients, both of which are governed by diffusive processes.

178
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| have used the fluid property tables provided by Dr. Whitson for the Intertek and Schlumberger fluid
properties. These provide a smoother extrapolation than the measurements, while providing a physical
basis for the prediction of density at temperatures lower than explored experimentally. | have used the
experimental data for the lower-density Core Labs sample (Appendix A.1), which give the lowest
pressure differences. The measured and predicted densities vary typically by no more than 0.1%, but
the use of the experimental data directly leads to a slightly lower pressure difference, giving a larger
estimate of oil released. In order to preserve a rigorous upper bound on my calculations of oil released
constrained by the data, | therefore use the Core Labs measurements to provide a lower plausible
bound on the pressure difference.

Then | will provide — in Section B.3 — an analysis of how the temperature is likely to have varied over
time to provide this pressure conversion founded on basic principles of heat transport. In essence, |
invoke conservation of energy.

After choke closure, the well-bore cooled and the capping stack pressure increased. Both effects led to
arise in the pressure difference over time. Using a fixed pressure difference — as do all the Government
investigators — under-states the rate of pressure build-up in the reservoir, leading to an over-estimate of
permeability (Section 4.3), an under-estimate of the final reservoir pressure and over-statement of the
volume of oil released.

Figure B.1. Left, a schematic of the well-bore when the well was closed. While there is no net flow, cold, dense oil at the top
of the well-bore can sink, while hot, buoyant oil rises. This circulation distributes heat along the well-bore and maintains a
density that can decrease with depth. To the right is a visualization of an experiment showing a mathematically similar
instability caused by concentration gradients of different chemicals dissolved in water.'®

180 5ee http://fluidflowvisualization.sandia.gov/double_diffusion.html; Pringle and Glass (2002) from Sandia.
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Core Labs properties

Pressure difference between the reservoir and
capping stack (psi)

Capping stack temperature (°F)

Capping stack pressure (psi) 20 100 110 120 130 140 150 160 170
6,600 3,310 | 3,297 | 3,285 | 3,272 | 3,260 | 3,247 | 3,235 | 3,222 | 3,210
6,700 3,315 | 3,302 | 3,290 | 3,278 | 3,265 | 3,253 | 3,241 | 3,228 | 3,216
6,800 3,320 | 3,308 | 3,295 | 3,283 | 3,271 | 3,259 | 3,246 | 3,234 | 3,222
6,900 3,325 | 3,313 | 3,301 | 3,289 | 3,279 | 3,264 | 3,252 | 3,240 | 3,227
7,000 3,330 | 3,318 | 3,306 | 3,294 | 3,282 | 3,270 | 3,258 | 3,246 | 3,233
7,100 3,336 | 3,324 | 3,312 | 3,299 | 3,287 | 3,275 | 3,263 | 3,251 | 3,239
7,200 3,341 | 3,329 | 3,317 | 3,305 | 3,293 | 3,281 | 3,269 | 3,257 | 3,245
Schlumberger properties

Pressure difference between the reservoir and | Capping stack temperature (°F)

capping stack (psi)

Capping stack pressure (psi) 20 100 110 120 130 140 150 160 170
6,600 3,403 | 3,391 | 3,378 | 3,366 | 3,353 | 3,340 | 3,328 | 3,315 | 3,302
6,700 3,409 | 3,396 | 3,384 | 3,371 | 3,359 | 3,346 | 3,334 | 3,321 | 3,308
6,800 3,414 | 3,402 | 3,389 | 3,377 | 3,365 | 3,352 | 3,340 | 3,327 | 3,315
6,900 3,419 | 3,407 | 3,395 | 3,383 | 3,370 | 3,358 | 3,346 | 3,333 | 3,321
7,000 3,425 | 3,412 | 3,400 | 3,388 | 3,376 | 3,364 | 3,351 | 3,339 | 3,327
7,100 3,430 | 3,418 | 3,406 | 3,394 | 3,382 | 3,369 | 3,357 | 3,345 | 3,333
7,200 3,435 | 3,423 | 3,411 | 3,399 | 3,387 | 3,375 | 3,363 | 3,351 | 3,339
Intertek properties

Pressure difference between the reservoir and | Capping stack temperature (°F)

capping stack (psi)

Capping stack pressure (psi) 20 100 110 120 130 140 150 160 170
6,600 3,375 | 3,362 | 3,349 | 3,337 | 3,324 | 3,311 | 3,298 | 3,285 | 3,273
6,700 3,380 | 3,368 | 3,355 | 3,343 | 3,330 | 3,317 | 3,305 | 3,292 | 3,279
6,800 3,386 | 3,373 | 3,361 | 3,348 | 3,336 | 3,323 | 3,311 | 3,298 | 3,285
6,900 3,391 | 3,379 | 3,366 | 3,354 | 3,342 | 3,329 | 3,317 | 3,304 | 3,291
7,000 3,396 | 3,384 | 3,372 | 3,360 | 3,347 | 3,335 | 3,323 | 3,310 | 3,298
7,100 3,402 | 3,389 | 3,377 | 3,365 | 3,353 | 3,341 | 3,328 | 3,316 | 3,304
7,200 3,407 | 3,395 | 3,383 | 3,371 | 3,359 | 3,346 | 3,334 | 3,322 | 3,310

Table B.1. Calculated pressure difference between the capping stack and the reservoir for different capping stack pressures

and temperatures.

We can, empirically, write the following equations to predict the pressure difference for specified

capping stack temperatures and pressures using Table B.1. For the Core Labs properties we find:

7 5
Pw = Pes + 3210 + T (pes = 6600) + 7 (170 — Ty)

with pressure, p, measured in psi and temperature, T, in °F. For the Schlumberger properties:

37 101
Pw = Pes + 3302 + 5 (s = 6600) + - (170 — T)

while for Intertek it is:
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37 51
Pw = Pes T 3273 + w(pcs - 6600) e 6(170 - Tcs)

(B.4)

The final use of the tables and correlations is to note that convection is likely to start when the density is
higher at the top of the well-bore than at the bottom. Using the Core Labs properties this occurs at a
temperature of approximately 159°F, while for the Intertek and Schlumberger properties the

temperature is 166°F.

B.3 Analysis of temperature changes in the well-bore
B.3.1 The Ramey number and heating the well. The reservoir temperature is 243°F and for 86 days hot
oil from the reservoir flowed upwards. This hot fluid heated up the well-bore and the surrounding rock,

the blow-out preventer and the capping stack. When flow ceased, the well-bore cooled.

Let us first consider the initial heating of the well and surrounding rock. As mentioned in Section B.2,
this problem has been treated in the classic work of Ramey (1961). He found the well-bore temperature
as a function of time and depth and used his expression to predict the temperature profiles measured in
several wells. | will simplify his analysis. The temperature profile is a function of the following

" " " " 181
dimensionless number, which | will call the Ramey number R,:

e,
" 2mkH

(B.5)

where 1 is the mass flow rate, K is the thermal conductivity of the rock (and brine within it), C, is the
heat capacity of the oil and H is the distance from the capping stack to the reservoir. The values | use
are given in Table B.2. The mass flow rate is given a convenient round number in Sl units, based on an

average flow rate of around 40,000 stb/day.

B.3.2 | assume that during the spill the well-bore temperature is the reservoir temperature. | find a
value of 6 for the Ramey number. For R,>>1, the well-bore temperature is, to a good approximation,
equal to the reservoir temperature. | will make this assumption: that the well-bore temperature is
everywhere and for all times during the spill equal to the reservoir temperature. This is not a bad
approximation, but it will tend to over-state the temperature in the well-bore after choke closure and
hence under-estimate the fluid density and the final reservoir pressure, and over-estimate the amount
of oil released. | will return to examine this approximation at the end of this Section.

B.3.3 Radial heat transport equation. | will now model the heating and cooling of the rock using a radial
diffusion equation to represent heat transport. | assume that the temperature gradient with depth is
small compared to radial temperature gradients (away from the well-bore). In this case, | can model the

system in horizontal cross-section as shown in Figure B.2.

'8! This is A/Zf(t) using the nomenclature of Ramey (1961). f(t) is a time-dependent function that describes the

heat transport, which we will quantify later. In this problem its value at the end of the spill is of order 1.
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The governing partial differential equation is as follows:

16( 6T>_F6T
ror\Vs or) T Tt

(B.6)

where r is the radial coordinate, T is temperature and t is time. x;is the thermal conductivity and /7 is
the heat capacity (per unit volume) of the rock and fluids (or the annulus). In a homogeneous medium,
Eq. (B.6) can be written:

16( 6T> aT
——|r

ror\ or - aTE
(B.7)
where a7 is the inverse thermal diffusivity:
1 ks K
ar 1—‘T ¢pWCW + (1 - ¢)pscs
(B.8)

Cis the heat capacity (per unit mass), p is density and ¢ is the porosity. | take the values shown in Table
B.2 in my calculations.

In Appendix C, | solve the same equation as (B.7) but for pressure. This is done analytically and | go
through the derivation carefully, as it is important for the modelling of the pressure response. Here |
employ similar techniques, but will provide a much briefer presentation.™®’

First, I need to solve for the initial heating for times t,2t>0, where t, is the production time (length of the
spill period). | assume T{r>r,,0) = T, and impose T(r<r,,t)=T,. The solution is known analytically if the
thermal properties of the annulus and the formation — the rock — are the same.'® Define AT = 7-T,, then

the Laplace transform is given by:***

Ko(\Jarsr)

AT = (Tr = To) sKy(varsr,)

(B.9)

where K is a modified Bessel function of order 0. We then find the temperature profile at t=t,, T{r,t,)

and use this as the initial condition for the cooling period.

Formally, if we also consider heat transport in the well-bore itself, again assuming constant thermal

properties, the solution for the well-bore temperature during cooling can be written as:

*®2 More details can be found in the classic reference Carslaw and Jaeger (1946). To be consistent with the

pressure analysis in Appendix C, my symbol « is the inverse diffusivity (not, as normal, the diffusivity).
183

See Carslaw and Jaeger (1946).
'#% carslaw and Jaeger (1946), page 335, Eq. (3).
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(o]
ar (' —ry)?

fATi(r’,tp)e_ a5t dr'
0

ar

T(ry, At) =T + 55—
(i B8) = T, + 5

(B.10)

where At=t-t, is the time since choke closure.

However, these expressions cannot accommodate different thermal properties for the rock, the oil, and
the steel, cement and drilling mud in the annulus. Instead, to account these effects | will solve the

equations numerically.

Quantity Symbol | Value Unit
Average mass flow rate of oil m 100 kgs™*
Distance from capping stack to reservoir H 4,004 m
Thermal conductivity of the rock and fluids © 0.7'%-2.9"%° | wmK*!
Base case 1.3
Thermal conductivity of cement K 0.29" WmK?
Thermal conductivity of oil K, 0.137 wWmK?
Porosity of sediment ) 0.30
Heat capacity of seawater Cu 3,990 Jkg'K*
Heat capacity of oil Cs 2,000 Jkg'K*
Heat capacity of sediment (sand or sandstone) Cs 745 Jkg K™
Heat capacity of cement C. 1,550™° Jkg'K*
Density of seawater By 1,027 kgm™
Density of cement slurry fe% 2,500 kgm™
Grain density (quartz) j2) 2,660 kgm™
Reservoir temperature I; 243 °F
Initial temperature T, 40 °F
Well-bore radius rw 0.10795 m
Maximum well radius rm 0.46 m
Base case thermal diffusivity, Eq. (B.7) /o | 4.97x107 m’s™
Thermal diffusivity of (stainless) steel'* /o | 4.1x10° m’s™t
Thermal diffusivity of cement and oil*** /o | 7.5x10° m?s®
Annular thermal diffusivity™® /oy | 16x10° m’s™

Table B.2. Parameters used for my calculation of well-bore cooling.

'®% | ower limit for Gulf of Mexico sediments taken from Newson and Brunning (2004).

**¢ sandstone (Berea) value from Incropera and DeWitt (1985), page 756, Table A.3. Also used for heat capacities.
Cement and oil thermal properties from Skalle {2011), page 95, Table 7-1.

Seawater properties taken from Sharqawy et al. (2010) for a salinity of around 35g/kg and a temperature of 5°C.
Average value for fuel oil taken from http://www.engineeringtoolbox.com/specific-heat-fluids-d_151.html
From http://www.engineeringtoolbox.com/specific-heat-solids-d_154.html

Taken from Stankus et al. {2008); other types of steel have a higher thermal diffusivity.

Calculated from the other properties in the table.

A harmonic average of steel and annular values; the calculation is described in the text.

187
188
189
190
191
192
183
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Figure B.2. A horizontal cross-section through the well-bore, the annulus (containing steel, cement and drilling mud) and the
surrounding water-saturated sediment below the sea. | assume that during the spill, the oil in the well is at a reservoir
temperature of 243°F, and heats the surrounding rock. After choke closure, the rock and oil in the well cool. | calculate the
temperature in the well as a function of time using similar techniques employed in Appendix C to compute the pressure
response, as, mathematically, the equations are the same. In the figure T is temperature.

I have solved Eq. (B.6) numerically using standard explicit finite differences, with linear increments in
radius A4r (0.05-0.1 m) and small time steps &t (160 s in the cooling period) to ensure stability:

268t
TriAr2(r; +13_4)

M =T+ [eiri (e — T — g1 (T — T4)]

(B.11)

where the subscript i labels the radial grid block and the superscript n the time level. ri.o=ry and | solve
in the rock or annulus for i>1.

The initial condition is: T(r,t=0)=T,. During heating T(r<r,,t)=T, during cooling | compute the
temperature in the well using the oil heat capacity in Table B.2.

B.3.4 Predicted temperature profiles. Figure B.3 shows the temperature as a function of radius from
the well at the end of the spill (t:t,,:7.6x106s or 85 days and 17 hours) and just before the well is
cemented (At = 1.6x10°%s or almost 19 days later). We see that the hot oil heats the rock to a radius of
around 3 m, consistent with a simple calculation that the affected region is given approximately by
2 tp/aT. In this calculation | have assumed that the annular region has the same thermal properties as

the surrounding rock. | will return to challenge this assumption later.

The rate of heating — computed by summing up the excess heat energy introduced into the system — is
approximately 77 = 640 kW. This corresponds to an average temperature loss AT = I1/mC, in the
flowing oil of around 3 K or 6°F. Hence, it is not a bad approximation to assume more-or-less constant
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temperature conditions. However, closer to the sea bed, exposed to the cold ocean, there will be
further cooling: the maximum temperature measured for oil collected from the well was 221°F,***
indicating a 22°F temperature drop.

- ]
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Figure B.3. Predicted temperature in the rock as a consequence of heating from the hot fluid in the well during the spill,
followed by cooling after choke closure. The temperature profiles at the end of the spill, and just before the well is
cemented are shown. The final well-bore temperature is around 310K or 95°F.** This case shows the temperature close to
the top of the well, just under the sea bed.

As discussed below, just as in the pressure analysis, at late time the build-up is dominated by the
cumulative flow, here the cooling is controlled by how much heat energy entered the rock. Figure B.4
compares the heat flux into the rock as a function of time during heating (equivalent to the flow rate for
a pressure analysis) compared to analytical solution for early time.'®® The agreement between the
numerical solution and theory is excellent, indicating that my solutions are converged.

After choke closure, the temperature profile continues to spread, but with no net heat exchange. The
temperature at the well drops to around 310 K or 95°F.

1% 105°C measured by Reddy et al. (2012).
% | have performed these calculations in Sl units.
1% Taken from Carslaw and Jaeger (1946), page 336, Eq. (9).
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Figure B.5 shows the temperature at the well as a function of depth. The profiles at the end of the spill
and just before the well was cemented are shown. | have performed many simulations at different
depths and — to a very good approximation — the temperature profile at any one time simply varies
linearly from the value computed from Figure B.3 to 243°F at the reservoir depth.

\\\
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Time since choke closure (s)

Figure B.4. Predicted heat flux as a function of time (black line) compared to analytical early-time solution of the heat
transport equation (red curve). The predictions show an almost exact correspondence to the comparable Fig. 42, page 338,
in Carslaw and Jaeger (1946).

Figure B.6 shows the temperature at the well-bore as a function of time after choke closure. Three
cases are shown, assuming different thermal conductivities of the rock (the values shown in Table B.3).
The fastest cooling occurs for the most conductive rock, representing consolidated sandstone, with
slower cooling for less conductive, unconsolidated sediments. The base case is the upper end of the
range measured for Gulf of Mexico sediments below the sea bed, but this conductivity is lower than
deeper, more consolidated rock (see Table B.2). The final well-bore temperature, before cementing, is

9545 °F at the sea bed.
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Figure B.5. Predicted temperatures at the well-bore as a function of depth, at different times. To a good approximation, at
any given time the temperature varies linearly with depth from some (decreasing) value at the sea bed to 243°F at the
reservoir. After around 1 day (100,000 s) we see the onset of convective mixing. This may locally distort the temperature
profiles, giving regions of constant temperature with depth. However, conservation of energy prevents the average
temperatures varying significantly from what is shown here.

It could be argued that the well-bore cools slower near the top because the sediments are less
conductive, and faster at the bottom, where the rock is more consolidated. On the other hand, the
extra cooling from the ocean (considered below) and the fact that — at the top of the well — the initial
temperature is not exactly 243 °F at choke closure, means that the well-bore may in fact be cooler at the
top than | have calculated. | consider it a reasonable approximation to take one base case, constant,
value for the rock properties, and use this to compute the temperature profiles; these approximations
are considered in more detail below.

The oil in the well-bore cools, on average, by 74°F. This represents a cooling rate of approximately 4
kW. This is less than 1% of the average rate of heating of the rock during the spill. | have also computed
the temperature profiles assuming no heat exchange between the oil and the rock; this affects the
temperature profile by less than 1 degree. Hence, the contribution to the energy balance of the oil in
the well is small, but is included in the results | show here.
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Figure B.6. The predicted well-bore temperature as a function of time near the sea bed. | then assume a linear increase in
temperature with depth as shown in Figure B.5. The lowest curve assumes that the rock surrounding the well is sandstone,
while the other curves show the range of properties for unconsolidated Gulf of Mexico sediments (see Table B.2). The red
curve is the base case used in my calculations. Convection in the well-bore starts after about 1-2 days when the temperature
marked by the horizontal lines is reached. When the well was cemented, the calculated well-bore temperature is 95+5 °F.

B.3.5 Cooling from the ocean. The other source of cooling is the ocean itself. The well and surface
equipment sits some 92 ft above the sea bed and this will cool rapidly. It is possible to make a rough
approximation of the degree of cooling using an empirical value of 300 Wm™K™ for heat transfer

between fluids (seawater and oil) across steel.*’

The temperature drop driving the cooling is assumed
to be the difference between the computed well-bore temperature and the sea temperature. Then
taking an effective radius of the well-bore of around 0.4-0.5 m — the annular diameter near the top of
the well — | estimate an average cooling rate of around 400 kW. This is comparable to the heating rate
of the rock and so is potentially significant, leading to much lower temperatures in the well-bore.
However, this very simple calculation over-states the cooling. The temperature in the oil above the sea
bed will likely be close to 40 °F and the complex flow pathways in the capping stack and the blow-out

preventer could possibly delay or prevent effective heat exchange with the well-bore below the ocean

7 The value for the heat transfer is taken from http://www.engineeringtoolbox.com/overall-heat-transfer-

coefficients-d_284.html
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floor. | will ignore any additional cooling from the sea, but it does indicate that my assumptions are

conservative: it is unlikely that the well-bore temperatures | have calculated are over-estimated.

B.3.6 Convective mixing in the wellbore. The final discussion — before getting to a quantitative
relationship to convert capping stack to reservoir pressures — is to consider the impact of convection on
this analysis. As shown in Figure B.6, after around 1 day the well-bore has cooled sufficiently that the oil
at the top is denser than the oil at the bottom. This is unstable. This will lead to convective circulation —
with hot oil rising and cold oil falling — if we are above a critical Rayleigh number R,. Love et al. (2007)
showed that for flow in a well, the onset of convection occurs for:

ga,hpry
R, =——> 2156
a MH

(B.12)

Apis the density difference between the top and the bottom of the well, while ¢, is the inverse thermal
conductivity of oil. | estimate that less than 1 degree of cooling below the temperature indicated in
Figure B.6 is sufficient for the onset of convection, with Rayleigh numbers of 50,000 or more developing
later. This convection is illustrated in Figure B.1.

There is no doubt that convection occurs, but what does this mean? Traditionally, for a system that is
heated from below and cool at the top, the convection maintains an approximately constant
temperature profile with depth apart from narrow boundary layers at the top and bottom. The
temperature is close to the average of the top and bottom values. In Macondo this would lead to the
deep oil being cooler than the rock and the oil further up being hotter. Since heat exchange with the
rock is very efficient, on average the oil must maintain, more-or-less, the same temperature as the rock.
| am not aware of any study of this interesting problem: it is possible that several convection cells
develop with a stair-step change in temperature with depth, as seen in the ocean below the Arctic ice
(Huppert and Turner, 1981). However, overall, simply from consideration of conservation of energy, in
this essentially closed system, with the vast majority of the heat energy stored in the rock, | cannot
conceive of any mechanism that will significantly change the average temperature in the well-bore from
what | have calculated. Even if we were to allow the temperature to be constant with depth, at a value
that is the average of my computed sea bed temperature and the reservoir temperature, this will reduce
the pressure difference | present next by only approximately 10 psi out of a total of around 3,300 psi.

B.3.7 Radial heat transport. | will now convert the computed temperature as a function of time to a

pressure difference between the capping stack and reservoir.

Figure B.7 shows the computed temperature profiles plotted as a function of the logarithm of time.
Note that after around 1 day (100,000 s) the temperature decreases almost exactly in proportion to
log(At). This is not coincidental. As | discuss in Appendix C, diffusion in a radial geometry — after the
input of a constant heat flux (or a constant flow rate) followed by a no-flow period — leads to a
temperature (or pressure) that decreases linearly with the logarithm of time at sufficiently late times. In
this case the boundary conditions are different, but at late time the functional form of the heat
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transport is largely independent of the boundary conditions: heat is added to the system and it diffuses
radially.™®

We will use the same concept later in our discussion of the pressure response: at late time, the
behaviour is controlled solely by the total heat energy introduced (in this case) or the cumulative flow
(for pressure): the analysis is insensitive to the details of the heat transfer or flow rates over time.

240 -

140
120

100 -

Well-bore temperature (Fahrenheit)

40 -
10,000 100,000 1,000,000
Time since choke closure (s)

Figure B.7. The predicted well-bore temperature as a function of time near the sea bed. Here time is shown on logarithmic
axes, indicating that the temperature decreases linearly with In(4t); this is the classical time dependence for radial transport,
which we will encounter again in Appendix C for pressure. For times greater than around 100,000 s the temperature of the
base case (middle curve in red) is given by: T = 162 — 55.7 log;,(At/100,000) for temperature in °F and time in s — this trend is
shown by the dashed red line. The other solid lines are the cases shown in Figure B.6. The dashed black line shows the
impact of assuming an annular region of lowered thermal conductivity near the sea bed.

The temperature decreases as In(AT) with a slope 7r. Without a full derivation, which uses the results of
Appendix C, this slope 7y is approximately:™

% This is discussed in Ramey (1961).

Taken for the late-time expression of flux, Carslaw and Jaeger (1946), page 336 and using the final flux as an
approximately constant heat transfer rate.
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(Tr _To)

dart
ln( gp)—ZV
rW

nr =

(B.13)

where yis Euler’s constant (0.57722). This is relatively insensitive — as we see — to the fluid and rock
properties used. Theoretically the value is 34°F; the slope of the line in Figure B.6 for late times (greater
than 1 day or 100,000 s) is around 55.7°F, which gives 7; of 55.7/log(10) = 24°F, a somewhat lower
value, since the slope is still, slowly, increasing, and we consider the cooling of oil in the well itself.

B.3.8 Consideration of heat transport in the annulus: a more-likely case. The Macondo well, as any
deep oil well, consisted of a telescope-like arrangement of progressively smaller holes with depth. At
the sea bed the hole had a radius of around 18 inches (0.46 m).**

arrangement of cement, steel casing and drilling mud. Steel conducts heat very efficiently, but the mud

Surrounding the oil is a concentric

(mainly oil) and the cement will — generally — have a lower thermal conductance than the formation
itself (see Table B.2).

| have adopted lower-bound estimates of the thermal properties of the Macondo well from the
literature in Table B.2. In Figure B.7 | present a case where | have considered the impact of the annulus
near the sea bed. | have made the following assumptions which | consider a more-likely case than the

results presented previously:

e During the heating period | take a well-bore temperature of 237°F, corresponding to my
predicted cooling of 6°F in the well; this is still less than the cooling (22°F) measured directly

201
l.

during the spil This accounts for the extra cooling during the spill from the ocean.

e | assume an annular radius of 0.46 m (36 inch diameter). At the sea bed, the inner 22 inches of

202

the well contained 11.87 inches of metal casing. | calculate an effective thermal diffusivity

from a harmonic average of 11.87 inches of steel and 10.13 inches of cement and oil (the

% | then apply this value over the larger 36 inch diameter hole.

arithmetic average of ).
Overall the presence of steel in the well approximately doubles the thermal diffusivity from its

value with just oil and cement: the number | use is shown in Table B.2.

This case is very interesting: a slower initial cooling (in the first 10,000 s), and then a rapid cooling after
around 100,000 s followed by — roughly — the same cooling rate, with a final temperature now of only
81°F.

Furthermore, | have ignored direct cooling from the ocean after choke closure. This is likely to be
significant, leading to more cooling near the surface compared to my base case, not less, although the

200

Hickman et al. (2012).

Reddy et al. (2012).

Taken from Appendix W of the BP Accident Report (2010), page 16, Tables 1.2-1.4.

Strictly I find the harmonic average of the thermal conductivity and the volume-weighted average of the heat
capacity {per unit volume). In this case though, within the approximations of the data in Table B.2, the heat
capacities per unit volume of steel, oil and cement are similar: 3.7x10° Jm?K*.

201
202
203
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effect is difficult to quantify. After all, it is almost certain that the oil actually in the capping stack is at,
or very close to, the sea temperature to 40°F, so to presume that it is much hotter just below the sea

bed is almost certain an over-statement.

There is one last uncertainty. The natural temperature change with depth below the Gulf of Mexico is
not linear but often displays a dog-leg shape, meaning that the average temperature can be higher or
lower than a straight-line extrapolation from the sea bed to reservoir depths.”®* The BP Accident Report
shows a temperature profile with depth which is non-linear implying slightly higher temperatures on

average.” | will ignore this, as it has little impact on the calculations.

In the pressure analysis, the key feature is the rate of cooling — the slope of the graph in Figure B.7.
After 100,000 s any estimate of the thermal properties of the well and rock— supported by the literature
— give almost the same behaviour. | am therefore confident that my analysis is valid in this time period
because my pressure analysis is focussed on the late-time (>100,000 s) response, matched with a linear
flow model that is insensitive to what may have happened in the first day after choke closure. | will take
the mid-range case — the red line in Figure B.7 — for my quantitative analysis. To be conservative, |
ignore the additional cooling likely as a consequence of the effects of the annulus and the ocean. In the
end, the more likely case makes a difference of only 5 psi to the calculated pressure drop and a less than
0.5% decrease in oil released: | will note though that with this correction, the pressure match is better
(to within 1.5-1.7 psi — compare with Table D.2).

B.3.9 Conversion from capping stack to reservoir pressures. | now insert the computed time
dependence of temperature (Figure B.6) into Egs. (B.2) — (B.4). | find, using the Core Labs measurements
that

7

Pw =pcs+3210+120

5 At
(p.s —6600) + " [8 + 55.7logqg <—100,000)]

(B.14)

with pressure, p, measured in psi and time since choke closure, At, in s. For the Schlumberger

properties the pressure conversion is:

= + 3302 + 37 6600)+101 [8+55 71 < At )]
Pw = Dcs 600 (pcs 30 -/10819 100,000
(B.15)
while for Intertek it is:
= + 3273 + 37 ( 6600)+51[8+55 71 ( at )]
Pw = Pcs 600 Pcs 40 -/10810 100,000
(B.16)

204

Forrest et al. (2005).
2% Appendix W of the BP Accident Report (2010), page 15, Figure 1.5.
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Note that this correction will add a constant amount to the predicted reservoir pressure derivative
(Section 4.3): both temperature effects in the well-bore and the pressure response of the reservoir itself

impact the predicted behaviour.

The correction Egs. (B.14) — (B.16) is only applicable for late-times (At>100,000 s). For my quantitative
analysis — to show the predicted reservoir pressures based on the capping stack measurements — |
tabulate the temperature as a function of time using the middle case (red solid line) in Figure B.6, and
insert this directly into Egs. (B.2) — (B.4).

| consider this calculation to be robust for the late shut-in period — after around 1 day. It simply uses
conservation of energy: during the spill the hot oil delivers heat to the formation and then the formation
cools down. At late time, the temperature profile in the well-bore decays as In(4t), with a slope only
weakly dependent on the rock properties. However, the early-time behaviour is sensitive to the near-
well heat transport (just as in well test analysis, the early time build-up is affected by the rock properties
close to the well). Hence, the conductivity of the casing, cement and fluid in the annulus could affect
the behaviour until the heat transient moves beyond the well and into the rock. A numerical solution of
both vertical and radial heat transport, as presented by Wooley (1980), could be used, if the thermal
properties of the annulus were known. The focus of the analysis in my report, and any quantitative

analysis, considers only the late-time linear or channel flow period.

B.3.10 Discussion of the impact of cooling. The preceding discussion has, inevitably, been rather
mathematical. Now, | will try to discuss the behaviour a little more qualitatively, to draw attention to its
significance, before quantifying how a neglect of this effect impacted the estimates of the Government

investigators.

Why is the cooling insensitive to the thermal properties of the rock, and why does an insulating annulus
increase the cooling rate? Imagine a hot cup of coffee. If it is in a thin plastic cup, it is too hot to hold
and cools rapidly; put it in a thick, insulating Styrofoam and it cools slowly while the cup remains at
worst lukewarm on the outside. So, by analogy, if the annulus is insulating, the surrounding rock stays
cool. But this is not the whole situation for Macondo — it is more complex and subtle than that. Imagine
now that we place the coffee (plus cup and lid) in a large bath of water. We have a little heater and
keep the coffee hot for many hours. What happens now? Well, for the thin plastic cup, the heater is on
more-or-less constantly and we end up with hot coffee in a hot bath. But for the Styrofoam cup, there is
less heating and the bath water remains cold, even though the coffee stays hot. This is akin to the well
flow — the oil is held at more-or-less reservoir temperatures for 86 days surrounded by rock and water
and then it cools. When it cools, the hot coffee in the hot bath actually cools slowly — after all, you have
to wait to cool down the entire bath first. The hot coffee in the Styrofoam initially stays hot, but
eventually it is affected by the cold water around it: when this happens, the temperature falls, and it
falls fast — just as in our Macondo oil simulation. So, an insulating annulus, with the properties | have
estimated, leads to a more rapid cooling at around 1 day, and more cooling overall. Also, the properties
of the formation have little impact: a more conductive rock heats up more and cools quickly, but is
hotter when cooling starts, while a less conductive formation heats less but cools slower — the two

effects almost cancel out.
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I will nhow show the impact on the pressure response, anticipating the mathematical details in
Appendices C and D. Figure B.8 shows the effect on the reservoir pressure derivative (dp/d(In(At)) of the
temperature correction alone, compared to the capping stack derivative, together with the reservoir
derivative that | analyze in Section 4.3. Note that the temperature effects resemble a very long radial
flow period. Indeed the temperature transient resembles the build-up for a reservoir with a permeability
of around 550 mD (the constant derivative is around 30 psi, similar to that of the capping stack
derivative at early time). The more likely case — with an insulating annulus — resembles the pressure
transient with a skin effect (the hump in Figure 4.11 at early times), but a skin effect that is much, much
more long-lasting than in normal pressure analysis.

The interesting point to note is that the derivative is around 30 psi or larger within a day of choke
closure. Had | included the effects of cooling from the ocean this derivative (rate of cooling) would
most likely be even larger. This explains why my estimated permeability using the base case —300 mD —
is higher than Dr. Gringarten’s best estimate of around 240 mD: including these additional effects would
lead to lower estimates of permeability in my analysis, closer to the determination by Dr. Gringarten
from down-hole measurements. For instance, my more likely case gives a permeability of around 280

mD (from the constant pressure derivative value of around 60 psi in Figure B.8).

B.3.11. A reservoir permeability of 500 mD or more may have led to a reopening of the well.. Figure
B.8 is a fascinating graph, made appealing (to the expert) through the mathematical correspondence
between temperature and pressure transients. However, rather than dwell on this, | will illustrate one
important, qualitative feature. If the reservoir pressure were 500 mD or larger, then the reservoir

derivative would have a radial flow stabilization at around 30 psi.”®

My more-likely case has the same —
and rising — derivative value at around 60,000 s (17 hours); if we include ocean cooling it is almost
certainly even higher. Now, the capping stack derivative is the reservoir derivative minus the

207

temperature correction. So, the capping stack derivative could drop to zero and then go negative,

before rising again when channel flow starts.

What does this mean? Within a day of choke closure on July 15" 2010, the capping stack pressure
would have risen, then reached a maximum and then started to fall slightly. This was the well integrity
test: a falling pressure would have likely been misinterpreted as evidence of leakage from the well-bore,
the valves would have been re-opened, and oil would have continued, unnecessarily, to have been spilt
until the relief well was drilled.

This somewhat dramatic comment does help to illustrate, clearly, the importance of the cooling on an

interpretation of the pressure response.

2% Using the equations in Table D.1 and the methodology of Section 4.3.
27 precisely there is an extra correction for pressure effects in Eqgs, (B.2)-(B.4), so the capping stack derivative is
even lower.
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Figure B.8. The capping stack pressure derivative, the effect of the temperature correction alone and the total reservoir
derivative used in this analysis (see Figure 4.12). | show the base case (used for quantitative calculation) and a more likely
case, with more rapid cooling overall.

B.4 Effect of an incorrect pressure conversion on Government estimates of

oil released

| now present the details of the analysis discussed in Section 4.3. In Table B.3 | present the conversion
from capping stack to reservoir pressures given in the different Government reports. For comparison |
show my own conversion — averaged over the three sets of fluid properties — for the last capping stack
pressure measurement used in my analysis (6,952 psi when | predict the capping stack temperature to
be 95°F). There is a large discrepancy between my value and the much lower numbers presented in the
Government reports. | also show the pressure rise calculated from this final pressure measurement to
the final pressure. In this case the discrepancies are less significant. | also show the likely impact on
permeability of adding the temperature effects to the derivative (Section 4.3).

Finally, | present the impact on predicted oil released. | only consider the impact of the pressure
conversion (not the analysis to find the final pressure) on the pressure drop in the material balance
equation. For Dr. Hsieh and Dr. Pooladi-Darvish who have simulation models, | also incorporate the
impact of the change in permeability, assuming that flow rate (and hence cumulative released) is
proportional to permeability. For these two experts, the correction will more than halve their estimated
oil released.

89

TREX-011553-R.0089



M J Blunt Expert Report

My estimate of Under- Pressure rise Impact on Effect of usin
Pressure | capping stack | statement of from last permeability J
Investigator head temperature head capping stack (mD) cons;:::f)L on
(psi) (°FP® compared to measurement .
my value (psi)* oil releaszeltg
. MMstb
My analysis 3,378211 95 (psi) 159 ( stb)
Drs. Kelkar & Used material
rs. telar | 3220 220 158 185 sed materia -0.54
Raghavan balance
Dr. Hsieh™ 3,199 235 179 78 570 to 300 -2.62
DI;;':;:Lazﬂ" 3,137 >243 241 71 550 to 300 -2.69
Grif::l.15215 3,190 >243 188 126 Not a reservoir analysis

Table B.3. A table summarizing the impact of the pressure conversion from capping stack to reservoir on the calculations of
the Government experts. | show the pressure head, together with the capping stack temperature consistent with this value
at the time of cementing the well. | also quote the further pressure rise from the last measurement to the final reservoir
pressure. | demonstrate that the poor pressure conversion leads to an over-statement of both the pressure depletion and
the permeability, which governs flow rate. These two effects have a huge impact on the results of Dr. Hsieh and Dr. Pooladi-
Darvish.

I end this Appendix by noting the values of capping stack temperature consistent with the heads
assumed by the Government researchers. | have used the tabulations of oil density to find what
| find

This is completely implausible because it ignores the

temperature (at a capping stack pressure of 6,952 psi) will give the values listed in Table B.3.
capping stack temperatures of 220°F or higher.
impact of the oil cooling and leads to a substantial under-statement of the pressure difference between
the capping stack and the reservoir, contributing to a significant over-estimate of oil released. Just
because it is difficult to quantify the rate of cooling, this is not an excuse to ignore it and end up with a
biased estimate of the pressure conversion based on near-reservoir temperatures throughout the oil
column. Things that are hot cool down: this is a simple statement of the second law of thermodynamics.

This cannot be ignored.

2% | find the temperature that gives the estimated head averaging the three sets of fluid data using the tables in

Appendix B. For reference a capping stack temperature of 243°F gives head values of 3,141, 3,232 and 3,202 psi
{(average 3,192 psi) for the Core Labs, Schlumberger and Intertek fluid properties respectively.

%% Dr, Hsieh’s values are taken from his spreadsheet [44]; Drs. Kelkar & Raghavan from their supporting
spreadsheet “Av pr to DOJ”; Dr. Griffiths from [SKG], Appendix F, page 39; and for Dr. Pooladi-Darvish | assume his
last pressure measurement was 6,994 psi, as the other Government investigators.

*° To find the new cumulative flow, | multiply the estimated value by the ratio of the pressure drop accounting for
the head conversion only to the estimated pressure drop, and by the ratio of permeabilities.

! Calculated at the end of the build-up period with a measured capping stack pressure of 6,952 psi and a
temperature of 95°F, averaged over the three sets of data using the correlations in Appendix B.

> From Kelkar-Raghavan report [KR], page 19: “The pressure drop due to the column of oil is 3,220 psi.”

From Dr. Hsieh'’s pressure analysis spreadsheet [44].

From Dr. Pooladi-Darvish’s report [PD], Appendix lll, slide 23, using the base case model, for which he assumed
a well-head temperature of 220°F using his estimates of fluid properties.

*** From Griffiths report [SKG], Appendix F, page 39.
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Appendix C. Mathematical derivation of the model of the
pressure response

This Appendix contains the derivations of the equations used to analyze the pressure response. The
methodology is standard in the petroleum industry, but is included for completeness. | present here
principally the linear model for flow. The equations for the rectangular model are not presented as they

have already been derived in Earlougher et al. (1968).

C.1 Darcy’s law and fluid flow

I will now introduce the second fundamental equation, after material balance, used in reservoir
engineering. This is Darcy’s law, originally proposed by the French Civil Engineer Henry Darcy in 1856 in
a study of sand filters in public fountains: running the water through the sand effectively removes
bacteria from the water. Darcy’s law describes how fluid (oil) moves underground in porous rock. It can

be written:

Area of the rock /Permeability
. e
across which Q= _AK vp

there is flow H .
Pressure gradient (C.1)

Oil flow rate Oil viscosity

The flow rate (Q, the volume flowing per unit time) is proportional to the area that flows (4; in this
context it is the height of the reservoir sandstone multiplied by the width). Q is inversely proportional
to the viscosity, 4. Viscosity is a measure of how easily fluid flows, and is found from fluid property
measurements. The flow rate is also proportional to the pressure gradient, Vp: this is the driving force
that pushes the fluid through the microscopic pore spaces of the rock. The minus sign is because flow
goes from high pressure to low pressure. The remaining term in the equation, K, is the permeability.
This is a rock property and quantifies how easily oil flows through the pore space. Its magnitude is
related to the area of a typical pore (pore spaces are typically around one tenth to one thousandth of a
millimetre across: see Figure 3.1) and hence has a very low value when measured in S| units (square
metres, m°). However, it is standard in petroleum engineering to measure permeability in units of a
darcy (D), or millidarcy (mD, thousandths of a darcy) in honour of the discoverer of the equation. |1 D is
approximately 10" m? (see Appendix I). Average permeabilities of a reservoir vary typically from around
1 mD to 1 D. Permeability is found from flow measurements on core samples and from an analysis of

pressure behaviour: both approaches will be used in this report (Section 4.3 and Appendix A.5).

C.2 Radial flow

C.2.1. Radial flow equations. The analysis of radial flow is standard can be found in any reservoir
engineering or well-testing textbook. | recommend Bourdet (2002). We assume that we have fluids of a
constant compressibility obeying Darcy’s law, Eq. (C.1).
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We use Darcy’s law and invoke conservation of volume in a system of constant compressibility we arrive

at the following partial differential equation for the evolution of pressure:

dp
Vip=a—
P=%¢
(C.2)
For radial flow, Eq. (C.2) is:
19 ( 6p> _ Op
rdr r ar/ T at
(C.3)
where r is the radial coordinate, p is pressure and t is time. «is the inverse diffusivity for pressure:
_ pucy
K
(C.4)

where K is the (average) permeability, 4 the viscosity and ¢ the porosity. The total compressibility ¢ is
defined by Eq. (A.7). We have already met similar equations for temperature in Appendix B, Eq. (B.7).

The initial condition is p(r,0)=p; (initial pressure in the reservoir). We assume a specified flow rate -Q, at
the well (r=r,, where r, is the radius of the well); later we show how to accommodate a varying flow
rate. The negative sign indicates that the flow is in the direction of decreasing r (flow out of the
reservoir). Rate here is measured at reservoir conditions: to covert to surface condition rates you need
to divide by the oil volume formation factor B,.

We return to Darcy’s law, Eq. (C.1) to relate the flow rate to pressure gradient. For horizontal radial

flow of oil, the effective flow area is 27rh, or the surface of a cylinder:

K dp
Q =-2nrh——
uor
(C.5)
The constant well flow rate boundary condition is:
K dp
Qo = 2nrh——
° porl_,
(C.6)
The easiest way to solve this problem is to define a new variable:
_ar?
T
(C.7)
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Then Eq. (C.2) becomes:

dp d’p  dp
dy ydyz B ydy
(C.8)
We find:
dp e
_— n —_—
dy y
(C.9)
where 7 is a constant found from the constant flow boundary condition:
0 ) hK dap 4ntKh |
=2nrh——— = e -
0 lrl a,r — 7] ” T=rw
(C.10)

While we will provide careful determinations of parameters later, it is instructive to note that for all but
the earliest times y is very small. The well radius is approximately 4 inches (0.1 m) and the base case

. 2_-1 216
value of the parameter « is around 0.5 m“s™.

Then y evaluated at the well is approximately 0.0013/t
where time, t, is measured in seconds. Our interest is in times of around 1,000 to 1,000,000 s, so y is

always very small (<<1) at the well. Hence we can set e” =1 and we find:

_ uQo
T
(C.11)
and, to obey the initial conditions, we can write:
e Y [ an?
Pw =DPi =1 dey=pi+nEt ~ar
ar
T4t
(C.12)

where Ej is the exponential integral (Abramovich and Stegun, 1970). As mentioned above, for all the

2
times we are interested in % <« 1 and so we can use the following approximation (Abramovich and

Stegun, 1970):

Ei(=y) = Iny +y
(C.13)

**® This is much smaller than the inverse thermal diffusivity introduced in Appendix B. Heat transports through

rock much slower than pressure. Over the spill period, a noticeable temperature change was observed out to, at
most, 3 m, whereas the pressure encountered reservoir boundaries some 5,000 m or more from the well.
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for y<0.01 where yis Euler’s constant =0.57721. Hence we find, from Eq. (C.12):

4t
pw = p; —nln <am5)

(C.14)

The pressure decreases as In t — logarithmically with time — in the radial flow regime. The radial flow
regime ends when the pressure wave hits the sides of the channel — see Figure 4.9. This occurs when
r=W/2 at a time:

(C.15)

C.2.2. Inclusion of skin. It is likely that the oil did not flow unimpeded across the whole reservoir
section. While it is difficult to model this in detail, since the precise nature of the well-bore damage is
unknown, it is possible to account for this empirically. This is achieved through the inclusion of a so-
called skin. This method is standard in the oil industry and accounts for any changes in effective
permeability near the well. Skin is included in reservoir models simply as an additional pressure drop at

the well that is linearly related to flow rate. We obtain (by definition):

4t
Pw =Pi—1 <ln <ayrv$) + ZS)

(C.16)
Sis the (dimensionless) skin factor (not to be confused with saturation).

In Macondo, skin can account for deviations from radial flow near the well: it is unlikely that the flow
into the damaged well is exactly radial near the well-bore, as the oil has to access the damaged portions
of the cement and casing [27]. This is called the partial penetration skin. Furthermore, as discussed in

Appendix E.6, this skin is likely to have varied over time.

C.2.3. Variable rate and pressure build-up. It is possible to account for varying flow rate by considering
the response of a series of constant rates imposed at different times. This is called Duhamel’s principle.

First we define pp as the pressure response for a unit flow rate and with no skin and with zero initial
pressure. From Eq. (C.14):

u 4t
o=ty
Po(®) anKh aynz

(C.17)

At any time — using Duhamel’s principle — the well pressure can be written as:
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t
_ 9Q(7)
Pw =Py = 6()Q(t) + | ——pp(t —D)dr
0
(c.18)
where & accounts for skin, and can be a function of time, if S varies:
Sp
6= 2nKh
(C.19)

C.2.4. Simple model of draw-down and build-up. We assume that from t=0 we have a constant rate -Q,
and then at t=t, the well is closed and Q=0. We will only consider here the pressure build-up, t>t,.

Consider this as the addition of two rates (-Q, for t>0 and Q, added for t>t,) in Eq. (C.18):

B LAt A t)) | (tp+At)
Pw=Pi—1 narvg_n ar\% =Ppi—nn At

(C.20)
where At=t-t,.

Eq. (C.20) is the basis of the standard Horner plot in well test analysis: the pressure is plotted against the
logarithm of Horner time (t, +A4t)/At. A straight line indicates radial flow with the slope giving an
indication of flow rate and permeability. This is also the same behaviour we saw for the temperature
profile in Appendix B.3.

C.3 Linear flow
For linear flow Eq. (C.2) is:
a’p  ap
axz "ot
(c.21)

As before the initial condition is p(x,0)=p; (initial pressure in the reservoir). There is no flow at x=L: the
end of the reservoir, as shown in Figure C.1. The specified flow rate -Q, is given at the well (x=0).

Well at x=L
x=0 J

< e T T T 7
e X T M

Figure C.1. Schematic of the model for linear flow: the reservoir is treated as a straight channel of length L and width W,

with flow only in the x direction. The well is at one end (x=0).

As before, the relationship between flow rate and pressure gradient is given by Darcy’s law, Eq. (C.1)
where now the flow area is hW:
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_ KnWop
B u 0x
(C.22)
Then the no-flow boundary condition at x=L is equivalent to:
dp _
Oxly—y B
(C.23)

C.3.1. Laplace transform. A powerful and general way to solve pressure dissipation problems is to use
the method of Laplace transforms (Carslaw and Jaeger, 1946). The Laplace transforms used are all taken
from Abramovich and Stegun (1970). We take the Laplace transform of the governing partial differential
equation, Eq. (C.21):

9%p
352 = ash —ap;
(C.24)
The tilde ~ represents the Laplace transform. The general solution is:
P = A(s)eVasx 4 p(s)etVasx 4 pi/s
(C.25)
Then for the no-flow condition, Eq. (C.23):
B(s) = A(s)e 2Va5L = gA(s)
(C.26)
where
e = g—2VasL
(C.27)

and is small for most times considered.

Then we consider the constant flow rate boundary condition at the well. Taking the Laplace transform
of Eqg. (C.22), we find

KhW ap _ KhW
uoox  p

Q = — \/%A(s)(e—\/lgx —cet asx)

(C.28)

Then the boundary condition at x=0 becomes:
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’”;W JBSAE)(L - ©)

QO/S=—

From this we find A(s) and hence the Laplace transform of p.

A(s) = _L —3/2
KhWva(1l —¢)
~ 'uQO -3/2( ,—Vasx +Jasx
=——5 e + ce +p;/s
P KhW+a(l —¢) ( ) pi/

At x=0 we define a well pressure p, (we account for skin later):

—__ M (+e)
Po = T wa L — o)

5732 +p;/s

To invert the Laplace transform, we need to re-write the terms in gthat are functions of s.

1+¢ - =
( )=1+ZZ£"=1+226‘2“““SL
(1-¢)

n=1 n=1

We then use the following inverse Laplace transform (Abramovich and Stegun, 1970): for

f(S) — 5—3/Ze—k\/§

the inverse transform is:
t 2 k
t) =2 |—e k/4 —kerfc(—)
f® j; NG

Comparing Eqns. (C.34) and (C.35) with the terms in the sum in Eq. (C.33) we use:

k = 2nVeal

Then from Eq. (C.33):
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2uQ, = 22 o VanlL
=p;, —————t 1+ZZ e~ LY/t _ ’—erfc
Po =P KhWyra t \t

n=1

(C.37)

where erfc is the complementary error function (Abramovich and Stegun, 1970). Let’s simplify Eq. (C.37)

by defining:
g = 2uQo  _2Q, | M
KhW~ma AW [mnpc K
(C.38)
and:
c
7, = al? = %LZ
(C.39)

Physically 7; is the time taken for the pressure response to reach the no-flow boundary at x=L. Then:
o
T T
142 Z (e‘"ZTL/t —nvm ’TL erfc <n ’%))l
n=1

C.3.2. Early time behaviour. In the linear flow regime, but before the pressure sees the boundary at x=L,

Po =i — BVt

(C.40)

t € 1, from Eq. (C.40) all the terms in the bracket, bar the first, are small, and we see classic channel-

flow behaviour with a square-root-of-time dependence:

Po =pi — BVt
(C.41)

C.3.3. Late-time behaviour. Once the pressure wave has seen the boundaries, t > 7, , there is an
approximately linear decrease in pressure with time. This is the so-called pseudo steady-state regime
that is often employed in simple analyses of producing fields: it is seen after several months and
continues through the decades-long life of the field.

This behaviour is more difficult to derive directly from Eq. (C.40) as, in the limit ¢ > 7,, we have a sum
of nearly equal terms. The way to derive this is to return to the Laplace transform solution, Eq. (C.32) in
the limit of small s (this corresponds to large t). In this case, instead of Eq. (C.33) we write:

(1+¢) 1+e2Vask 141 —2Vasl 1 1,
= ~ —S

(1—e) 1—e-2Vast 2\asL T VasL VL

(C.42)

to leading order in s.
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Then from Eq. (C.32):

Tp _,
Po 2 ,—TL N PL/S
(C.43)
and hence
Po =DPi — _n_ﬁ,—f
0 i 2 V5,
(C.44)

As mentioned above, the pressure declines linearly with time in response to a constant flow rate
production.

A full solution, based around this late-time expression, can be found in Carslaw and Jaeger (1946), p112

(we do not derive it here as it is not used in the analysis):

Vo B 21, et/
pO pl 2 \/ﬁ 1_[2 Z le
(C.45)

C.3.4. Inclusion of skin. Here we define p,, as the measured well-bore pressure and obtain using Eqgs.

(C.16) and (C.19):
§ -n?ry/t /TL /TL
1+2 Z, (e nm : erfc (n . >)l

C.3.5. Variable rate and pressure build-up. As before, we use Duhamel’s principle to find the response

Pw = Do —6Qy = p; —8(£)Qy — BV

(C.46)

of the system as the sum of a series of constant rates imposed at different times.

First we define pp as the pressure response for a unit flow rate and with no skin and with zero initial

142 i (e‘”ZTL/t - nﬁ\/? erfc <n\/§>)l

pressure. From Eq. (C.46):

pp(t) = —BVt/Q,

n=1
(C.47)
For reference the early time behaviour, Eq. (C.41):
Pp = _ﬁ\/E/Qo
(C.48)
and the late-time behaviour, Eq. (C.44):
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Vr B,

p = — _—
P 2Q0vT
(C.49)
At any time — using Duhamel’s principle — the well pressure can be written as:
t
9Q(7)
pw =pi —6(OQ) + P pp(t — 1)dt

0

(C.50)

C.3.6. Draw-down and build-up with constant rates. As before, at t=0 we start producing at a constant

rate -Q, and then at t=t, the well is closed and Q=0. We will only consider the pressure build-up, t>t,.

As for the radial case, we either consider this as the addition of two rates (-Q, for t>0 and Q, added for
t>t,) to find:

Pw =DPi— Qo (pD(t) —pp(t— tp))

(C.51)
The early-time response is from Eq. (C.48):
Pw = DPi _ﬁ(\/z_\it_tp)
(C.52)
Usually in pressure transient analysis we define At=t-t, and hence we have:
Pw =pi—/3< /At+tp—\/At)
(C.53)

This is the classic expression for channel flow that we will show is consistent with the Macondo pressure
build-up.

C.3.7. Late-time and consistency with material balance. The late-time response, which we call p; (this is

the final reservoir pressure, when the pressure is constant throughout the domain) is, from Eq. (C.49):

Vi B

pr=pi————=(t—(t—1t)) =pi_7\/?tp
L

(C.54)

There is a fixed final pressure drop. This expression has to be consistent with material balance which

states that the amount of oil produced N,, (at reservoir conditions) is given by:

Npr = Qoty =Ver(pi —pr) = Ve Ap
(C.55)
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where Vis the pore volume of the reservoir: V= ghWL. From Eq. (C.54) and using Eqgs. (C.38) and (C.39),
we find that the final term in Eq. (C.55) is:

Vi B puce
VeeAp = 7\/?¢hWLCttp = ﬁQotp = Qolp
L

(C.56)
using Eq. (C.4) for a.
So — as it has to be — the late-time final pressure is consistent with material balance.

C.4 Well not at the end of the channel

C.4.1. Well geometry. Our model reservoir has the well exactly at one end. The Macondo well was,
however, designed to be in the centre of the thickest layers of oil-bearing sandstone, near, but not at,
the Southern end of the field. An improved representation is to place the well a distance L; from one
boundary and L, from the other as shown schematically in Figure C.2.

Well at
x=0

Figure C.2. Schematic of the reservoir with a well placed at an arbitrary location in the reservoir channel. This is the model
that accurately predicts the measured pressure.

This case can be treated as two separate problems in each limb of the reservoir with the constraint that
they give the same well pressure and that the two rates add to the specified rate at the well.

C.4.2. Analytic analysis. If we define Q as the total rate at the well, then Q=Q;+Q; the sum of the rates
on each branch. The rates on each branch may change with time even if Q is a constant.

We require the well pressures to be equal (we treat skin separately as an additional pressure drop
proportional to Q):

¢ t
9Q,(7) 80, (1)
il hencef 1T Ppa(t —D)dr = f 621 pp2(t — T)dt
" 0
(C.57)
From Eq. (C.50), where for either limb (i=1 or 2):
) = piE0u[ 12 (et [ ()|
n=1

(C.58)
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and from Eq. (C.39):

7, = al?

(C.59)

For Eq. (C.57) to be valid for all times we equate the integrand and write Q,=Q-Q;:

00,(v) _ (9Q(r) 00Q,(7)
Pp1(t —17) 5  \ "o T or Pp2(t —7)

(C.60)

And hence we find an expression for Q;:

901 () _ Pp2(t —T) 9Q(v)
Jt pp1(t —T) + ppo(t —7) It

(C.61)

From Eq. (C.57) the general expression for pressure at the well is:

F90,(0)
T
P = b= 8000 + [ 5 Dpp, = Dde
0

(C.62)

which from Eq. (C.61) becomes:

F9Q() Pt = Dppa(t = 1)
T) Pp1l —T)pp(t—T
=p; —S)Q) + T
Pw =2 =500 ) 70T P+ P10

(C.63)

One way of writing this is to use an expression similar Eq. (C.50) and define a new unit flow pressure

response:
t
aQ(v)
pw =pi —8(DQ() + Tp,,,,(t —1)dr
0
(C.64)
where
oy = Pp1Pp2
P ppy + Ppa
(C.65)
with pp;for i=1,2 given by Eq. (C.58).
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If we consider our simple model of constant rate draw-down and build-up, then we use Eq. (C.51) as
before but with pp, in (C.65) substituted for pp.

We will use the final pressure directly in our analysis. From (C.54) and (C.65) we find:

R =A _ﬁLt
(C.66)

C.4.3. Coupling to a semi-analytic outflow model. The final stage of the analysis is to couple this
reservoir model to the outflow performance. If we assume fully turbulent flow then the pressure drop
from the well to surface can be expressed as (this is the assumption used in the Government reports
[2,3]):

pw —Pbs =$(0) + K(C)Qz(t)
(C.67)

where £ accounts for the weight of oil and gas and « is the turbulent resistance factor. Both of these
parameters may be functions of time. Then we can construct the following expression for pressure as a
function of flow rate:

_ L, (00
pi = e = £ + 5(0Q) +K®Q*(©) ~ [ 5 P ppy (¢ — ) dx
’ (C.68)

If we know the parameters as a function of time, then Q(t) can be obtained from Eq. (C.68) semi-
analytically. While a little more sophisticated, Eq. (C.68) is quite easy to use. It could also be used in
combination with independent calculations of outflow performance: a simple tank model of the
reservoir could be replaced by the expressions in this report. However, this requires the somewhat

uncertain determination of outflow performance x and the effect of skin das a function of time.
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Appendix D. Additional pressure analysis

This Appendix provides additional results and the equations used in the analysis of the measured

pressure data discussed in Section 4.3.

D.1. Parameter matches, sensitivities and model comparisons
D.1.1 Definitions and best-match values. Table D.1 summarizes the properties that we can derive from
the pressure analysis. They are all introduced in Appendix C. Table D.2 provides my values of these

properties using the methods presented in Appendices C and E and Section 4.3.

Parameter | Defining equation Meaning Found from
n _ HQo Draw-down in radial flow. Uses height | Value of pressure
" 4nKh h at the well (93 ft), and final flow derivative
(C.11) rate.
Tw aWw? Time for pressure to see channel End of radial flow
w =g width regime
(C.15)
7 % = #lg Time for pressure to reach channel Match to channel flow
(C.59) end pressure build-up
(3 % = als Time for pressure to reach the other Match to channel flow
(C.59) channel end pressure build-up
P _2pQ, Draw-down in linear flow Slope of channel flow
b= KhWira pressure regime
_ uQ,
2 /Ty Kh
(C.38)
Ap Ap Pressure decline Final stabilized
NE3 B pressure
2 (ot
(C.66)
Table D.1. Table of parameters that will be determined from fitting the analytical model in Appendix C to the measured
pressure response.
Parameter Pressure | Derivative
o 72 ﬂ Ap Ps Pest error error
Core Labs data 11,300,000 | 115,000 | 0.8011 | 1,423 | 10,433 7,040 2.03 12.00
Schlumberger data | 12,000,000 | 87,900 | 0.7589 | 1,325 | 10,531 7,066 1.84 11.78
Intertek data 11,800,000 | 93,700 | 0.7713 | 1,354 | 10,502 7,041 1.89 11.85
Unit 3 s psi.s'l/2 psi psi psi psi psi

Table D.2. Parameters determined from the pressure match to the linear flow model. Table D.1 provides definitions and
descriptions of each of these terms. The errors are the root-mean-square errors — Egs. (D.2), (D.3). p. is the final capping
stack pressure, computed using the methods in Appendix B once the temperature in the well-bore is the geothermal gradient
—see Figure D.6.

104

TREX-011553-R.0104



M J Blunt Expert Report

Pressure | Derivative
Parameter n Tw 73 7 B Ap Pr error error
c°:|‘:':bs 556 | 60,873 | 10,226,054 | 190,423 | 0.79939 | 1,444 | 10,412 | 1.37 11.14
SCh'“d':::rge' 53.4 | 61,791 | 11,020,620 | 165,194 | 0.76131 | 1,341 | 10,515 | 1.13 11.09
Intertek data | 54.4 | 62,177 | 10,809,080 | 172,072 | 0.77329 | 1,371 | 10,485 | 1.37 11.14
Unit psi s s s psi.s'l/2 psi psi psi psi

Table D.3. Parameters determined from the pressure match to a rectangular flow model. Table D.1 provides definitions and
descriptions of each of these terms. The errors are the root-mean-square errors — Egs. (D.2), (D.3).

217

The pressure data is presented in Figure 4.10 as 79 distinct values.””” It is the pressure measured at the

capping stack from shutting in the well to just before the well was cemented.”*®

The pressure in the
reservoir — deep underground — is estimated using the conversion presented in Appendix B: | will treat
this as the measured reservoir pressure in my analysis. | have three conversions giving three sets of

pressure matches for the three sets of fluid properties introduced in Appendix A.

The values shown in Table D.2 are best matches to the pressure data and the pressure derivative?*
using the linear flow model presented in Appendix C. This model is used for all the quantitative analysis
to find the length of the reservoir and the pressure decline.

Table D.3 shows the pressure matches to an analytical rectangular flow model, which better captures

the transition from radial to channel flow.?*°

This model is useful to determine 7, used to compute
permeability in Section 4.3 and 7y, used to find the connected width of the reservoir in Section 5. It also
provides a check that the linear model arrives at similar values of 7; and the final pressure (within 21 psi,

or a pressure drop difference of 1.5%), which is controlled by the late-time behaviour.

Note that we match the pressure to around 2 psi or better, which is well within the precision of the

pressure gauge itself (around 5 psi).?**

D.1.2 Objective function for matching. The match is found from minimizing the objective function, 0,%%

7| have taken pressure readings with the same value and averaged the times at which they were recorded. |

have ignored the final five readings, which are perturbed by the injectivity test prior to cementing the well.

% | used the revised Ratzel report [3] to assume that there is no flow from the completion of the choke closure at
14:22 on 15" July. | take the end of the build-up period when the injectivity test started at 13:00 on 3™ August. At
is the time since choke closure, while t, is the production time. From the BP Accident Investigation Report (BP,
2010), | assume that the well started flowing at approximately 21:00 on 20" April 2010 (this is also consistent with
the Emilsen Report [27]). This gives t, (until choke closure) of 85 days, 17 hours and 22 minutes or 7,406,520 s.

*® The derivative is computed as a difference between the previous and the subsequent pressure readings divided
by the difference in the logarithm of time. There is a period late on 31% July when the pressure falls slightly [T] —
this negative derivative is ignored in the analysis.

*?° The equations are not given here but can be found in Earlougher et al. (1968).

! It is possible to fit the data with an average accuracy better than the pressure gauge sensitivity, since we match
to a discrete pressure at the average time that this pressure is recorded: at that time, the real pressure is almost
certainly very close to what is recorded — much closer than the sensitivity of the gauge.

*2 The minimization has been performed using the Simplex algorithm. | have also checked the results by hand to
confirm that a good match has been obtained.
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L n-1 4 5
4 Pi+1 — Pi—1 Pe |
OZZW' i — () +ZW- —
2. i(pi — pe(t)) \InCtir) — It~ dn(ol,,

i=2
(D.1)

where we have n pressure points in the match (n=60 for the linear model, beyond At = 1 day; for the

rectangular model we have 79 values after At = 3,600 s — one hour), p; at times t;, and the theoretical

pressure p, and its derivative dp,/dIn(t) are computed from Eq. (C.64). The function O is minimized by

varying the parameters 3, 7; and 7 in the calculation of p, for the linear model. The weighting factor w is

the normalized length of time for which a given pressure value was recorded — this tends to weight the

late-time behaviour more heavily. Using no weighting (w=1) has a negligible effect (less than 0.5%)

difference to my predictions of pressure drop.

Root-mean-square error in pressure match (psi)

20
18 |
16 ':
14
12

10

10,250

Calculated final ipressure using the
best match to both pressure and
ressure derivative

4 Pressure derivative
. mismatch \

\

<

/
o o o o o o o B B e o

10,300 10,350 10,400 10,450 10,500
Final reservoir pressure (psi)

Figure D.1. The root-mean-square mismatch in pressure and pressure derivative for different assumed values of the final

reservoir pressure. Note that our theoretical model can predict the measured pressure to, on average, around 2 psi. The
vertical line is the best match — presented in Table D.2 — that uses the best fit to both pressure and its derivative. Here we
use Core Labs fluid properties.

Tables D.2 and D.3 show the root-mean-square errors in the match, computed as follows:
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n
1
Root mean square error in pressure = —z w;(p; — pe(t:))?
n
i=1
(D.2)
—1 2
, . 1 Pi+1 — Pi—1 dp;
Root mean square error in derivative = w; —
n—24 "\t —In(t_p)  din(o)l,
i= i
(D.3)
20 4 X ;
1 N Calculated final pressure using the
N | \ 1
= 18 | v best match to bo'th pressure and
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Figure D.2. The average absolute mismatch in pressure and pressure derivative for different assumed values of the final
reservoir pressure. The vertical line is the best match — presented in Table D.2 — that uses the best fit to both pressure and
its derivative. Here we use Schlumberger fluid properties.

D.1.3 Sensitivity to the final reservoir pressure. Figures D.1 to D.3 show the mismatch to the pressure
data if we assume a final reservoir pressure and then find the best fit to the other parameters. So, Ap is
fixed, while the times z; and 7 to hit the boundaries are adjusted to obtain the best match to the data.
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However, if we assume a pressure drop that is not optimal, the data match will always be poor,
regardless of where we place the reservoir boundaries. We use the linear model.

My best match for the final reservoir pressure is the one that has the best combined fit to both the
pressure and pressure derivative. We can shift the final pressure by only around 10 psi before a
noticeably non-ideal fit is seen.
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Figure D.3. The average absolute mismatch in pressure and pressure derivative for different assumed values of the final
reservoir pressure. The vertical line is the best match — presented in Table D.2 — that uses the best fit to both pressure and
its derivative. Here we use Intertek fluid properties.

D.1.4 Finding lengths from times. In Section 5 we use the times to reach boundaries presented in
Tables D.1 and D.2 to estimate the size of the connected reservoir. The distances are found as follows.

Width, W = 4W; length to the North (or North-West), L, = m; and length to the South (or
South-East), L, = m. ais the inverse diffusivity defined by Eq. (C.4): « =$. The viscosity,
£=0.2197 mPa.s, is taken at the final reservoir pressure (see Table A.1). ¢c; is tabulated in Table A.8 and
| take the entire range of values. The (connected) area A=W(L,+L;). | take the average area for a given

permeability K for the three sets of fluid data. | consider the upper bound K = 329 mD from the
Gringarten report.
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D.1.5 Finding sinuosity. In Section 5 we also derive a sinuosity to deduce the flow path in the reservoir.
The sine wave shown in Figure 5.1 has a dimensionless amplitude times frequency £=0.75.
Mathematically, the path (arc) length is the straight-line path multiplied a factor

2/71\/1 + €2E(c?/(1 + €*)) whose value is around 1.14. E is the complete elliptic integral of the second
kind (Abramovich and Stegun, 1970). The tortuosity | find is at the lower end of values computed for
other channel turbidites (Dykstra and Kneller, 2008).

D.1.6 Finding the connectivity. | have found the connected area A, from the pressure analysis (Section
D.1.4 above). | also know the gross rock volume V=Ah from the BP seismic analysis (see Table A.6). |
assume that the disconnected area is resolved at the limit of the seismic interpretation with an average
thickness h, = 10 ft (see Section 5). Then the connected volume is: V. = Ah — (A- A_)h,. The connectivity
is V./Ah = 1-(1-A/AJ)(h./h). | find the values shown in Table D.4.

This is an upper bound on connectivity: | take the upper bound on permeability and the lower possible
bound on thickness at the peripheries of the field. The average thickness in the connected region varies
between 69 and 89 ft, see Table D.5, close to that encountered at the well (93 ft). Technically, the
pressure analysis finds a mobility, or a permeability times thickness. In my analysis and that of Dr.
Gringarten, this is assumed to be the height near the well (93 ft) in the radial flow period. However, as
evident from the seismic interpretation, Figure 4.5, the height away from the well is lower. In our
connected domain, this means that the mobility is slightly lower away from the well. However, this
value still exceeds the base case mobility determined in the Gringarten report, using a mid-range
permeability of 238 mD.

223

Connectivity (%) Fluid properties
High Middle Low
(Intertek) | (Schlumberger) | (Core Labs)
High case rock compressibility 88 88 87
Mid case rock compressibility 89 89 88
Low case rock compressibility 90 90 89

Table D.4. The connectivity for the full range of fluid and rock compressibilities. Note that a high compressibility leads to
lower connectivity, since the pressure response moves slower.

Connected thickness (ft) Fluid properties
High Middle Low
(Core Labs) | (Schlumberger) | (Intertek)
High case rock compressibility 89 84 84
Mid case rock compressibility 81 76 76
Low case rock compressibility 74 69 69

Table D.5. The connected thickness for the different ranges of fluid compressibilities.

109

TREX-011553-R.0109



M J Blunt Expert Report

D.1.7 Discussion of the linear model. The principal reason for employing the linear flow model for my
guantitative analysis is that it decouples the uncertainties of flow rate and well cooling in the first day

from the key assessment of pressure decline and the overall extent of the field.

For example, consider the radial flow analysis in Section 4.3 used to determine permeability. Here, as
evident from the equation in Table D.1 the constant derivative value found (around 55 psi) is a ratio of
flow rate to a product of permeability and thickness. The flow rate is the flow rate just before well
closure —in the final day of the spill. | have assumed a value of 45,000 stb/day. The thickness is typically
assumed to be the thickness encountered at the well, 93 ft. The permeability is the permeability
averaged over the distance the pressure wave encounters in the radial flow period — up to a radius of
around 750 m (half the reservoir width).

What about channel or linear flow? Here the overall draw-down is given by f(Table D.1). Here we find
again a ratio of flow rate to permeability times thickness. But the flow rate is now the average during
the spill period, since this is the late-time behaviour, the thickness we assume is lower (see Table D.5)
and the permeability is the flow-based average across the whole field. My assessment is that the ratio is
the same as in the radial flow period: the thickness is lower, as is the average flow rate (compared to the
final value) and the two things broadly cancel. The ratio of the well-thickness to an average value of 78
ft (Table D.5) is around 1.2, equal to the ratio of the final flow rate to the average (taken to be around

37,000 stb/day). The permeability is more-or-less the same as deduced in the radial flow regime.

This explains why a constant rate rectangular model matches the data very well — see Table D.3. Even
through the flow rates for the radial and linear flow regimes are likely to be different and the reservoir
thickness likely decreases away from the well, consistent with the seismic interpretation (Figure 4.5), a

model that assumes constant thickness, rate and permeability fits the pressure response accurately.

However, using a rectangular flow model for all the analysis involves some complexities, as we would
need to make assumptions on flow rate history and thickness (which varies) to make a quantitative
assessment for the whole build-up period. The use of the linear model avoids these problems: all | take
from radial flow is the value of the derivative and the time to see channel flow, both of which are
evident from the data itself (Figure 4.12).
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D.2. Pressure derivatives

Here we present the equations for the pressure derivatives mentioned in Section 4.3.

D.2.1. Radial flow. From Eq. (C.20), for radial flow and for At << t, we find the derivative:

dpy _ dpy ( 1

dindt ~ dAc 1_1+tp/At) .

(D.4)
The pressure derivative is constant for radial flow.

D.2.2 Channel flow. From (C.33) the pressure derivative for channel flow (at early time — before the

presence of any boundaries is observed) is given by:

At

dpw_ﬁ\/?(l_ 1 )~B\/?
it~ 2 Ji+t,/8t) 2

(D.5)

for At << t,.

D.3 Pressure match for channel flow.

A direct test of channel flow is — from Eq. (C.53) — to plot the pressure as a function of so-called channel
time: \/r-i-tp —+/At. For an infinite channel, this plot should be a straight line with an intercept at
the initial reservoir pressure. Figure D.4 presents this plot: there is a convincing and unambiguous
straight line. There is no doubt that the pressure response in Macondo indicates channel flow. This is
also consistent with the reservoir geology (Section 5) and provides confidence that we have interpreted
the pressure behaviour correctly.

The best linear fit through the data gives a gradient = 0.5 psi sY2 with p; = 11,100 psi (see Table D.1 for
an explanation of terms). But the measured p; = 11,856 psi; the fitted value is too low by more than 700
psi: this indicates some additional draw-down in the system and demonstrates that despite the good
linear fit, Macondo cannot be modelled as an infinite channel: the pressure must have seen one or more
barriers to flow at the ends of the channel.

Shown in Figure D.5 is the best fit to the data using the linear and rectangular models.”*® The
parameters used to obtain this prediction are provided in Tables D.2 and D.3. The match is excellent:
the pressure signal detects one end of the channel during both draw-down and build-up, but the
influence of the other, farther, end is somewhat weaker. 7; is the time taken for the pressure to reach
the farthest reservoir boundary, while 7, is the time to reach the nearer end of the channel. t, is the
production time (the length of the spill period). We find 7; > t,> 7,. We can tell the presence of the far

2% Mathematically the linear model prediction is made using Eq. (C.64) — see Appendix C for the derivation.
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boundary, since it makes a detectable perturbation to the pressure response. On the other hand, z;is
larger than t,, the flow period, meaning that the influence of the far boundary does not dominate the
pressure: if t, were greater than 7;, we would see a noticeable and sharp decrease in the pressure
derivative during the build-up; this is not observed (Section 4.3).
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Figure D.4. The reservoir pressure as a function of channel time /At + t, — VAt. Note the almost exact straight line
indicating channel flow. The red line is the best fit using the linear flow model presented in Appendix C and the parameters
listed in Table D.2, while the black line is the rectangular model fit (Table D,3): they almost exactly reproduce the measured

pressures (crosses — corrected to down-hole conditions). The inset shows the prediction for later time (channel time close to

zero) showing that the pressure reaches final value of 10,433 psi. 2

2 This is the final reservoir pressure computed using Core Labs fluid properties. | have performed the same

analysis for all three sets of fluid properties.
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D.4 Horner analysis and capping stack pressure

A standard method to study radial flow — once it has been identified on the pressure derivative — is
through the use of the Horner plot. The Horner plot was also employed in the work of Dr. Hsieh (2010,
2011). For completeness, this is shown here.

Figure D.5 shows the pressure as a function of Horner time: from Eq. (C.19) the pressure build-up should
be a straight line for radial flow when plotted as a function of (t,+At)/At. The onset of channel flow —a
deviation from approximate straight-line behaviour —is at around 60,000 s.

Figure D.6 shows the predicted and measured capping stack pressures for reference. Notice that |
predict that the pressure reaches a maximum and then declines: this is at very late times (around 3
months after choke closure) when the cooling of the well-bore has a more significant impact on the
pressure than the rise in pressure in the reservoir.

10,400

10,300

10,200

10,100

Down-hole pressure (psi

10,000

9,900 -

9,800

Horner time

Figure D.5. Horner plot of the pressure response: here pressure is plotted against the logarithm of (t,+t)/t: a straight line
indicates radial flow. The red line uses a linear model, which deviates from the data at early times — large Horner time, while
the black line uses a rectangular model, which provides an excellent fit to the data (crosses) at all times.
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Figure D.6. Predicted and measured capping stack pressure. The red line uses a linear model, the black line the rectangular
model, while the data is shown as crosses. Note that | predict that the capping stack pressure reaches a maximum and then
declines at late time — well beyond when the well was cemented - to a final value around 7,040 psi: the effects of well-bore
cooling over-take the effects of the pressure increase in the reservoir.
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Appendix E. Consideration of variable flow rates

My pressure analysis has assumed a constant flow rate, followed by an instant stopping of the flow. In
contrast, in Macondo, there was a complex sequence of changes in flow rate as the choke was closed.
Furthermore, the flow rate most likely varied throughout the whole spill period as a consequence of

alterations in the flow resistance near the well-bore and in the surface equipment.

In this Section we consider — again using standard petroleum engineering techniques — the impact of a
variable flow rate. We do this for two reasons. Firstly, we study the flow rate at the time of choke
closure. This should, in theory, give us a more refined estimate of permeability. We find in this case
though that it has no impact on our calculations. Secondly, we will examine how variable flow rates
could affect our later-time pressure analysis and estimates of oil released. Then | provide an analysis of
flow resistance (skin) between the reservoir and the well-bore to study the evidence for a flow rate that

increased during the spill.

E.1 Superposition method to find permeability

In this Section we study the pressure behaviour shortly after choke closure. To perform this analysis we
do need an estimate of flow rate — particularly flow rate as the well was closed. | have digitized the
figures in the Ratzel report [3; Figure 9] that show flow rate as a function of time, and as a function of
choke closure, using the LANL data. While this gives slightly lower flow rates than the other values
considered, it appears to be most consistent with the Griffiths report [2; SKG]. | am not suggesting that
this is correct — it is simply used for my calculations as | do not have another independent assessment of

flow rate history: indeed | consider its cumulative — the total flow — to be incorrect.

For completeness we repeat the radial flow analysis from Appendix C for a variable flow rate. The

pressure response for unit rate is given by Eq. (C.17):

po(0) = g in (=)

AnKh  \aynrj
(E.1)
Then using Duhamel’s principle the well pressure can be written from Eq. (C.18):
t
9Q(7)
Pw =pi — 6(H)Q (L) + Tpp(t —1)dt

0

(E.2)

Now consider the flow rate to be a series of constant flow periods separated by jumps in rate. We take
Q(t=0)=0 and then at times t; there is a change in flow rate A4Q;, leading, eventually, to a rate of zero at
time t=t,; At is the time since flow ceased. AQ; is positive if the flow rate increases and negative if it
decreases. From Eqgs. (E.1) and (E.2) in the build-up period:
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ZA 4(t ) ZA In(t, + At — ¢;
AmKh aynrz ~PLT ankn QiIn(t, +4t =)

Pw = Pi —
(E.3)
since )'; AQ; = 0, the sum of all the rate changes is zero (the flow rate starts and ends at zero).
If we define a reference flow rate Q,, we can write Eq. (E.3) as follows:
nQ
Pw = Di — 41TI(Dh Q l (t + At — t-) =p; +nint
(E.4)
where 77 is defined in Table D.1 and we have defined a superposition time =
f
4Q;
In(z) = — In(t, + At — ¢;)
i Q,
i=1
(E.5)

The reference flow rate can be either the final flow rate (just before well closure) or some average flow
rate. In this analysis | take Q, = 53,000 stb/day, which is the flow rate estimated before the beginning of

choke closure for the flow rate history we have assumed [2,3].

E.2.1 Pressure derivative. The pressure derivative, Eq. (D.1) is found as a function of 7rather than time
t:

L Pw _
d‘r 1

(E.6)
Very simply — variable rates in the radial flow regime become a constant derivative.

If we do not have radial flow, we follow the same procedure: we simply treat the derivative computed
using the superposition time as a normal derivative for interpretation.

Figure E.1 shows the reservoir pressure derivative, but using the superposition time 7 rather than
normal time t. The results are very similar, giving essentially identical assessments of permeability and
channel flow. Hence, for simplicity, in the main text (Section 4.3) | only present a constant flow rate
case. We see a radial flow stabilization at around 7 = 55 psi and a transition to channel flow 7 at
60,000 s, consistent with the best-match rectangular flow models presented in Appendix D. Using the
equation in Table D.1 we find, as in Section 4.3, a permeability of around 300 mD. This is close to the
average of the core measurements (Appendix A.5), while representing a flow-based average over
around 750 m from the well. However, before a day, the conversion from capping stack to reservoir
pressures is uncertain (Appendix B) and so | do not consider this estimate of permeability to be as robust
as the determination of 238 mD by Dr. Gringarten. He also finds a flow-based average, but from
pressure measurements made down-hole shortly after drilling the well, which avoids the problem of the
pressure conversion.
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E.2 Effect of variable flow rates on the linear flow regime

My analysis of the late-time pressure response, used to determine the final reservoir pressure, assumes
a constant flow rate. This represents the average flow rate during the incident and | have implied that
the results of my calculations are insensitive to the flow rate history.

However, the flow rate history does have some impact on the pressure response. In this section | will
match my linear model to different hypothetical flow rate histories. | must emphasize though that the
flow rates | have used are for illustrative purposes only; | am not claiming that they are correct, or even
possible. In particular | am not necessarily suggesting that the initial flow rate was zero (see below) —
my conclusions depend only on the average flow rate in the earlier half of the spill relative to that in the
latter half.
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Late-time channel fl R
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10,000 100,000 1,000,000

Time since choke closure (s)

Figure E.1. Reservoir pressure derivative using the superposition time, Eq. (E.5) (blue crosses) compared to the data
uncorrected for flow rate changes (black crosses). Accounting for flow rate makes little difference to the derivative after
10,000 s and so has no impact on the analysis. There is evidence of radial flow with a best-match 7 of around 55 psi and a
transition to channel flow at 7, = 60,000 s.

Table E.1 presents the results of a pressure match using different purely hypothetical flow rate histories.
We assume that at early times the flow rate increases from zero to a maximum value, caused by some
unspecified erosion in the surface equipment or down-hole. When this erosion ceases, we apply flow
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conditions consistent with the Government reports where the flow rate declines slowly over time as the
reservoir pressure falls. We assume a 6% decrease in flow rate when the capping stack was installed,

and a 4% increase when the riser was cut.

The pressure response is computed using Eq. (C.67) — the linear flow model. We find the reservoir
parameters that give the best fit to the measured capping stack pressure and pressure derivative. We

have used the Core Labs fluid properties.

Relative oil released 71 (s) % (s) Ap (psi)
1 (Constant) 11,270,444 115,079 1,433
1.099 (Govt.) 11,585,238 90,289 1,423

1.081 11,426,063 96,378 1,423
1.059 11,244,226 103,939 1,424
1.039 11,069,093 111,934 1,425
1.018 10,899,775 120,447 1,426
0.997 10,736,090 129,546 1,427
0.976 10,578,211 139,301 1,427
0.956 10,426,536 149,781 1,428
0.935 10,281,669 161,062 1,429
0.915 10,144,414 173,217 1,429
0.895 10,018,331 186,038 1,429
0.875 9,903,928 199,569 1,430
0.855 9,800,620 214,040 1,430
0.835 9,711,066 229,298 1,430
0.815 9,638,577 244,985 1,430
0.794 9,587,229 260,369 1,429
0.774 9,561,033 273,907 1,429

Table E.1. The results of matching the analytical linear reservoir model to the pressure data, assuming different flow rate
histories and cumulative flows relative to a constant rate case. The first row in red has a constant flow rate (presented in the
main body of the report), while the second row (black) uses the Government’s assumed flow rate history. In green is a case
consistent with a final flow rates of 45,000 — 55,000 stb/day and my material balance calculations. The relative oil released is
the cumulative flow relative to a constant flow-rate case with the same final flow rate.

In all cases we have an acceptable pressure match: this analysis cannot discriminate between possible
flow histories. Figure E.2 shows these hypothetical flow rate histories, illustrating one that matches —
broadly — that assumed in the Ratzel and Griffiths reports, a constant rate, and another case where the
cumulative release is approximately 80% of the constant rate case. Figure E.3 shows the corresponding
predictions of pressure increase and derivative — by eye the different cases are identical at late time: in
all cases the predicted pressure drop varies by less than 10 psi from the constant rate case (less than
1%), while the pressure is matched to 2.7 psi or better.
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Figure E.2. Different putative flow rate histories. The rate is shown normalized by the rate at the end of the spill. In red is

226

the base case in this report — a constant reservoir rate.”” In black is a rate history that corresponds to that — approximately

— assumed in the Government reports. In green is an increasing flow rate at early time, which will give a cumulative release
consistent with my material balance calculations and a final flow rate around 45,000 — 55,000 stb/day.

The case shown in green in Figures E.2 and E.3 gives a cumulative release of between 3.1 and 3.6 MMstb
for final flow rates between 45,000 and 55,000 stb/day. This is now consistent with all the reservoir
data, the estimated final flow rates from Government investigators, while providing a better pressure
match than all of Dr. Pooladi-Darvish’s simulation runs (Appendix F.4). The estimated locations of the
reservoir boundaries (Section 5) are also consistent with the geology — indeed a rather better agreement
is found, since the pressure analysis now allows the connected reservoir to be slightly longer to the
South (7, is larger than the constant-rate case), closer to the location of the boundaries of the field
identified in the seismic survey. 7 is slightly smaller, although still consistent with the boundaries of the
field to the North-West.

226 . § 3 % 3 ¥ i
Technically, the base case is a constant reservoir rate (Appendix C). Since the reservoir pressure varies over

time, so does the oil formation volume factor (measured at the well-bore pressure, ignoring skin), and hence the
surface rate (measured in stb/day) changes slightly. | have made this correction on the graph, showing a slight
decrease in surface rate with time for the base case. The average normalized rate is defined to be 1.
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This is an important analysis, as it demonstrates that it is possible to honour the final flow rates
proffered by the Government investigators, while being consistent with all the reservoir data and my
material balance calculation.
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Figure E.3. The capping stack pressure and pressure derivative matches using the linear flow model with the flow rate
histories shown in Figure E.2. Crosses are the data, the black line assumes a decreasing (Government) flow rate, the red lines
a constant rate (the base case) while green is an increasing rate at early time. In all cases the predictions are
indistinguishable at late time.

E.3 Analysis of skin and down-hole pressure

An increasing flow rate requires some opening of flow paths, either down-hole or through erosion of the
blow-out preventer and/or other surface equipment. My expertise is in reservoir engineering and so |
will ignore — for the sake of argument — any erosion in the surface equipment. In this Section | will
demonstrate that it is possible that changes in the flow resistance from the reservoir to the well-bore at
reservoir depth alone are sufficient to allow an increasing flow rate.

It is usual in normal oilfield operations for the flow path of oil to be impeded in the near well-bore
region. This extra resistance to flow is accounted empirically by a so-called skin factor, introduced
mathematically in Appendix C. In Macondo this skin has three components: partial penetration skin,
because the oil entered the well-bore over a restricted interval of the reservoir; reduced permeability
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near the well, since the rock may be clogged with drilling mud and cuttings (sand) forced into the
formation during drilling; and any additional resistance to flow due to cement and other material in or

near the well-bore at reservoir depth.

E.3.1. Estimate of the skin at the time of the blowout. The Emilsen report in its analysis of the
accident,””’ estimates that the oil flow was initially coming from between only 13 to 16.5 ft of the

reservoir thickness. We can use this information to estimate the skin factor.?*®

(E.7)
where h is the thickness of the reservoir (I will use 93 ft*%); hy is the thickness of the flowing interval (I
take a mid-range value of 15 ft); r,, is the well radius (4.25 inches) while K, and K, are the horizontal and
vertical permeabilities respectively. Typically K, is greater than K, due to the presence of thin, horizontal
layers of shale or other low permeability rock that restricts vertical flow: | will assume K;/K,=10, taken

from the pressure analysis in the Gringarten report. Then from Eq. (E.7) | find than $=35.

I note that the permeability of core samples taken directly from the well had an average permeability to
oil of 75 mD (Appendix A.5); in contrast Dr. Gringarten’s estimate of the field-average permeability is
around 240 mD. This suggests that the rock near the well-bore could have been clogged with drilling
mud and cuttings (sand) dislodged during drilling. On the other hand, the pressure analysis in the
Gringarten report sees no skin due to permeability reductions in the near well-bore region before

cementing.

Last, it is also difficult to quantify the impact of other restrictions to flow from the reservoir to the well-
bore, through the cement and other material present down-hole.

Overall, the estimated skin factor of 35 must be considered a lower bound: | will consider a likely range
of 35-50 in the discussion that follows — the upper end being used (as a fixed value) by Dr. Pooladi-
Darvish.”°

The skin introduces an additional pressure drop from the reservoir to the well-bore that is given, from
Eq. (C.16) as:

1@,
Ap = 21S = S
P =2l = 50Kh

(E.8)

%7 Final Emilson report [27], Section 2, page 7.

A determination of the partial penetration skin requires knowledge of the reservoir geometry and several
different correlations have been proposed in the literature. Here | use a standard and simple expression derived
by Saidikowski (1979).

*2 The Emilson report uses 86 ft [27].

The Pooladi-Darvish report considers a range of 0-50 for skin; [PD], Appendix lll, slide 8. However, the skin
factor is assumed to be constant during the spill period.
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From Section E.1, a representative value of 7 is around 55 psi for a given final flow rate final rate Q.
This enables me to write the following equation to find Ap in psi:

Ap = 110 S%S

f
(E.9)

where Q; is the initial flow rate, or at least the flow rate in the early part of the spill period, and Qyis the
final flow rate.

Let us now estimate the magnitude of this pressure drop. If we assume that the initial flow rate is
around half that at the end (see the previous Section E.2) and a skin of 35, the pressure drop is 1,925 psi;
with a skin of 50 it is 2,759 psi. Note that this is larger than the overall decline in reservoir pressure
(around 1,400 psi — Section 4.3). We can use Eq. (E.9) to put in different hypothetical skin factors and
flow rates — neither of which we know with certainty at the beginning of the spill period — but it is likely

that the skin introduced a pressure drop larger than the decline in average reservoir pressure.

E.3.2 The skin at the end of the spill. We have two pieces of evidence to help estimate the final skin:
the pressure increase measured at the capping stack when the well was closed, and the flow test with

base oil preformed just before the well was cemented. | will consider each in turn.

The skin factor is normally estimated from the rapid rise in pressure when a well is shut-in: the more-or-
231

less instantaneous pressure rise allows us to estimate the skin from Eq. (E.9).
The pressure rose by around 4,000 psi during choke closure. The Government investigators®~ have
modelled this successfully assuming no skin; they assigned no additional resistance between the well-
bore and the reservoir: all this pressure rise is accounted for by the ending of flow in the well-bore and
surface equipment. This would suggest that only small, or even negligible, portion of this pressure rise is
due to the reservoir skin.

The pressure increase due to skin alone, from Eq. (E.9), is 110S. If S is in the range 35-50, this gives
values between 3,850 and 5,500 psi. If only a small fraction of the 4,000 psi pressure rise is due to skin,
then this suggests that the skin at the end of the spill is much lower — and may indeed be zero — but it is

impossible to be more precise.

The other, more definitive, determination of skin comes from the injection of base oil into the capped
well prior to mud injection and cementing. This oil was injected through the capping stack at rates
between 1 and 7 barrels per minute.”* The pressure increase on oil injection was very low, around 15

**! In standard petroleum practice, when the down-hole pressure is measured, the skin is determined from

pressure transient analysis — see Section 4.3.

2 The revised Ratzel [3] and revised Griffiths [2] reports and the work of Hsieh (2010, 2011) [11, 44].
**http://www.bp.com/liveassets/bp_internet/globalbp/globalbp_uk_english/incident_response/STAGING/local_a
ssets/downloads_pdfs/BP_technical_audio_08032010.pdf
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psi on average — bearing in mind the gauge precision of only 5 psi, it is difficult to say more than the

. . 234
pressure increased slightly.

In this test, we have much slower flows than during the spill — these injection rates are 1,440 to 10,080
stb/day — and the fluid is a single (oil) phase in the well-bore. We can assume that, unlike during choke
closure, the principal pressure drop is due to skin and flow in the reservoir itself. In this case, the
pressure increase can be calculated assuming that for the minutes to hour-long duration of the test, we
are in the radial flow period. Then, from Eq. (C.16):

ap =11 (4”)+zs)
pP=n nayr‘,ﬁ

Let us first estimate the magnitude of the logarithmic term. ayn2 has a value of approximately 0.0038

s.2> The duration of the injectivity test was around 1 hour, while the pressure reached 6,976 psi — its

(E.10)

highest consistent reading — after only 10 minutes (600 s): this is a Ap of 24 psi. Since we find a
logarithm, the magnitude of the term is relatively insensitive to the precise time used, but to avoid over-
estimating the reservoir pressure change, | will take the lower time t = 600 s: the logarithmic term then

has a value of 13.4.

To find the pressure drop, | need to correct 7 for different flow rates — its value is 55 psi times the ratio
of the mud injection rate to the estimated final flow rate during the spill, measured at reservoir
conditions. This is an approximate calculation, so let’s assume that the highest mud injection rate is
around one tenth of the final flow rate.

Had the skin factor been around 35-50, pressure changes of over 250-350 psi would have been seen (Eq.
(E.10)): this is an order of magnitude higher than what was observed. Even with no skin, the maximum
pressure rise is predicted to be around 70 psi, so — if anything — there is a negative skin, implying
enhanced flow near the well at the end of the spill. This suggests limited resistance to flow between the

reservoir and the well-bore down-hole at the end of the incident

| have ignored any pressure drop in the capping stack and well-bore, | have not accounted for the
changing gravitational head between the capping stack and the reservoir during injection, while the
measured the capping stack pressures only have a precision of 5 psi and | have taken one — relatively
high — pressure drop for my calculations. The skin at the end of the spill is lower than its likely value at
the beginning. It is reasonable to assume — as did all the Government investigators — that the skin was
zero at the end of the spill.

>* Trusler report [T], from a study of the capping stack pressures (PT-3K-2) from 13:00 on August 3 2010 (line
120,951 on the spreadsheet provided). The pressure before base oil injection is between 6,952 psi, rising to at
most 6,976 psi on injection, except for one reading that spikes just over 7,000 psi.

> = 0.5633 s/m’, using Core Labs properties and the mid-range compressibility, the Euler constant v is 0.57722,
and the well diameter is 8.5 inches, giving r,, = 0.108 m.

123

TREX-011553-R.0123



M J Blunt Expert Report

E.3.3 Likely change in skin during the spill period and implications for flow rate. We cannot draw any
definitive conclusions concerning the skin, or flow resistance from the reservoir to well-bore, or how it
changed over time. However, the available evidence does suggest that the skin was initially high and
declined during the flow period. This change would increase the pressure in the well-bore at reservoir
depths by an amount that is of the same magnitude, or greater than, the reservoir pressure decline. The
net effect is a down-hole pressure that may have increased over time, leading to an increasing flow rate,
even if we ignore any erosion of the surface facilities. The work of Oldenburg et al. (2012) that studied
flow through the well-bore and blow-out preventer, implies that small changes in this pressure could

have a large impact on flow rate.

The imprecision of this analysis, however, demonstrates that it is very difficult to determine flow rates at
the beginning of the flow period. Rather than make unsupported assertions concerning pressure drops
and flow resistance, it is preferable to employ an approach that avoids this problem completely, namely

a material balance analysis that determines the cumulative oil flow directly.
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Appendix F. Critique of Government expert reports

This Appendix provides a detailed critique of the three Government expert reports which include a study
of reservoir flow, or fluid properties. These are the reports prepared by Dr. Zick (the Zick report [Z]),
Drs. Kelkar & Raghavan (the Kelkar & Raghavan report [KR]), and Dr. Pooladi-Darvish (the Pooladi-
Darvish report [PD]). Dr. Zick developed an equation-of-state model to predict fluid properties. Drs.
Kelkar & Raghavan presented a material balance calculation of oil released, following, conceptually, a
similar approach to mine. As we show below, however, the details — and the final answers — are
different. Dr. Pooladi-Darvish linked a model of outflow performance to a reservoir simulator to deduce
cumulative release. His approach is most similar to the Sandia researchers Drs. Griffiths and Ratzel,

albeit with a more sophisticated reservoir model.

F.1 How the calculations were performed and what parameters they used
My analysis multiplies three quantities together to determine the volume of oil released: (1) the oil
volume connected to the well; (2) the compressibility of the rock and fluids; and (3) the pressure drop.
This is simply a statement of conservation of mass: any estimate of oil released — however it is
presented — must obey material balance. Therefore, regardless of the complexity of a reservoir analysis,
the total amount of oil released can be determined simply from these three quantities. In this Section,
expanding on the discussion in Sections 2 and 3, | discuss how these quantities were determined, to
assess the quality of the analysis, and what values were assigned, to determine the effect on the
estimate of oil released.

F.1.1 Methodology, or how key parameters were determined.

1. Connected oil volume. Neither the Kelkar & Raghavan nor the Pooladi-Darvish reports
mentioned the possibility that not all the oil in the field is connected to the well. There was no
independent discussion of geology and the seismic survey as part of a quantitative consistency
check with the results of the pressure analysis (my Section 5). The conversion from reservoir to
surface volumes was performed inconsistently and was not based on measured data.

2. Rock and fluid compressibility. The Kelkar & Raghavan report did not take a value of pore
volume compressibility from direct measurements, relying instead on an incorrect inference as
to what BP considered a “most likely” value. However, Dr. Kelkar, when he consulted for the US
Government Flow Rate Technical Group, did use values based on the measurements. And when
Kelkar & Raghavan used a rock compressibility closer to the measured value, they calculate a
cumulative flow consistent with my own.

3. Pressure drop. The Pooladi-Darvish report’s base case numerical match to the pressure data
had a pressure difference between the capping stack and the reservoir that was unfeasibly low:
during the 19 days that the oil remained motionless in the capping stack, surrounded by the
cold, deep ocean, it was assumed that this oil maintained a near-reservoir-condition
temperature of 220°F.
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F.1.2 Results, or what values were assumed. At the end of this Appendix, | provide a table that
guantifies the impact of different assumptions on the calculated volume of oil released, and shows how

by correcting these errors my values are recovered. Here | mention the key points.

1. Connected oil volume. The Zick report provided values of oil formation volume factor that
lie outside the range of direct measurements.”®® An inappropriate value of formation
volume factor led to a biased over-statement of oil volume measured at surface conditions
in the Raghavan & Kelkar report. Furthermore, they assumed 100% connectivity of the
reservoir, or at least never discussed connectivity explicitly. The result was an over-
statement of oil volume, compared to my determination, of up to 30% or more.

2. Rock and fluid compressibility. The Raghavan & Kelkar report assumed a pore volume
compressibility of 12 microsips — a value that is about twice the average of direct
measurements. The only analytical pressure transient analysis presented by Pooladi-Darvish
used an oil compressibility that is also twice the measured value.

3. Pressure drop. The Raghavan & Kelkar report uses a very different approach to mine to find
the final reservoir pressure and it understates the weight of the oil between the capping
stack and the reservoir. The Pooladi-Darvish report under-states the final reservoir pressure
by at least 200 psi, again due principally to the under-statement of the pressure difference

between the capping stack and the reservoir (see Appendix B.4).

The Kelkar & Raghavan and Pooladi-Darvish reports, despite using different assumptions and values for
these key quantities, reach the same conclusion: that the oil released was approximately 5 MMstb. My
report demonstrates that it is not possible to arrive at this volume while also honouring the pressure
data, the measured fluid and rock properties, and the most-likely estimates of reservoir size. If you
assert that 5 MMstb was released, then you have to demonstrate why the data is wrong, or
unrepresentative of the field. While this was not admitted in the expert reports, it is evident on careful
reading and close examination of the assumptions made. The authors of these reports cannot arrive at

a cumulative release of 5 MMstb without ignoring the data.

F.2 The Zick report

Dr. Zick took the measured fluid properties and composition to construct an equation-of-state model of
the Macondo hydrocarbons. He used this equation-of-state to construct fluid property tables. Thisis a
standard approach in the oil industry, and allows fluid properties — such as density, viscosity and the
ratio of oil to gas —to be computed at any temperature and pressure and for any combination of oil and
gas phases. Dr. Zick provided his model to the other experts providing analyses of flow rate for the
Government. As stated in the Zick report, it is reasonable to construct a model that is thoroughly
checked for consistency against the experimental data.

F.2.1 Conversion from reservoir to surface volumes. In petroleum engineering it is standard practice to
refer to oil volumes in stock tank barrels. This is the volume of oil measured at surface conditions of

**® Dr. Zick [Z] also used a different definition for this conversion, which | discuss later. Here | simply note that his

model gives predictions that lie outside the range of the measurements in a manner that will consistently over-
state the volume of oil released.
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60°F and 1 atmosphere pressure (15 psi). The analyses of flow rate presented in the public domain,?’

and in the expert reports discussed in this Section, have followed this convention, as have I.

The oil formation volume factor, B,, is the ratio of reservoir volume to surface volume. My analysis
determines the reservoir volume of oil that was released. | divide by the oil formation volume factor to
find the surface volume — at 60°F and 1 atm pressure. A related quantity is the gas/oil ratio, R, which is

the ratio of the surface volume to the surface volume of oil.

F.2.2 Bias in the Zick model that will over-state the oil volume. Unfortunately, Dr. Zick’s model predicts
oil formation volume factors and gas/oil ratios that lie outside the range of the measurements,
introducing a bias that will over-state the volume of oil released by between 3 and 4 %. This comparison
is presented in Table F.1. As with the BP tables, | will not use these values but reply instead on using the
measured values in my analysis.

% deviation

Average of the Zick between Zick
Quantity Core labs”*® Schlumberger239 Intertek®”® & report
measurements value and measured

average

Formation volume factor
(single-stage 2.618 2.539 2.5104 2.556 2.473 3.2
separation)241

(::'I't';tt:’g';"s:'::::t:ﬁt)?{z 2.339 2.262 2.3875 2.330 2.227 4.4

Gas/oil ratio, scf/stb

. . 2,906 2,945 2,831 2,894 2,826 2.3
(single-stage separation)

Gas/oil ratio, scf/stb

A . 2,485 2,442 2,747 2,558 2,418 5.5
(multistage separation)

Table F.1. Table comparing measured formation volume factors and gas/oil ratios to the values presented in the Zick

report.243 The values in the Zick report lie outside the range of the measured data and lead to an over-statement of oil

volume at surface conditions.

F.2.3 Single-stage separation. There is a subtlety in how the conversion from the reservoir to the
surface is defined; this explains why two sets of formation volume factors and gas/oil ratios are
presented in Table F.1.

The single-stage flash or separation occurs when oil from the reservoir is taken to the surface while
remaining in contact with the exsolved gas. In this case B, and R; do not depend on the exact sequence
of temperature and pressure changes as the oil was brought to the surface. The single-stage separation
occurs for flow up the well-bore to collection at the surface, as discussed in Appendix A.2.

**’ see, for instance, McNutt et al. (2012b).

BP-HZN-2179MDL00063084 (Core Labs fluid property report) [20].

BP-HZN-2179MDL01608973 (Schlumberger fluid analysis on Macondo Samples) [34].
BP-HZN-2179MDL04440732 (Intertek fluid property report) [18].

This is the formation volume factor measured at the saturation pressure — its maximum value. Here taken for a
single-stage separation to surface conditions.

** This is the formation volume factor measured at the saturation pressure measured for a multistage separation
to surface conditions.

% Zick report [Z], Table 3, page 15.

238
239
240
241
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F.2.4 Multistage separation. The Zick report suggests that it is more representative to use values of B,
and R, from a multistage separation. Let me explain the reasoning in my own words, and | will then
provide my own assessment. Oil is more valuable than gas, and so companies design their facilities to
capture as much oil as possible. While most of the methane in the reservoir oil forms a gas at the
surface, some of the other, lighter hydrocarbon components (so-called intermediates, such as ethane,
butane and propane) can be present in significant quantities in either the gas or liquid phases. To
produce as much valuable liquid as possible, oil companies want to ensure that as most of the
intermediate components remain in the liquid (oil) phase at the surface. This is achieved by separating
the gas from the oil at high pressure. The remaining hydrocarbon then evolves less gas, containing
fewer intermediates and giving a larger oil volume than for a single-stage separation. The hydrocarbon
may go through several stages of separation at progressively lower pressures until stock tank conditions

are reached.

The fluid property reports contain details of a four-stage separation. The Zick report assumed that this
represents the separator conditions had the accident not occurred and BP had produced the oil
normally. So, in a hypothetical scenario, with no accident and with BP applying the separator conditions
studied in the fluid property reports, the conversion from surface to stock tank conditions would be
performed using B, from this four-stage separation. This conversion produces more oil for the same
volume released from the reservoir compared to a single-phase flash, by design. The Zick report states
that the oil volume is 11% higher if the multistage values are employed.

244 “qs though the oil that spilled into the Gulf of Mexico

went immediately from reservoir temperatures and pressures to ambient surface conditions.” This could

The Zick report describes single-stage separation

be misinterpreted: single-stage separation is independent of the speed of the process or the sequence
of temperature and pressure changes, as long as the oil and gas remain in contact (the gas is not
separated from the oil). The report then recommends using values from a “multistage separation
process that would more accurately reflect the way stock tank oil is normally produced.”

F.2.5 Ambiguities in the definition of multistage separation. The use of a multistage separation process
introduces ambiguities, as the exact value of B, depends on the temperature and pressure of each stage,
as well as the number of stages: there are an infinite number of possibilities to choose from. It is correct
that one particular sequence was studied in the fluid property reports. However, armed with a good
equation-of-state model, BP engineers may have been able to design a better process to capture even
more oil, or — on cost grounds — chosen instead to use fewer stages, or have been forced to combine the
production with that from other wells and use existing separators that were not designed for the
Macondo fluids, and so were less efficient.

Its premise rests on determining what BP would have produced (and sold) had a given reservoir volume
of oil been extracted. This involves a consideration of BP’s production plans, or design criteria for the
field, which have no direct bearing on a calculation of oil released. While the Zick report asserts that the

2% Zick report [Z], page 16.

128

TREX-011553-R.0128



M J Blunt Expert Report

four-stage separation process represents these likely conditions, there may be evidence to the contrary,

adding a layer of unnecessary complexity and potential uncertainty to an already involved calculation.

| use values from a single-stage separation in my report, based on the experimental measurements. The
oil that was released to the ocean also underwent a separation, but at the temperatures and pressures
at the sea bed, followed by further separations as it rose to the surface.

F.3 The Kelkar & Raghavan report
The Kelkar & Raghavan report has three distinct components: (1) a calculation of the flow rate near the
end of the spill; (2) an analysis of the capping stack pressures after choke closure to determine the final
reservoir pressure; and (3) the use of a material balance analysis to estimate the cumulative volume of
oil released. | will discuss the latter two analyses.

F.3.1 Pressure build-up analysis. Kelkar & Raghavan state:** “We use the data gathered during the
shut-in to assess certain characteristics of the reservoir, including the shape and well location.” They
then present the standard pressure build-up and derivative plots®*® and say:**’ Our analysis of the data
also suggests that the Macondo well is in the corner of a reservoir with a rectangular shape. Both of
these observations are consistent with the BP pre-drill report, which suggests that the well is indeed
located at the corner of a reservoir with a rectangle shape” They then show a figure®*® — a seismic depth

map —that purports to support this conclusion.

The seismic depth map is of such poor quality that | cannot decipher the well location unambiguously on
it, nor does it appear to indicate the extent of the field. While indeed it is correct to model the reservoir
as a rectangle for the pressure analysis, the well was not drilled at one corner of the field (see, for
instance, Figure 4.5). No direct evidence to support this assertion is given; it contradicts the pressure

analysis of Dr. Hsieh, BP engineers and the Pooladi-Darvish report (see later).

The standard practice in pressure transient analysis is to compare the measured pressure and its
derivative with the output of an analytical model of the pressure response for linear flow (as | have
done) or for a rectangle (as Dr. Pooladi-Darvish and | have done as well). Instead, Drs, Kelkar &

%% The authors state that this curve is a

Raghavan simply fit a curve to the pressure build-up.
“rectangular hyperbola” which may lead the non-expert to consider this is an appropriate methodology
for a rectangular reservoir. It is not: the functional form for the pressure build-up is inconsistent with

the rigorously derived equations for flow in a channel (see Appendix C).

The Kelkar & Raghavan report provides a reference (Haugland et al., 1984) to justify this approach. This
paper states: “If nothing is known about the reservoir, then the hyperbola method can be used to get a

rough estimate of the pressure.” But Drs. Kelkar & Raghavan — and everyone else who has studied

*% Kelkar-Raghavan report [KR], page 21.
2% Kelkar-Raghavan report [KR], figure 7, page 22.
**’ Kelkar-Raghavan report [KR], page 22.
*%¢ Kelkar-Raghavan report [KR], figure 8, page 23.
*% Kelkar-Raghavan report [KR], figure 9, page 24.
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Macondo — do know something about the reservoir — it has an approximately rectangular shape, while

the seismic survey indicates its likely size.

Drs. Kelkar & Raghavan then mention a series of other curve-fit approaches to find the average pressure
that provide lower numbers. Again these are methods of poor reliability — “rough estimates” — that are
normally only be applied to cases where the reservoir geometry is unknown.

In the Appendices they discuss standard petroleum engineering methods. For pressure transient

250
d “

analysis they say that it can be used to fin the location of boundaries or barriers.” However, they did

not do this for Macondo.

F.3.2 Conversion from capping stack to reservoir pressures. Drs. Kelkar & Raghavan used a constant

251 . .
As discussed in

head of 3,220 psi to convert the capping stack pressure to down-hole conditions.
Appendix B, this approach is incorrect, as it ighores the compressibility of the oil: the pressure difference
changes with pressure and temperature, and is higher than they assumed. The data reported in Figure 8
show a non-monotonic trend (one point above the others) at late time — this is not seen in the data |

have used and is not evident in their Figure 7 either.

In conclusion, the authors report a series of final pressures between 10,235 and 10,396 psi. They took
the highest number for their material balance calculation. My range of final pressure — using rigorous
methods — is between 10,433 and 10,531 psi — with the last recorded capping stack pressure
corresponding to a down-hole value between 10,276 and 10,371 psi, dependent on what set of fluid

measurements is used.”? | consider Drs. Kelkar & Raghavan’s final value — 10,396 psi — too low.

F.3.3 Material balance analysis. This is similar, conceptually, to the work presented in this report.
Kelkar & Raghavan correctly stated that they are”? “using an industry standard material balance
methodology.” | agree with them that material balance is indeed the correct approach to determine the

total volume of oil released.

They followed the same approach as | do in Section 4: determining the original oil in place, the total
compressibility and the pressure drop, before multiplying these three quantities together to obtain the

oil released.

There is a difference, though, in how we do the analysis. Drs. Kelkar & Raghavan did not — at any stage —
use fluid or rock data taken from a critical and independent review of the direct measurements, despite
this data being made available to them. Instead, they picked data from secondary sources, with scant

justification.

F.3.4 Inappropriate value of the oil formation volume factor. The Kelkar & Raghavan report estimated
the STOIIP (stock tank oil initially in place) as 137 MMstb. This is higher than my estimates of between

250

Kelkar-Raghavan report [KR], page 32.
Kelkar-Raghavan report [KR], page 19.
**2 Table D.2.

*** Kelkar-Raghavan report [KR], page 8.
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122 and 127 MMstb (with 100% connectivity). However, this is a consequence of the use of an oil
formation volume factor of 2.14. The authors appear to have taken a value from a BP property table.”*
The value of B, is inconsistent with the data, as | discuss in Section 4.1. They assumed a reservoir
volume of oil that is 293 MMrb, which is very close to my value of 291 MMrb (see Table A.3). Hence, the
over-statement of oil volume is simply a consequence of a poor value of B, employed — something that
would have been evident had the authors studied the fluid property reports.

Drs. Kelkar & Raghavan present various sensitivities, including a lower STOIIP of 110 MMstb, a value that
they say was reported by BP. In the end, the range of STOIIP is not linked to a proper assessment of the
oil volume underground, but arises from a selection of various incorrect conversions from reservoir to
surface volumes.

Drs. Kelkar & Raghavan used an oil compressibility of 14.3 microsips. This is in my range of values — see
Table A.5. However, they did not review the fluid data directly, but again relied on an average value
from BP’s fluid property tables.

F.3.5 Exaggerated pore volume compressibility of 12 microsips. The report states:*>> “Our calculation
uses a formation compressibility is 12x10° psi*. According to BP, this is the most likely value of formation
compressibility.” This is the single most significant error in their analysis. There is no scientific evidence
to support the use of this value. It is not the most likely value according to BP. This value was employed
during the well integrity test as a worst case scenario: BP considered 6 microsips to be the most likely
formation (or pore volume) compressibility, and this number was used after choke closure in their

2% | consider the fact that Drs. Kelkar & Raghavan have ignored the

analysis of the pressure response.
directly-measured data, which gives an average compressibility of approximately 6 microsips —

presented in Section 4.2 — to be a serious shortcoming in their analysis.

F.3.6 Dr. Kelkar had earlier used 5.61 microsips for his work on Macondo. The insistence on 12
microsips is all the more baffling, when compared to the analysis that Dr. Kelkar performed as a
consultant for the US Government’s Flow Rate Technical Group. During the spill his team estimated
most likely flow rates of between 27,000 and 32,000 stb/day.”’
will comment on — | agree with Drs. Kelkar & Raghavan that the appropriate method to determine

However, it is not the flow rates that |

cumulative release is a material balance analysis — but on the data that were employed.

Dr. Kelkar used a base case pore volume compressibility of 5.61 microsips®® and a high case of 8.29

259 0

. . . 26!
microsips. These values are taken directly from Weatherford’s reports of core measurements.

254

See the value of B, for the BP tables quoted in Table A.4: 2.1431.

Kelkar-Raghavan report [KR], page 28.

See, for instance, Pinky Vinson’s deposition [47], page 300, line 15. Also Dr. Merrill’s deposition [54], page 192,
line 5; page 214, line 23; and page 216, line 15 onwards.

%7 See McNutt et al. (2012b), Table 3.

See Don Maclay’s deposition [62], page 393, lines 10-13; ; Exhibit 9859 (Kelkar FRTG Report).

See Don Maclay’s deposition [62], page 413, line 25 and page 414, line 1; ; Exhibit 9859 (Kelkar FRTG Report).
BP-HZN-2179MDL02393883 (Weatherford summary of pore volume compressibility, “UPVC” tab, cells B17 and
D17 [26].
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Looking at the measured data, is, of course, the appropriate approach which | have followed.”* The

Kelkar & Raghavan report, however, did not discuss the measured data at all.

F.3.7 Calculated oil released of 3.4 MMstb if a compressibility of 6 microsips is used. In Appendix C,**

the Kelkar & Raghavan report considered a formation compressibility of 6 microsips (close to the
measured value), for which the calculated oil released had a lower range of 3.4 MMstb. This is similar to
the mid-range of my calculations; this demonstrates that when Drs. Kelkar & Raghavan admitted the

measured values they arrived at a similar determination of oil released to mine.

However, they concluded the main text with a range of oil released between 4.5 and 5.5 MMstb, using a
range of STOIIP between 110 and 137 MMstb. They did not discuss the likely connectivity of the field,
nor did they provide any analysis of the reservoir geology, which is a vital — and standard — consistency

check in any reservoir engineering calculation.

F.4 The Pooladi-Darvish report

Dr. Pooladi-Darvish also simulated flow through the well-bore, capping stack and other surface
equipment to estimate the flow rate near the end of the spill. Assuming fixed outflow conditions, the
model was run for the entire period of the spill to find the cumulative volume of oil released. In a
second stage of the work, a well-flow model was coupled to a reservoir simulation model and run with
different sets of assumed parameters. The models matched the pressure response at the capping stack
after choke closure with an average error of better than 0.1% and predicted the collected volumes of oil
within 25%. These good match models had a cumulative oil released of between 5 and 5.3 MMstb.

The report contains a long series of Appendices prepared as slides, rather than text. However, it is
possible to disentangle the analysis and explain how different conclusions are reached from my analysis.
One thing | will also emphasize is that although the final numbers appear consistent with the Kelkar &

Raghavan report, the input data are significantly different.

F.4.1 Analytical method with fixed outflow performance. The Pooladi-Darvish report first presents an
analytical estimate of oil released. This work is akin to the Ratzel and Griffiths Sandia reports, using an
estimate of the final flow rate and fixed outflow conditions to extrapolate the flow throughout the spill
period. This method made unsupported assumptions concerning the flow resistance in the early part of

the spill and essentially fixed the cumulative once the final flow rate was determined.

F.4.2 Well test analysis and an exaggerated oil compressibility. In the analytical model, Pooladi-Darvish
coupled his well-bore flow model to a prediction of the pressure build-up. | presume that this is a
conventional well test analysis. The results are shown in Appendix I1.”** As is standard in the petroleum

community, the data and a model match to the pressure and pressure derivative are shown.

*®! These values are the pore volume compressibilities at a fluid pressure of 11,000 psi. The pore volume

compressibility decreases as the pressure drops: as explained in Appendix A, | use values that exactly reproduce
the change in pore volume for a pressure drop from initial to final reservoir pressures.

282 kelkar-Raghavan report [KR], page 45.

283 pooladi-Darvish report [PD], Appendix Il, slides 30 and 31.
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The inputs to Pooladi-Darvish’s model lack foundation. First, the pressure derivative data are very noisy
— much more noisy than the data | present in Section 4.3. It is not clear how the data were selected or
the derivatives computed. The derivative data shows a rapid drop to close to zero near the end of the
build-up period. This is not evident in my analysis, or in the data shown by Drs. Kelkar & Raghavan or Dr.
Hsieh. As a result, the match is unlikely to be precise (as the data are noisy) and under-estimate the
final pressure (because the final derivative values are too low). The estimated final pressure is 10,336 psi
— indeed this is too low. A fixed pressure difference of 3,282 psi*® was applied between the capping
stack and reservoir. Using a fixed value introduced a systematic error, as discussed in Appendix B.
However, at least the value itself is in the range | consider.

More significant though is the assumed oil compressibility in one case: 28.5 microsips, which is twice the
measured value (see Table A.5). The pore volume compressibility is under-estimated at 2 microsips, but
the total compressibility, Eq. (A.7), is exaggerated at 26.6 microsips. The total compressibility times

porosity is 5.85 microsips: this is far outside the measured range 3.4-4.5 microsips (see Table A.8).

Why did Dr. Pooladi-Darvish do this? He cannot match the pressure data otherwise. He has hooked his
model to a well-bore simulator and assumed constant outflow conditions. Hence, if he estimates a final
flow rate of 51,000-54,000 stb/day, he has to have a cumulative release of around 5 MMstb. His model
is not predictive: once the final flow rate is determined, so is the cumulative to within tight bounds. This
is why all his good match models have more-or-less the same total flow — they can do nothing else,
unless he relaxes the constraint of a fixed outflow. But, he also has to obey material balance. He has
fixed his reservoir volume to around 109 MMstb. His (poor) match to the pressure data gives a pressure
drop of 1,515 psi. His cumulative is — for this case —5.20 MMstb. Hence, from Egs. (A5) and (4.2), he
has to have a total compressibility of around 26 microsips. If he assumed a compressibility that was
consistent with the measurements, he would not have been able to match the pressure. This would
have indicated that some of his underlying assumptions — specifically the assumption of a cumulative
flow around 5 MMstb — were wrong.

There is a fundamental point here that lies at the heart of my analysis, and which is ignored — in

different ways — by all the Government investigators:

It is not possible to match the pressure build-up with a cumulative release of 5 MMstb while
honouring the measured reservoir rock and fluid properties.

Either 5 MMstb is wrong, or the measured reservoir properties are wrong. You cannot have both. Drs.
Kelkar & Raghavan (and Dr. Hsieh) avoided this problem by using a pore volume compressibility that is
more than twice the measured value, while Dr. Pooladi-Darvish adjusted the oil compressibility to obtain
a fit. Later — as we discuss — Dr. Pooladi-Darvish did take representative reservoir properties, but used a

new trick to hide the discrepancy by allowing unfeasibly low final pressures and growing his reservoir.

264

Pooladi-Darvish report [PD], Appendix Il, slide 15.
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F.4.3 Confusion over fluid properties. The Pooladi-Darvish report states that it uses:** “The measured
Pencor data obtained from the single stage flash test.” Again, multistage values are not used,
contradicting the assertions in the Zick report. However, as with Drs. Kelkar & Raghavan, the value of B,
is not representative of the measurements. A graph of B, as a function of pressure is shown, displaying
values that — above the bubble point — are all greater than 2.3. However, in the well test analysis (see
266 But

then later, it is stated that single-stage values are used for the outflow performance simulation — which
267

above), B, is assumed to be 2.131. This lower value would appear to be from the separator test.
is correct, as these are the conditions that pertain in the well-bore.”™" But, | don’t see how different sets
of data can be used in different parts of the simulation — you have to be consistent. This is one of several
examples, where different properties are used for different calculations, with a significant shift between
the analytical and numerical models.

F.4.4 Assumed oil volume is too large. Dr. Pooladi-Darvish then coupled the outflow simulation to a
reservoir simulator. A base-case reservoir model is described. This has a rectangular geometry with an
oil volume of 137 MMstb. This value is the same as reported by Drs. Kelkar & Raghavan, but higher than
268
It

is not clear why the reservoir size has increased from the analytical model, and if any independent

used in the analytical model. The justification appears to come from BP’s estimates before drilling.

assessment of reservoir volume was undertaken

F.4.5 Correct assignment of pore volume compressibility. The Pooladi-Darvish report then presents 25

%2 | will note one significant difference with

different simulations with parameters presented in Table 2.
the work of Drs. Kelkar & Raghavan: the base case pore volume compressibility is 6 microsips, as
assumed by BP and close to my mid-range value. This value is based — as it should be — on the

measurements.

F.4.6 Exaggerated range of data. Dr. Pooladi-Darvish presented tables giving ranges of parameter

270
values.

In many cases the range was over-stated and not supported by the available data. He then
allowed his reservoir model to have properties within these ranges, outside the values from direct

measurement.

e Permeability. The range is 170 — 850 mD with a best estimate of 550 mD. The best case does
not correspond to the average of the core measurements or from pressure analysis (Section
4.3), while the high case lies outside the range of measured values (Appendix A.5). Overall there
is a bias to over-estimate permeability. The average permeability is twice as high as the most
robust determination from pressure analysis (238 mD in the Gringarten report). This leads to a

doubling of predicted flow rate.

265

See Pooladi-Darvish report [PD], Appendix Il, slide 45.

See Pooladi-Darvish report [PD], Appendix lll, slide 8.

See Pooladi-Darvish report [PD], Appendix lll, slide 9.

See Pooladi-Darvish report [PD], Appendix lll, slide 8.

See Pooladi-Darvish report [PD], page 14.

See Pooladi-Darvish report [PD], Appendix lll, slides 8 and 9.
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e Porosity. The base case value is 0.23 with a range 0.17-0.28 — the values are taken from BP’s
assessment before drilling and direct data was available. Once porosity had been measured, the
best estimate of the average value is lower — 0.217 — and the range of values considerably
narrower (see Section 4.1).

e Oil compressibility. A base case value of 12.3 microsips is given. This is below the range of the
measurements: 13.7-14.8 microsips (see Table A.5). However, Dr. Pooladi-Darvish allows a
range from 6 to 32.3 microsips. This range is far too wide: his high value is the compressibility at
the bubble point.?’*

values are unrepresentative and have no relevance for calculating oil expansion. In the

However, the reservoir pressure is — at all times — much higher and so these

simulation runs, it appears that the oil compressibility was adjusted to match the data: the value
he used was around 15.3 microsips, above the measured values.?’*

¢ Pore volume compressibility. As mentioned above, Dr. Pooladi-Darvish took a representative
base estimate of 6 microsips. However, his high estimate is the all-too-familiar value of 12
microsips. He states that both values are taken from the “test conducted by Weatherford.”
While 6 microsips can indeed be justified, 12 microsips is not a value that was measured (see
Section 4.2).

e Oilvolume. Dr. Pooladi-Darvish quotes a range from 75-200 MMstb with a base estimate of 137
MMstb. He based this on BP’s pre-drill range of 138-239 MMstb. However, the value of B, used
by BP in their calculations was far below what was later measured. He needs to correct for this.
It is not clear if or how this was done. Moreover, as | state in Section 5, the consistency of the
predicted and measured height of oil-bearing sandstone at the well, combined with the results
of the pressure analysis, considerably reduce the uncertainty in connected oil volume. Instead
Dr. Pooladi-Darvish suggests a wider range, even though we now have additional information:
his range is approximately +39%, as opposed to BP’s £27%. In any event, the base case is too
high —as mentioned above.

¢ Oil formation volume factor, B,;. The range of B, from 2.0-2.35 with a base case of 2.1 has a
bias that leads to an over-statement of oil released. The measured range (Table A.4) is from
2.27-2.36.

Dr. Pooladi-Darvish’s considered a range of values, anchoring the range on measurements. However, in
most cases, the justification for his choices was somewhat flimsy with a tendency to over-state the

uncertainty and — in some cases — to bias the estimates.

"3 of the Pooladi-Darvish report shows

F.4.7 Poor pressure match using a numerical simulator. Figure 7
the match to the pressure after choke closure and the associated error. By eye the match appears

impressive and similar to the matches presented in this report and by Dr. Hsieh. However, as | have

"% As a technical point, the fluid compressibility at the critical point of a fluid is infinite. In a near-critical fluid, such

as the Macondo hydrocarbon, the bubble point is close to the critical point and hence very large values of
compressibility are expected. This is fascinating thermodynamically but has no bearing on the calculation of oil
released.

?2 | have deduced this value to be consistent with material balance. While Dr. Pooladi-Darvish has made all his
computer files available, | have not been able to deduce the oil compressibility directly from his data.

*”* see Pooladi-Darvish report [PD], page 16.
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emphasized, close scrutiny is required. | have matched the reservoir pressure with an average (root-
mean-square) error of 2 psi or less.”’* This is a fractional error of 0.02%. This is superior to any of the
pressure matches achieved by Dr. Pooladi-Darvish.””> Furthermore, Figure 7 shows that at late time —
just the period when we need to match the pressure as precisely as possible to find the correct final

value — the mismatch increases to almost 0.1%, or 10 psi.”’®

This is significant by the standards of
pressure transient analysis. | do note, however, that some of the other matches shown are better at
late time, although the overall error is always 0.03% (3 psi) or greater. The problem here is that
numerical simulation is not the best way to match pressure — the use of analytical well test analysis tools

provides a superior determination of reservoir properties.

F.4.8 Incorrect pressure difference between the capping stack and the reservoir. The Pooladi-Darvish
report presents a detailed analysis of this pressure difference, quantifying its value with a linear function
of temperature and pressure.””” This approach mirrors that in Appendix B of this report. He
demonstrates, correctly, that variations in pressure and temperature lead to a change of +150 psi in the
pressure difference. However, Dr. Pooladi-Darvish kept this difference fixed during the simulation of the
pressure build-up: this is incorrect, it increases with the rising capping stack pressure and as the well-
bore cools. This is important, as it affects the shape of the pressure build-up in the reservoir and the
derivative.

For the simulations, he assumed a pressure difference of 3,157 psi.’®

This is significantly lower than the
value he used in the analytical model (3,282 psi) and is well below the range of my values. This led to
final reservoir pressures that were far too low, and an exaggerated pressure drop. With the numerical
simulation, mismatches in the final pressure were hidden, allowing a cumulative release of 5 MMstb,

obeying material balance and using otherwise representative fluid and rock properties.

| quote from the report:*”° “The fluid at wellhead is expected to be between 243 and 40 F (with the high
and low limits corresponding to fluid velocities of infinity and zero). Here, the uncertainty in hydrostatic
pressure is evaluated if the wellhead pressure was uncertain between 140 and 220 F. (Note that the
“Base Model” considered in this study assumes a wellhead temperature of 220 F.” But, during the build-
up period — when the pressure is matched — there is no flow. So, the temperature should be nearer
40°F, according to Dr. Pooladi-Darvish. Later, a detailed sensitivity analysis is presented: every value for
the pressure drop that is calculated using measured fluid properties lies above his base case.”® This
introduces a bias into the model. The pressure change is significantly under-stated and is the key error
in this analysis, giving final reservoir pressures that are typically more than 200 psi lower than the values

| determine.

274

See Appendix D, Tables D.2 and D.3.

See Pooladi-Darvish report [PD], Table 1, page 3.

Note that the figure uses a logarithmic time axis, so a small increment in the logarithm of time at the end
represents a significant fraction of the build-up period.

2’7 see Pooladi-Darvish report [PD], Appendix lll, slide 3.

Pooladi-Darvish report See [PD], Appendix lll, slide 5; see also Appendix IV, slide 6.

Pooladi-Darvish report [PD], Appendix llI, slide 18.

Pooladi-Darvish report [PD], Appendix llI, slide 23.
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As an example, | take Dr. Pooladi-Darvish’s base case model that has a final reservoir pressure of 10,202

- 281
psi.

down-hole pressure lies between 10,276 and 10,371 psi dependent on the fluid properties used. The

I consider this value implausible: as stated in Section F.3, at the end of the build-up period the

final pressure cannot be below this. Indeed, using rigorous methods, | find a final pressure between
10,433 and 10,531 psi (Section 4.3). Since — from material balance — the cumulative release is
proportional to the pressure drop — the difference between the initial and final pressures — this

introduces a significant bias in the analysis, consistently over-stating the oil released.

For the “good match” cases the final reservoir pressures lie between 10,053 and 10,239 psi.?®? |
consider all these values implausible. They all lie below the likely down-hole pressure when the well
was cemented and the well test analysis fit by Dr. Pooladi-Darvish of 10,336 psi.

F.4.9 An increasing initial flow rate allows a lower estimate of cumulative release. Dr. Pooladi-Darvish
also considered a case where the flow rate increases initially before reaching a maximum and then
declining. This scenario is not dissimilar to the ones | explore in Appendix E.3. The cumulative flow in
this case is 4.7 MMstb, with a possible 4.5 MMstb discussed in a footnote.”®
not explore, however, the full range of possible flow rate histories, some of which may have much lower

Dr. Pooladi-Darvish does

cumulative releases of oil. The quoted range cumulative release 5.0-5.3 MMstb was based on the

unsupported assumption that the outflow conditions remain constant during the spill period.

Imagine that Dr. Pooladi-Darvish done the following: considered a wider range of flow rate histories;
kept the (correct) fluid and rock compressibility; adjusted the oil volume to be consistent with BP’s mid-
range estimate and the likely connectivity of the field, while using the correct conversion from reservoir
to surface volumes; and used a more representative value of the pressure difference from the capping
stack to the reservoir (as he presents in his Appendix Ill). If he had done all this, then | suggest that he

would have obtained similar values of oil released to mine.

F.4.10 Final discussion — taking a fixed outflow pre-determines the cumulative. The Pooladi-Darvish
report suffers from the same problem as the Ratzel and Griffiths reports, even though the reservoir
models employed are more sophisticated. Dr. Pooladi-Darvish linked a reservoir model to the outflow
performance, found a final flow rate of around 50,000 stb/day and then assumed a fixed outflow
performance over the period of the spill. This pre-determined — within narrow bands — the cumulative
flow. This explains that even with very different assumed reservoir properties, the total flow remained
between 5.0 and 5.3 MMstb in all cases. Only a limited investigation of changing outflow performance

was provided, and so the full range of possible cumulative release was not considered.

In order to match the capping stack pressure build-up, while allowing the reservoir model to release 5
MMstb, the report made two errors. First, the connected reservoir volume in the simulations was too
large — 137 MMstb or more. The possibility that the reservoir is not completely connected was not

considered. As in the Kelkar & Raghavan report, there was no discussion of reservoir geology at all.

281

Pooladi-Darvish report [PD], Appendix IV, slide 17.
Pooladi-Darvish report [PD], Appendix V, slides 4 and 5.
Pooladi-Darvish report [PD], page 26 n.10.
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Second, the pressure difference between the capping stack and the reservoir was under-estimated
during the build-up period, giving reservoir pressures that were too low, over-stating the pressure drop
and the oil released.

F.5 Overview of estimates of cumulative oil released

I conclude this Appendix with an overview of the estimates provided by Drs. Kelkar & Raghavan, Dr.
Pooladi-Darvish and Dr. Hsieh (see Appendix G). In Table F.2 | show how, by correcting for the pressure
drop, compressibility and connected oil volume, my calculation of oil released can be recovered. While
the methodology is — in places — correct, such as the use of pressure transient analysis and material

balance, they all contain flaws in the application of these methods and in the use of measured data.

Investigator Estimated Using my Correcting the Correcting Corrected
oil released | connected compressibility the pressure | calculation of
volume drop oil released
Drs. Kelkar & 284
5 MMstb -0.48 MMstb -1.04 MMstb -0.22 MMstb 3.26 MMstb
Raghavan
Dr. Hsieh 4.92 MMstb | +0.07 MMstb -1.22 MMstb -0.51 MMstb 3.26 MMstb
Dr. Pooladi- 5.03
: -0.93 MMstb -0.16 MMstb -0.68 MMstb 3.26 MMstb
Darvish MMsth?*® s . s ;

Table F.2. Table illustrating the impact of the different assumptions in the analyses presented by Dr. Hsieh, Drs. Kelkar &
Raghavan, and Dr. Pooladi-Darvish. The table shows by how much the estimates presented by these investigators changes if
we use the connected oil volume, compressibility and pressure drop, compressibility values presented in this report. The
final column provides my determinations of oil released. | have taken the mid-case pore volume compressibility of 6.35
microsips to correct the compressibility and have taken the average of my calculation for the three sets of fluid data. These
results are also shown in the summary table in Section 2.

*®** Their mid-range value, which requires an assumption of a connected oil volume of 123.5 MMstb. Kelkar &

Raghavan report [KR], page 28.
*® The base case Pooladi-Darvish simulation model [PD], Appendix IV, slide 14.
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Appendix G. Further critique of the Hsieh analysis

This Appendix provides a detailed critique and analysis of the reservoir modelling work of Dr. Hsieh
reported in the open literature (Hsieh, 2010, 2011), and in reports and presentations [11,12]. | will also
refer to his deposition in September 2012 [42,43] and use data provided to me in spreadsheet form [44].
Further information is also contained in McNutt et al. (2012a,b) and Hickman et al. (2012).

G.1 Comparison of pressure data and analysis
G.1.1 Comparison of the data used by me and Dr. Hsieh. Both Dr. Hsieh and | match the pressure data,
so this critique starts with a presentation of the data that we used. Figure G.1 shows the capping stack

86 As mentioned in Section 4.3, | have used all the

pressure that formed the basis of both our analyses.
distinct pressure readings and taken the average time for consecutive readings of the same pressure
value. Dr. Hsieh has stated that he selected data values that had an approximately even spacing in

. 287
Horner time.

Since the pressure gauge only had a sensitivity of 5 psi, selecting data at predetermined
times immediately introduces an error, whereas averaging the time for a given reading — as | have done
— preserves all the information. It is evident, moreover, that the data we use are quite different. While
at late time (after around 1 day or 100,000 s) the trend is similar, my values are lower by an
approximately constant offset of almost 40 psi. Note that | have more pressure points at late time. This
means that in matching my model to the data, | give more weight to later times. This allows me to
represent better the end of the build-up period and hence the final reservoir pressure. At early time,
not only the pressure values, but their trend is very different. Dr. Hsieh uses data that display a much

steeper rise in pressure at around 20,000 s.

| also show the match to the pressure provided by Dr. Hsieh’s rectangular simulation model and my
analytical rectangular model using a constant flow rate. In my rectangular model | have applied the
temperature-dependent conversion from capping stack to reservoir pressures presented in Appendix B
using Core Labs fluid properties. Dr. Hsieh appears to obtain — overall — a good match to the pressure.
However, it is the late-time behaviour that is most significant in determining reservoir boundaries and

the final pressure, as we will see later: we see a slight under-shoot of the final pressure measurement.

G.1.2 Comparison of pressure derivatives. Figure G.2 shows the pressure derivative for the two
datasets. At late time, we see roughly similar values with a signature of channel flow. At early time Dr.
Hsieh’s data indicate a higher derivative of a roughly constant value, suggesting radial flow.

The sampling of the data does have a significant bearing on the pressure match. The presence of the far
reservoir boundary, which determines the final reservoir pressure, is only seen at the latest times. If you
have few data points to match in this time period, then, when you fit the data, you may allow a
mismatch of these few points in favour of a better fit to an earlier time period, where there are more

?%® The data from Dr. Hsieh comes directly from a spreadsheet provided (see Exhibit 8617 (Hsieh pressure analysis))

[44]. This is presented as pressure as a function of Horner time. | have converted to time since choke closure
using his assumed flow period t, of 86 days.
*%7 Dr. Hsieh’s deposition [43], page 363, line 13.
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data. However, this earlier time period is unaffected by the presence of the far boundary and so does
not help specify the final reservoir pressure. This is where Dr. Hsieh introduces a source of inaccuracy in
his analysis: he has few data points at late time and so does not steer his pressure match to fit this vital
late-time behaviour.

7,000
6,950 —E
6,900 :
6,850

6,800 |

6,750

6,700 -

6,650

Capping stack pressure (psi)

+

- ! +++
6,600 |

. i— . ‘ ‘ ‘ ‘ ‘ ‘
6,550 | 0 20,000 40,000 60,000 80,000 100,000

] Time since choke closure (s)
6,500 - ‘ : —

0 500,000 1,000,000 1,500,000 2,000,000

Time since choke closure (s)

Figure G.1. Comparison of the pressure data used by me (crosses) and Dr. Hsieh [44] (circles). The inset shows the early-time
behaviour in more detail. Note an offset at late time, due to an expert reassessment of the raw pressure recordings [T]
made after Dr. Hsieh published his analysis. Also shown are Dr. Hsieh’s match to the pressure (the red line) and my match to
his data using a constant-flow-rate rectangular model (black line).

Dr. Hsieh used an optimization package, linked to a numerical reservoir simulator, to find the reservoir
shape, well location and permeability that led to the best match of pressure. Like Dr. Hsieh, | too have
used an optimization routine to find the best-fit parameters. However, in the optimization — as
described in Appendix D — | use an analytical model whose results can be evaluated to arbitrary
accuracy. Table G.1 provides my best-match parameters for the three sets of fluid data studied: this
Table conveys the same information as Table D.2, except that | have matched to Dr. Hsieh’s pressure
data in this Section.
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100

Capping stack pressure derivative (psi

10 ; —— —
10,000 100,000 1,000,000

Time since choke closure (s)

Figure G.2. Comparison of the pressure derivative computed from the data used by me (crosses) and Dr. Hsieh (red circles).
At late time the derivatives are broadly similar, although my final few values lie above those of Dr. Hsieh. The best-match
models from Dr. Hsieh (red line) and my analysis (black line) are also shown. Note that Dr. Hsieh tends to under-estimate
the derivative at late time, leading to too low a final reservoir pressure.

G.1.3 Comparison of pressure matches. Dr. Hsieh’s model under-states the pressure derivative at late
time, just before the well was cemented. He predicts a decrease in the derivative when this is not
apparent in the data. My best matches to his data, shown in Table G.1, indicate a higher final reservoir
pressure than when | use my own data (compare with Table D.2) and so —had | used his pressure data —
| would predict less oil released than reported here, not more. Since Dr. Hsieh only considered pressure
and the readings were only accurate to only 5 psi, his matches are somewhat insensitive to the final
estimated reservoir pressure, as discussed in Appendix D. Overall, Dr. Hsieh matches his pressure data
with a root-mean-square-error of 2.2 psi; | do better with an error of only 1.5 psi. However, | also match
to the pressure derivative with a root-mean-square error of 8.5 psi; Dr. Hsieh’s error is 16.7 psi. This is
outside the range of acceptable matches shown in graphs D.1 to D.3.

141

TREX-011553-R.0141



M J Blunt Expert Report

Parameter % z Ap pr Pressure | Derivative

error error

Using proper conversion from |, ., 100 | 559367 1,392 | 10458 | 146 8.53
capping stack to reservoir

Fixed pressure difference
between capping stack and 11,300,000 775,000 1,499 10,351 1.81 6.47
reservoir
Dr. Hsieh’s analysis 1,583 10,267 2.22 16.72
Unit s s psi psi psi psi

Table G.1. Parameters determined from the pressure match to Dr. Hsieh’s data. Table D.1 provides definitions and
descriptions of each of these terms. | have used an initial reservoir pressure of 11,850 psi to find p;, since this was the value
used by Dr. Hsieh. Dr. Hsieh’s estimates of final pressure and pressure drop are also shown for comparison.

Dr. Hsieh selected too few pressure points at late time and so tolerated an error in their trend in favour
of a better fit to the early-time data. This makes his analysis insensitive to his assumed final reservoir
pressure. Instead, | have focussed my attention on the important parameter in this analysis: the final
reservoir pressure. To determine this precisely, | have ensured that | match the measured pressures and
their trend accurately at the end of the build-up period. | place less emphasis on the early-time

transient (although | also match this well), since this has less impact on the material balance calculation.

G.1.4 Fixed pressure conversion from capping stack to reservoir. There is another significant difference
between my analysis and that of Dr. Hsieh. Dr. Hsieh assumed that the reservoir pressure was a fixed
3,199 psi larger than the capping stack pressure.”® In contrast, since the oil is compressible, the
pressure difference is itself a function of temperature and pressure, as described in Appendix B: my
pressure differences are larger and vary from around 3,200 to 3,400 psi dependent on the capping stack
pressure and fluid properties used. This discrepancy also leads Dr. Hsieh to estimate lower reservoir
pressures than in my analysis: for the same capping stack pressure, he under-estimates the reservoir
pressure and the reservoir pressure derivative. In Table G.1, | also show the best match to pressure if |
retain Dr. Hsieh'’s fixed pressure difference: this isolates the impact of the poor match to the pressure
derivative from the effect of his simplification of the pressure difference between the capping stack and
the reservoir. |find a final reservoir pressure of 10,351 psi if | match Dr. Hsieh’s data using his assumed
pressure drop from reservoir to capping stack.

Dr. Hsieh predicted a final reservoir pressure of 10,267 psi,”® while | obtain 10,458 psi using his data.
This discrepancy can be broken down into two contributions. First, correcting Dr. Hsieh’s poor match to
the late-time pressure derivative increases the predicted final reservoir pressure by 84 psi (the
difference between his estimated final pressure of 10,267 psi and the best-match using his properties of
10,351 psi). Second, introducing my calculated pressure change from capping stack to reservoir, based
on the measured fluid properties, leads to a further increase of 107 psi in the predicted final pressure.

2% computed using the conversion from capping stack to reservoir pressures for Core Labs properties presented in

Appendix B, a rectangular flow model and a constant flow rate. The case with a fixed pressure conversion uses a
linear flow model.

*® This is taken directly from the spreadsheet values (see Exhibit 8617 (Hsieh pressure analysis)) [44].

This value is taken directly from his spreadsheet (see Exhibit 8617 (Hsieh pressure analysis)) [44]; in his report,
1GS642-000215 (10/13/2010 Draft Hsieh report) [11], he rounds this number to quote a value of 10,300 psi.
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| suggest that through neglecting the late-time pressure derivative, combined with the assumption of a
fixed pressure drop from capping stack to the reservoir, Dr. Hsieh obtained a final reservoir pressure

that was significantly too low.

G.1.5 Radial flow period to find permeability. The final part of the pressure analysis is to study —
separately — the early-time radial flow. The constant value of the derivative indicates radial flow, from
which the permeability can be calculated (Table D.1). The transition to channel flow occurs at around
60,000 s from my model match. From Figure G.3, the constant derivative value in the first day (times
from 10,000 — 80,000 s) is around 40 psi. Before proceeding, | will now assume that this represents the
reservoir pressure derivative. As discussed in Section 4.3, this is an error, due to the neglect of oil
compressibility and leads, in any event, to an over-estimate of permeability. Let us ignore this for now,
and simply analyse Dr. Hsieh’s data using his assumptions. | employ his viscosity of 0.168 mPa.s and a
reservoir height of 90 ft (see Table G.2 for a full listing and comparison of reservoir properties). | also
need to use the final flow rate. To be strictly consistent, | will take the value that Dr. Hsieh computes for
the final day of the spill [44]: 52,603 stb/day and convert to reservoir conditions using his assumed value
of B,, 2.35.

291

| obtain a permeability of 407 mD. Dr. Hsieh’s best matched permeability value is 593 mD. In his

deposition he explains how his estimates of best-matched parameters varied as he used smaller time-

.22 His estimate of permeability increased from

steps and a more refined grid in his nhumerical mode
515 mD to 570 mD and then 593 mD and his final pressure decreased from 10,400 psi to below 10,300
psi as he refined his model. His estimate of oil released changed from 4.6 MMstb to 4.76 MMstb and

then finally to 4.92 MMstb.

Simulation models solve the governing equations for flow — those presented in Appendix C —
numerically. Itis well known that the simulation results are sensitive to the time-step and grid size, as is
the case for Dr. Hsieh’s model. | have not seen any evidence that the final results presented by Dr. Hsieh
are converged — that is, that they represent the true solutions of the governing equations where the
numerical errors are insignificant.

To avoid numerical problems, it is standard practice in the oil industry to match the pressure response
to analytical mathematical expressions, where computational errors are eliminated, and to use
optimization to find the best-fit parameters in these mathematical models. This is the approach | follow
in this report.

Dr. Hsieh’s model — if correct — must give an exactly constant derivative at early time. Instead we see a
high initial value (see Figure F.2) followed by a decline to a roughly fixed value. Analytically this value
must be consistent with the permeability, but it is not. He is — in effect — matching the data with

numerical errors in his simulation; the results do not provide a valid representation of the reservoir.

> Exhibit 8615 (10/22/2010 Hsieh Draft Report, Table 2) [67].
*°2 Dr. Hsieh’s deposition [43], pages 410-420.
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Dr. Hsieh did not follow standard practice in the oil industry in his analysis. The data that he considered
were different from mine; he neglected to examine the match to the derivative; he assumed a fixed
pressure difference between the capping stack and the reservoir; and his results were affected by
numerical errors, leading to an inconsistent and over-stated value of permeability, even in the context

of his other assumptions.

G.2 Comparison of reservoir properties

Dr. Hsieh assumed a fixed initial oil in place, and full connectivity, and assumed values for the
compressibilities of the rock and fluids. Once the final reservoir pressure was determined, it would be
possible to calculate the oil released using material balance, Eq. (3.1). This was not done by Dr. Hsieh —
instead he used his simulation model with a fixed outflow performance to predict flow rate as a function
of time. However, since his model — despite the problems outlined above — does strictly conserve mass,

the results are consistent with a material balance analysis.

** Table G.2 compares his data with my

| start from Tables 1 and 2 of Dr. Hsieh’s draft report.
calculations based on the analysis | have presented.”® Those properties emphasized in italics display

significant discrepancies, which | will discuss below.

Many of the assumptions made in Dr. Hsieh’s modelling work seem perfectly reasonable in the light of
the detailed analysis presented in this report. However, there is no evidence that he performed a
careful scrutiny of all the available rock and fluid property data, or compared his reservoir model with

the structure inferred from seismic surveys.

There are, however, some significant discrepancies that help explain why Dr. Hsieh’s estimated oil
released, around 4.9 MMstb, differ from my values (2.8-3.8 MMstb).

1. His assumed rock compressibility of 12 microsips lies outside the measured range on core
samples. There is no direct evidence to support this value. My mid-range value is 6.35
microsips. This is the principal reason why he finds a larger volume of oil released.

As mentioned above, he under-states the final reservoir pressure.

He assumes a constant reservoir permeability of 593 mD. As discussed above, this is
inconsistent with his own data. The most robust determination of permeability from Dr.
Gringarten is 238 mD.

4. The reservoir geometry proposed by Dr. Hsieh is shorter, less wide and with a greater height
than implied from the geology, indicating — in comparison with the seismic survey — incomplete
connectivity of the field. He assumed that BP’s calculated gross rock volume was correct.
However, the main problem is that the reservoir geometry used by Dr. Hsieh is not consistent

2% |GS642-000215 (10/13/2010 Draft Hsieh report) [11]: this draft report contains all the data used to construct Dr.
Hsieh’s simulation model, while the material that was published in the public domain has some of this information
missing. My understanding is that some information was removed from the public versions since it was based on
proprietary BP data (Hsieh, 2011).

% For simplicity | only compare the set of properties described in 1GS642-000215 (10/13/2010 Draft Hsieh report)
[11]. | do note that ranges of possible reservoir parameters were presented in additional work by Dr. Hsieh (see,
for instance 1GS629-003048 (Hsieh Modeling Presentation) [12]; Hsieh, 2010; this is discussed later.
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with the geological interpretation (Section 5). This is illustrated in Figure G.3, which compares
BP’s seismic map with the reservoir dimensions in Dr. Hsieh’s work. He assumes a fixed
thickness of 90 ft — close to the value measured at the well. However, as mentioned in Section
5, the reservoir is longer, wider and, on average, less thick that the total height of sandstone
encountered at the well. The pressure analysis identifies the boundaries of the field — these do
not encompass the entire volume of oil-bearing sandstone identified from the seismic survey.

Hence, Dr. Hsieh’s connected oil volume could be too high.

Property Value from Dr. Hsieh’s work Value calculated in this report

Oil volume 110 MMstb Connected volume 109-114
MMstb

Oil formation volume factor 2.35 Value at final reservoir pressure
lies between 2.3 and 2.4

Porosity 0.21 0.217

Pore volume compressibility 12 microsips 6.35 microsips

Oil viscosity 0.168 mPa.s 0.205 mPa.s

Oil saturation 0.9 0.878

Water compressibility 3 microsips 3 microsips

Oil compressibility 14.6 microsips 13.7 - 14.8 microsips

Permeability 593 mD 300 mD from pressure analysis

Total length, L 6,788 m 8,178 m

Table G.2. Comparison of values used in the reservoir modelling of Dr. Hsieh taken from [11, Tables 1 and 2 and Figure 1]
compared to calculations presented in this report. The properties indicated in bold italics are significant discrepancies that
are discussed in the text.

These discrepancies help explain the differences in our values of oil released. Using the data in Table
G.2, | find that Dr. Hsieh assumed an effective compressibility of 28.27 microsips. Note that this is much
larger than the values | take (19 to 24 microsips — see Section 4.2). The oil in place is 110 MMstb
(coincidentally in my range of calculated connected oil volume). Then, for the final simulation, the

pressure drop is 1,583 psi.295

Multiplying these numbers together — using the material balance equation
Eq. (3.1)**° — gives a total oil released of 4.92 MMstb — exactly Dr. Hsieh’s number, as it has to be. The
same exercise can be performed for his other simulation runs using different parameters. Instead of
multiple optimizations, he only needed to perform one best match to find the final pressure, and then
the cumulative oil released could be computed from his assumed reservoir properties directly. Hsieh
(2010) quotes an uncertainty of +/- 10% in the estimates of oil released. This is based on assuming a
25% variation in his assumed reservoir properties. In his Table 4, the sensitivities can be determined
immediately from their impact on the material balance equation. A 25% change in STOIIP leads,
obviously, to a 25% change in oil released, as does a 25% change in total compressibility (obtained by
adding the contributions from pore, oil and water compressibility together in his Table 4). This is not a

true sensitivity analysis, since with arbitrary reservoir properties, any value of oil released could be

* Using Dr. Hsieh’s assumed initial pressure of 11,850 psi and a final reservoir pressure of 10,267psi.

While Dr. Hsieh did not explicitly perform a material balance calculation, material balance is simply a statement
of conservation of volume and so Dr. Hsieh’s results are consistent — indeed have to be consistent — with a material
balance analysis.
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obtained. Furthermore, it is not clear how 10% can be quoted as the uncertainty, when based on
variations that are considerably larger. The exercise only makes sense if based on a careful study of
available experimental data.

Figure G.6. Map of the Macondo field (see Figure 4.4). The bright colours indicate likely oil-bearing sandstone. The yellow
box is Dr. Hsieh’s reservoir model. The overall size of Dr. Hsieh’s model is too small, indicating that the entire reservoir
volume is not connected to the Macondo well.

I conclude by illustrating the effects of the different assumptions in Dr. Hsieh’s analysis. These are
presented in Table G.3, where the impact of correcting the pressure drop and compressibility on the
calculated amount of oil released is determined using the material balance equation. Overall, the
biggest impact on the calculations is the over-estimate of compressibility, based on a value of pore
volume compressibility that lies outside the range of the measured data: the same mistake as was made
by Drs. Kelkar & Raghavan.
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Dr. Hsieh estimated oil Using my Correcting for Correcting for the Corrc.ected .
connected o calculation of oil
released: 4.92 MMsth compressibility pressure drop
volume released
Core Labs data -0.04 MMstb -1.08 MMsth -0.39 MMstb 3.41 MMstb
Schlumberger data +0.10 MMstb -1.26 MMstb -0.61 MMstb 3.15 MMstb
Intertek data +0.16 MMstb -1.31 MMstb -0.55 MMstb 3.22 MMstb

Table G.3. Table quantifying the impact of the different assumptions in Dr. Hsieh’s analysis on the calculated oil released,
using the material balance equation. Dr. Hsieh estimated an oil release of 4.92 MMstb: the table shows by how much this

value changes if we use the connected oil volume, compressibility and pressure drop values presented in this report. The

final column provides my determinations of oil released.

| have used the mid-case pore volume compressibility of 6.35

microsips to correct the compressibility. For completeness | present the calculations for all three sets of measured fluid data.

The corrections averaged for all three sets of fluid data are shown in the summary table in Section 2 and F.2.
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Appendix H. Critique of published flow rate estimates

H.1 Overview

The Proceedings of the National Academy of Sciences (PNAS) published a special feature on December
11" 2012 entitled “Science applications in the Deepwater Horizon oil spill.”  This is a collection of
research articles outlining the scientific endeavours of Government, academia and industry in response
to this accident. This special issue was mentioned by Secretary Chu in his deposition as containing the

297

most recent, peer-reviewed, published estimates of flow rate.”” In this Appendix, | will briefly review

the papers relevant to my work.
Three independent approaches to estimate flow rate are presented.

In situ measurements of oil flow into the ocean.

The use of pressure differences across the capping stack to calculate the flow rate near the end

of the spill.”**

3. Reservoir analysis, using the capping stack pressure build-up and estimated reservoir properties
to determine flow rates and oil released. This is the work of Dr. Hsieh at the USGS and is,

conceptually, most similar to the calculation presented in this report.
In brief my critique of the three methods above is as follows.

1. Over-estimate of the flow of oil relative to gas. The in situ measurements found the combined
flow oil, gas (or gas hydrate) and entrained sea water. To convert this to an oil volume alone,
the relative proportions of gas and oil in the flow need to be known. This can be determined
from the gas/oil ratio, a standard quantity in petroleum engineering (see Appendix J); it is the
ratio of the volume of gas to the volume of oil of the produced fluid, measured at surface
conditions. This was done for Macondo: the value, measured independently at three
laboratories, lies between 2,831 and 2,945 scf/stb, with an average of 2,894 scf/stb (Table
A.7).”® Down-hole the fluid is a single (oil) phase making it possible to take a representative
sample; at the surface we have gas and oil flowing together and it is extremely difficult to collect

G Many of the papers contain flow rate

the correct overall proportion of the two phases.
estimates used a gas/oil ratio of 1,600 scf/stb.**" This was measured on a mixture of oil and gas

collected in the deep ocean directly above the Macondo well from a remotely-controlled

*7 secretary Steven Chu’s deposition [58]; page 293, line 17 onwards.

*% pescribed in further detail in the Sandia reports (revised Griffiths report [2] and revised Ratzel report [3]).
BP-HZN-2179MDL03290054 (BP Post-Well Subsurface Technical Memorandum) also quotes gas/oil ratios
measured on additional samples taken at different depths in the reservoir: these values are 2,840, 2,909 and 3,017
scf/stb for samples tested offshore as a quality control ([6], page 40); and service company measurements
between 2,890 and 3,096 scf/stb ([6], page 41).

*% To quote from a standard reservoir engineering textbook referring to the collection of oil and gas, as opposed
to a single-phase sample (Dake, 2001; page 35): “No matter how carefully the sampling is conducted, however, it is
often very difficult to obtain the oil and gas mixed in the required ratio.”

%! see, e.g., Ryerson et al. (2012) “Chemical data quantify Deepwater Horizon hydrocarbon flow rate and
environmental distribution.”
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vehicle. While | do not know why there is such a discrepancy, the use of down-hole samples is
the industry-standard benchmark and should be accepted as being accurate. The papers under-
state the gas/oil ratio, leading to an over-estimate of oil flow.

2. Unsupported assumption of a declining flow rate. McNutt et al. (2012a) state “the most
definitive measurement of the flow occurred just before the well was shut in,” referring to the
use of differential pressure measurements across the capping stack to determine flow rate.
However, even if we accept the determination of final flow rate, this does not allow a
guantification of total oil released: to know this, we need to know the flow rates during the
entire period of the spill. It has been assumed by all the Government investigators that the
pressure difference between the well-bore (at reservoir depth) and the blow-out preventer
decreased over time, as the average reservoir pressure declined. This leads to a flow rate that
also declines with time, if we neglect the impact of any possible erosion of the blow-out
preventer and other surface equipment. The pressure decline is consistently over-stated (point
3 below), but this is not the fundamental problem. To reach the well-bore, the oil has to find a
tortuous pathway to enter the damaged well; it is implausible to suggest that — for the entire
period of the spill — the oil flow was completely unimpeded over the full 93 ft height of the
reservoir. The Emilsen report states that at the beginning of the incident, the likely length of

302 Eurthermore the rock near the well-bore

reservoir open to flow was between 13 and 16.5 ft.
could have been clogged with cuttings from drilling: core samples taken from the well had
permeabilities around five times lower than measured after cleaning (Appendix A.5). These
effects, plus any further resistance to flow in the well-bore itself at reservoir depths, lead to an
additional pressure drop between the reservoir and the well. As discussed in Appendix E.3, this
pressure drop is likely to be larger than the reservoir depletion. At the end of the spill, the
injectivity test indicated, however, that this flow resistance was negligible. This implies that the
flow became less restricted during the spill period, leading to a pressure difference between the
well down-hole and the blow-out preventer that increased over time, giving an increasing flow
rate. It is impossible to quantify this effect with any certainty, but this discussion serves to
illustrate how it is problematic to quantify the flow rate during the spill from a measurement at
any one time. It is necessary to find a methodology that addresses the cumulative flow directly
— namely the material balance analysis presented in this report.

3. Flaws in the reservoir analysis. The reservoir analysis of Dr. Hsieh used properties, specifically
pore volume compressibility, that lay far outside the range of the measured data and did not
use the best approach to analyse the capping stack pressure data and so over-estimated the
pressure decline. As a consequence he over-estimated the volume of oil released. Since this
work is most aligned to my own calculations, it requires a separate and more detailed critique
which is provided in Appendix G.

* see Appendix E.6: taken from Emilsen report on the well failure [27], Section 2, page 7.
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H.2 Details of selected papers

| will now briefly review several papers in the PNAS special issue, relevant to my work.

H.2.1. Lubchenco et al. (2012) “Science in support of the Deepwater Horizon response.” This is the
introduction to the special issue and presents the context for science during the spill response. The

o«

paper states “. a final estimate derived from pressure measurements of 62,000 bpd at the outset and
53,000 bpd at well shut in for a total of 4.9 + 10% million barrels.” The paper mentions that the (capping
stack) pressure measurements allow the most reliable determination of final flow rate. However, the
flow rate may have increased during the earlier part of the spill period (see Appendix E.3); to quantify
the total flow, a reservoir analysis is required — it cannot be inferred from a flow rate at the end of the

spill.

H.2.2. McNutt et al. (2012a) “Applications of science and engineering to quantify and control the
Deepwater Horizon oil spill.” This paper provides an overview of the different scientific and technical
assessments made by different agencies in support of the oil spill response. The paper quotes a final
flow rate of 53,000 stb/day + 10%. Note that the uncertainty in final flow rate is the same as the
uncertainty in total flow: no additional uncertainty is associated with the extrapolation of the flow rate

at one time to the whole spill period. This is an unsupported assumption for the reasons given above.

The paper also addresses the reservoir modelling work of Dr. Hsieh. It states “Both Hsieh and BP plotted
the time dependence of the pressure in a Horner plot,” which is provided in Figure 3 of the paper, while
the diagnostics of radial and linear (channel) flow are discussed in the text. My understanding is that BP
initially used a Horner plot simply because it could be provided rapidly without having to specify a flow

% However, the industry standard to identify flow regimes is the

rate in their proprietary software.?
pressure derivative, as used later by BP’s engineers who studied the capping stack pressure.’®® The
presentation of the plot indicates a poor understanding of pressure transient analysis. A flow rate of
50,000 stb/day is mentioned even though the plot does not require a flow rate to be specified. Second,
different matches to the data are shown for varying reservoir widths. Fundamentally this is not correct:
the changing shape of the curve is determined from the pressure wave hitting a far boundary, indicating
the length of the field. The width is determined from the earlier-time response when the pressure wave
hits the side of the channel. The only reason why width appears to vary is the unnecessary constraint in
Dr. Hsieh’s model that the total reservoir volume is fixed; therefore a longer reservoir has to be thinner.
The paper mentions a “1,800 psi” pressure decline. The reservoir pressure decline is in fact around
1,400 psi (see Section 4.3); Dr. Hsieh found a value closer to 1,600 psi (Appendix G). This is an example
of the persistent over-statement of pressure decline in Government reports and papers. Moreover, the
use of this value — outside an explicit reservoir engineering calculation — is to estimate the down-hole
pressure driving flow up the well-bore and through the surface equipment. This pressure instead may
have increased, because of the changing flow resistance in the near-well region, as mentioned above.

Hence, quoting this value of pressure decline is misleading in the wider context of flow rate estimates.

303

Dr. Merrill's deposition [54], page 34, line 1.
See Section 4.3 and Dr. Merrill's deposition [55], page 344, line 18.
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The paper also says “On August 3 (day 106), base oil was injected into the well as the first part of the
injectivity test. The pressure rise was only 35 psi, hundreds of psi below the most optimistic expectations
of the lowest pressure rise needed to stop and then reverse the hydrocarbon flow..... The impedance to
flow at the well-reservoir interface or elsewhere in the lower rock formation was very small.” Why was
the pressure rise expected to be hundreds of psi, and what are the implications of this test? As | discuss
in Section E.3, analysis of the pressure at the time of the blow-out indicates highly restricted flow into
the well-bore from the reservoir. Had this flow resistance persisted throughout the incident, then, when
oil was injected back into the formation, a pressure rise of at least 250-350 psi would be anticipated.
Instead, the pressure rise was an order of magnitude lower. This demonstrates that the resistance to
flow probably decreased during the incident, and the pressure in the well-bore at reservoir depths could
have risen, giving an increasing flow rate, even if any erosion of the surface equipment is ignored. This
is a vital piece of evidence indicating an increasing flow rate, contradicting Government assertions to the
contrary.

H.2.3. McNutt et al. (2012b) “Review of flow rate estimates of the Deepwater Horizon oil spill.” This
paper presents an overview of the different flow rate estimates. The paper reviews several methods for
calculating flow, including the reservoir analysis of Dr. Hsieh. Dr. Hsieh’s work is discussed in Appendix
G: it is not based on an independent scrutiny of the measured fluid and rock data, and over-states the
overall pressure drop. In the supplementary material, Figure S4 shows the Horner plot again: close
scrutiny suggests that a better match to the final pressure measurements would give a higher estimated
final pressure — something that is more evident if the best diagnostic method — the pressure derivative —
is employed. Figure S5 shows the simulated flow rate as a function of time: this makes the unsupported

assumption that there is no resistance to flow in the near well-bore region and fixed outflow conditions.

The flow rate estimates using reservoir modelling by consultants to the Flow Rate Technical Group are
presented in Table 3 of the paper. These show a wide range consistent with values above and below my
average flow rates. However, these estimates were made before the well was closed, and the pressure
data was available. Hence, these somewhat unconstrained calculations will be much less certain than
those informed by the reservoir pressure behaviour after shut-in.

H.2.4. Hickman et al. (2012) “Scientific basis for safely shutting in the Macondo well after the April 20,
2010 Deepwater Horizon blowout. This paper describes the analysis used to conclude that the well
could remain safely closed after shut-in. Figure 3 shows the Horner plot of the capping stack pressure —
the third time in the special issue this plot is shown. The directly-measured pressure (rather than public-
domain reports of the pressure) is shown. The repeated presentation of this plot implies that is a
particularly useful tool in this pressure analysis: it is not. As discussed in Section 4.3, no competent
reservoir engineer would present a pressure analysis without showing the pressure derivative; the
Horner plot has very poor diagnostic ability. Had the standard derivative plot been shown, the under-
estimate of the final reservoir pressure, leading to an over-statement of oil released, would have been

apparent.

The paper states “The reservoir permeability and formation compressibility were also adjusted, but these
measurements remained within ranges typical of reservoir sands.” What is not reported is that the
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authors did not perform any independent analysis of rock and fluid data for Macondo; their values lay

outside the range of these measurements.

The final comment of the paper mentions “Excellent access to company data ...... for use by government
oversight teams and their collaborators.” This may have been the case, but the selective use of this data
is concerning. To recap: much of the analysis used a gas/oil ratio relied on data from a subsea sample
with too low a value compared to measurements on a down-hole sample; Dr. Hsieh’s reservoir analysis
did not use reservoir properties consistent with the measured data; and last, there was no holistic
approach to all the facts — for instance, the significance of the low pressures needed to flow oil once the

well was capped, compared to the likely flow resistance at the time of the accident, was ignored.
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Appendix I. Note on units

Traditionally, in the US oil industry, quantities are measured in field units. The data | use in this report is
— generally — given in these units. However, most scientific calculations are performed in S| (metric)
units, at least outside the US and the oil industry. The advantage of using Sl units is that quantities can
be computed directly from equations without having to account for unit conversion factors to make the
calculations consistent.

To allow easy comparisons with other work on Macondo, | will present my main results in field units.
However, | will also quote Sl units where appropriate, and all scientific computations will be performed
using Sl units for consistency.

Unfortunately, this does introduce some confusion, as | will tend to quote quantities for my calculations
in Sl units (m, and s) while using traditional units in many places — ft, psi, stb and mD — for readability.

As a guide, below | provide a table of units and conversion factors.

Quantity Length Area Oil Permeability Pressure Time
volume

Field or ft (feet) | Acres bbl mD (milliDarcy) | psi (pounds per | Days

customary (barrels); square inch)

unit stb, rb

Sl unit m m* m’ m’ Pa s
(metres) (seconds)

Conversion: | 0.3048 4,046.85642 | 6.2898 9.869233 x10™'® | 6,895 86,400

field to SI

As is evident in the analysis, it is crucial in any discussion of oil volumes to clarify if the oil is at reservoir
or surface conditions. This is displayed in the unit used. So, for instance, stb (stock tank barrels) refers
to a barrel of oil at surface conditions whereas rb (reservoir barrel) refers to a barrel at reservoir
conditions. Now, the volume of this barrel is the same in both cases — the apparently different unit is

given to clarify the condition at which the volume is measured.
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Nomenclature

Meaning

Area

Oil formation volume factor
Compressibility

Total compressibility

Heat capacity

Acceleration due to gravity
Reservoir thickness
Well-bore height
Permeability

Length of channel

STOIIP, oil initially in the reservoir
Oil produced at surface
Pressure

Flow rate

Radial coordinate

Solution gas/oil ratio

Skin

Oil saturation

Water saturation

Time

Duration well was producing
Temperature

Volume

Width from pressure analysis
Total reservoir width
Distance coordinate
Coordinate for radial flow
Depth coordinate

Inverse diffusivity
Draw-down in channel flow
Euler’s constant
Draw-down from skin
Strain

Pressure drop

Time since well closure
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Units (field)

Acres
rb/stb
psi'1

psi'1

ft

ft

mD

ft

stb

stb

psi

rb/day

ft

scf/stb
dimensionless
dimensionless
dimensionless
days

days

°F

stb or rb

ft

ft

ft
dimensionless
ft

p:;i.day'l/2
dimensionless
psi.day/rb
dimensionless
psi

day

Units (SI)

2
m

Dimensionless
Pa™

Pa™

Jkg K™

dimensionless
dimensionless
dimensionless
dimensionless

(%}

w

3 333 =x®*°9

dimensionless
m

s/m?

Pa.s™?
dimensionless
Pa.s/m’
dimensionless
Pa

s
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@ Porosity dimensionless dimensionless
Turbulent resistance factor psi.day?/rb? Pa.s?/m°
Thermal conductivity (Appendix B) wm?K?!

7 Viscosity cp Pa.s

n Draw-down in radial flow psi Pa

P Density kg.m?

£ Weight of fluid psi Pa

T Time in Duhamel integration day s

Tw Time for pressure to traverse the day s

width of the reservoir

7 Time for pressure to reach the day s
End of the channel

7; Time for pressure to reach one end day s
of the channel

T Time for pressure to reach the other  day s
end of the channel

Subscripts

cs Capping stack

Cement (Appendix B), connected (Appendix D)
For unit flow rate

Final or formation (rock)

Oil

Produced

Initial

Length

Reservoir

SN ~ >~ 0T 0 g o

Surface (or sediment — Appendix B)
Theoretical (model)

Thermal

Water or well

Width

At the well-bore

Channel on one side of well

N RO s ST

Channel on other side of well
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Appendix K. Glossary of oilfield terms

Every scientific field has its own unique jargon and terminology. Below, | explain some of the terms
used in my report. The petroleum industry, unlike many other disciplines, such as medicine, tends to
use short, evocative words for technical terms, rather than elaborate Latinate expressions.

Black oil While crude oil is indeed black in colour, this term is used to refer to how we
describe the properties of oil as a function of temperature and pressure. In
particular, it describes an oil containing dissolved gas that comes out of solution
as the pressure drops. BP prepared ‘black oil’ tables that presented the
properties of the oil as a function of temperature and pressure, matched to
measured data.

Build-up This refers to the period once a well is closed. The pressure build-up is the
increase in pressure measured at the well after flow has ceased. After very long
times a final equilibrium value is reached — the final reservoir pressure. The
nature of the build-up provides valuable information on the reservoir structure
and properties (Section 4.3).

Compressibility This is the fractional change in volume with a change in pressure. We use this to
describe the compression (shrinkage) of the rock. It is also used — in reverse —

to describe the expansion of fluid as pressure drops.

Down-hole This refers to conditions in the well where it contacts the reservoir. Sometimes
this condition is called bottom-hole. Down-hole or bottom-hole pressure refers
to the pressure in the well at reservoir depth. | have not used the phrase
bottom-hole pressure as this can be shortened to BHP, which inevitably causes
confusion, even for experts, with the blow-out preventer (BOP).

Gas/oil ratio This is the ratio of the volume of gas to the volume of oil for a reservoir sample
of hydrocarbon that is brought to the surface. It is measured in units of scf
(standard cubic feet) per stb (stock tank barrels). The use of the words
‘standard’ and ‘stock tank’ emphasize that the volumes are measured at surface
conditions of 60°F and 1 atmosphere pressure. In this report, the values | quote
are for a single-stage flash, where the gas and oil are kept in equilibrium as the
pressure and temperature are dropped from reservoir to surface conditions. In
the oil industry it is standard practice to measure the gas/oil ratio on fluid
samples collected down-hole and taken to the laboratories of service companies

who specialize in making these measurements, as was done for Macondo.

Logs These are measurements of electrical resistance and rock density taken using
sophisticated instruments in the well-bore before the well casing and cement is
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put in place. These logs are used to infer water (and hence oil) saturation and

porosity.

Outflow performance This is the relationship between flow rate and pressure drop through the well-
bore, blow-out preventer and other equipment. A full quantitative analysis of
oilfield flow rates couples the reservoir behaviour (the inflow performance or
relationship between flow rate and pressure drop in the reservoir) to the
outflow performance: the flow into the well from the reservoir must be equal to

the flow through the well.

Skin This is an additional pressure drop near the well, because of a restricted flow
path or a lowered permeability. During drilling, rock fragments can be forced
into the rock itself around the well-bore clogging the pore space and reducing
permeability. It is very difficult to predict the magnitude of this effect. It is
modelled as an additional pressure drop with a skin factor that is adjusted to
match the observed behaviour. In Macondo, it is likely that oil initially could not
flow into the well over the whole 93 ft section of oil-bearing sandstone, but
followed a tortuous path to reach the damaged sections of the well. This also
results in an additional pressure drop called the partial penetration skin. At the
end of the spill, the flow rate tests with oil before the well was cemented
indicated that the skin was very low, suggesting opening of the flow paths
during the incident and a skin that decreased over time.

STOIIP This stands for stock tank oil initially in place and is the volume of oil initially in

the reservoir measured at surface, or stock tank, conditions.
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Appendix N. Facts and data considered in forming my opinion
N.1 US Government and BP expert reports
Letter | Date posted | Name File type Description of contents
Z 2013-03-22 Expert report, “Equation-of-state fluid Pdf The Zick report
characterization and analysis of the Macondo
reservoir fluids,” prepared by Aaron A. Zick
KR 2013-03-22 Expert report, “Rate prediction from the Pdf The Kelkar & Raghavan report
Macondo Well,” prepared by Mohan Kelkar
and Rajagopal Raghavan
PD 2013-03-22 Expert report, “Estimate of the cumulative Pdf The Pooladi-Darvish report
volume of oil released from the MC252
Macondo well,” prepared by Mehran Pooladi-
Darvish
SKG 2013-03-22 Expert report, “Oil Release from the M(C252 Pdf The Griffiths report
Macondo Well,” prepared by Stuart Griffiths
ACG 2013-01-05 Expert report prepared by Alain Gringarten Pdf The Gringarten report
T 2013-01-05 Expert report prepared by Martin Trusler Pdf/Excel The Trusler report and asscociated
pressure data
W 2013-01-05 Expert report prepared by Curtis Whitson Pdf/Excel The Whitson report and associated
fluid property tables
RWZ 2013-01-05 Expert report prepared by Robert Pdf The Zimmerman report
Zimmerman |
H ' S B 0O 0

N.2 Confidential reports, deposition transcripts and other material
Number | Date posted | Name File type Description of contents
1 2012-02-24 | Weatherford —Summary of Effective Excel Weatherford permeability
Permeability to Oil Measurements measurements to oil
BP-HZN-2179MDL05223139
2 2011-11-14 Griffiths_Revised_6_2011 Pdf Revised Griffiths Report
3 2011-11-14 Revised_Ratzel_9_2011 Pdf Revised Ratzel Report
4 2011-11-11 BP-HZN-2179MDL05223139 Pdf BP internal email confirming water
depth and depth of capping stack HC
connector
5 2011-10-18 (6d16a1d913363e181102bbfc06f0b9a0) Excel BP fluid property tables
Black Qil Tables from EoS for All Temps
11June2010; BP-HZN-2179MDL04578104
6 2011-10-12 Post-Well Subsurface Technical Word BP’s seismic and log interpretation
Memorandum
BP-HZN-2179MDL03290054
7 2011-10-06 BP-HZN-2179MDL04549798 Excel Description of capping stack closure
8 2011-09-27 Macondo OOIP Excel Summary of Macondo oil-in-place
(ff9a70a171043e7d458cae0765f5aa5¢); BP-
HZN-2179MDL04440267
9 2011-09-27 | TAM Chapter 1 (BP-HZN-2179MDL02900640) | Excel Technical assurance memorandum:
drilling plan and reservoir description
pre-drill
10 2011-09-27 | Technical Assurance Memorandum - Sections | Excel As above — sections 2-4
2,3 and 4 (BP-HZN-2179MDL02107723)
11 2012-03-06 10-13-2010 Pre-decisional draft, Hsieh, Pdf Draft of Hsieh report with all
Computer simulation of Reservoir Depletion reservoir parameters listed
and Oil Flow (IGS642-000215)
12 2012-03-06 Hsieh Modeling Presentation (IGS629- Powerpoint | Dr. Hsieh presentation with
003048) sensitivities
13 2011-09-20 DataDump_MC252_K_303.csv Excel Capping stack pressure
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BP-HZN-2179MDL04440614 and others; BP-
HZN-2179MDL04440614; BP-HZN-
2179MDL04440804; BP-HZN-
2179MDL04440775; BP-HZN-
2179MDL04440733; BP-HZN-
2179MDL04440614; BP-HZN-
2179MDL04440613; BP-HZN-
2179MDL04440584; BP-HZN-
2179MDL04440466; BP-HZN-
2179MDL04440382; BP-HZN-
2179MDL04440263; BP-HZN-
2179MDL04440262; BP-HZN-
2179MDL04440249; BP-HZN-
2179MDL04440192; BP-HZN-
2179MDL04440168; BP-HZN-
2179MDL04440100

measurements

14 2011-09-20 Macondo Technical Note (Preliminary Draft) — | Pdf Discussion of capping stack pressure
Well Integrity Test measurements with location of
(601555a84d8d77a9bf7fbd119604ca45); BP- transducer (Figure 4)
HZN-2179MDL04440249

15 2011-09-01 BP-HZN-2179MDL04440691 Powerpoint | BP summary of log analysis

16 2011-09-01 BP-HZN-BLY00120160 Excel BP summary of permeability,

porosity and saturation

17 2011-09-01 BP-HZN-2179MDL04440238 Powerpoint | BP seismic summary

18 2011-08-23 BP-HZN-2179MDL04440732; see also Exhibits | Excel Intertek fluid property report
9734, 10423

19 2011-08-23 BP-HZN-2179MDL00063016 Excel Core Labs fluid property report

20 2011-08-23 BP-HZN-2179MDL00063084; see also Exhibits | Excel Core Labs fluid property report with
8583, 8584, 8585 cover page

21 2011-08-23 BP-HZN-2179MDL00470598 Excel Weatherford summary of cores

collected

22 2011-08-23 BP-HZN-2179MDL00470599 Excel Weatherford core summary

23 2011-08-23 BP-HZN-2179MDL02394182; see also Exhibit Excel Weatherford permeability
9070 measurements

24 2011-08-23 BP-HZN-2179MDL02394185; see also Exhibit Excel Weatherford pore volume
9067 compressibility — raw data

25 2011-08-23 BP-HZN-2179MDL02394186; see also Exhibit Excel Weatherford grain size analysis
9066

26 2011-08-19 BP-HZN-2179MDL02393883; see also Exhibit Excel Weatherford summary of pore
9053 volume compressibility

27 2012-03-06 Final Emilsen Report Pdf Emilsen report on the well failure

28 2011-08-25 BP-HZN-2179MDL00477088 Excel BP drilling report and well

description

29 2012-05-11 BP-HZN-2179MDL00059145 Powerpoint | BP Shallow Hazards presentation

30 2012-05-11 BP-HZN-2179MDL05173765 Powerpoint | BP gross rock volume assessment

31 2012-05-11 BP-HZN-2179MDL06566208 Powerpoint | BP Pre-drill review

32 2011-08-19 BP-HZN-2179MDL04440977 Excel Intertek multistage separator tests

and compositions

33 2011-08-19 BP-HZN-2179MDL04440978 Pdf Intertek multistage separator test

results

34 2011-08-02 BP-HZN-2179MDL01608973; see also Exhibits | Pdf Schlumberger Fluid Analysis on
10452, 10459 Macondo Samples

35 2011-08-02 BP-HZN-2179MDL01872218 Excel Core Labs fluid properties report

36 2011-05-23 | June 22 2010 Macondo Review Powerpoint | Macondo review with data from
(BP-HZN-2179MDL05181294) analogue fields

37 2011-08-23 BP-HZN-2179MDL02394187; see also Exhibit Excel Weatherford rock composition

9068

analysis
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38 2011-08-02 BP-HZN-BLY00000526 Pdf BP Deepwater Horizon Accident
Investigation Report, Appendix W
Dynamic Simulations
39 2012-07-03 Unconfined Low Relief Slope Channel System Powerpoint | BP presentation of reservoir geology
BPHZN2179MDL06604338 — 52 in channel systems
40 2012-07-16 | 08-MC252_PT_3K_2-CORR2-Calculated-1 (BP- | Excel Corrected capping stack pressure
HZN-2179MDL07279441) and 08- measurements used in this report
MC252_PT_3K_2-CORR2-Calculated-2 (BP-
HZN-2179MDL07279439)
41 2012-07-16 | Equation_Corr (BP-HZN-2179MDL07279440) Excel Equation used to compute pressure
from the raw data
42 2012-09-11 | 30(b)(6) deposition of Paul Anthony Hsieh, Pdf Transcript of Dr. Hsieh’s (USGS)
PhD, USGS, taken at the Pan-American deposition: first day
Building, 601 Poydras Street, 11th Floor, New
Orleans, Louisiana, 70130, on the 11th day of
September, 2012.
43 2012-09-11 | Continuation of the 30(b)(6) deposition Pdf Transcript of Dr. Hsieh’s (USGS)
of Paul Anthony Hsieh, Ph.D., USGS, taken at deposition: second day
the Pan-American Building, 601 Poydras
Street, 11th Floor, New Orleans, Louisiana,
70130, on the 12th day of September, 2012.
44 Hsieh pressure analysis; EXHIBIT 8617, BATES | Excel Data used in Dr. Hsieh’s analysis.
1GS770-000026 Provided by email September 2012
45 2012-10-04 | 30(b)(6) deposition of Bryan David Ritchie, Pdf Transcript of Dr. Ritchie’s (BP)
BP, PhD, taken at the Pan-American Building, deposition: first day
601 Poydras Street, 11th Floor, New Orleans,
Louisiana, 70130, on the 4th day of October,
2012.
46 2012-10-05 | Continuation of the 30(b)(6) deposition Pdf Transcript of Dr. Ritchie’s (BP)
of Bryan David Ritchie, BP, taken at the Pan- deposition: second day
American Building, 601 Poydras Street, 11th
Floor, New Orleans, Louisiana, 70130, on the
5th day of October, 2012.
47 2012-09-18 | 30(b)(6) deposition of Graham ‘Pinky’ Vinson, | Pdf Transcript of Pinky Vinson’s (BP)
BP, PhD, taken at the Pan-American Building, deposition: first day
601 Poydras Street, 11th Floor, New Orleans,
Louisiana, 70130, on the 18th day of
September, 2012.
48 2012-09-19 | Continuation of the 30(b)(6) deposition Pdf Transcript of Pinky Vinson’s (BP)
of Graham ‘Pinky’ Vinson, BP, taken at the deposition: second day
Pan-American Building, 601 Poydras Street,
11th Floor, New Orleans, Louisiana, 70130,
on the 19th day of September, 2012.
49 2012-09-20 | 30(b)(6) deposition of Jaime Loos, taken at Pdf Transcript of Jaime Loos’
the Pan-American Building, 601 Poydras (Weatherford) deposition
Street, 11th Floor, New Orleans, Louisiana,
70130, on the 20" day of September, 2012.
50 2010-10-23 PresComm - BP Comments to Oct 6 Working Pdf BP’s response to flow rate estimates
Paper No 3 - Amount and Fate of Oil
51 2012-11-12 WFT-MDL-00039271; WFT-MDL-00039272; JPEG Weatherford’s core photographs

WFT-MDL-00039273; WFT-MDL-00039274;
WFT-MDL-00039275; WFT-MDL-00039276;
WFT-MDL-00039277; WFT-MDL-00039278;
WFT-MDL-00039279; WFT-MDL-00039280;
WFT-MDL-00039281; WFT-MDL-00039282;
WFT-MDL-00039283; WFT-MDL-00039284;
WFT-MDL-00039285; WFT-MDL-00039286;
WFT-MDL-00039287; WFT-MDL-00039288;
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WFT-MDL-00039289; WFT-MDL-00039290;
WFT-MDL-00039291; WFT-MDL-00039292;
WFT-MDL-00039293; WFT-MDL-00039294;
WFT-MDL-00039295; WFT-MDL-00039296;
WFT-MDL-00039297; WFT-MDL-00039298;
WFT-MDL-00039299; WFT-MDL-00039300;
WFT-MDL-00039301; WFT-MDL-00039302;
WFT-MDL-00039303; WFT-MDL-00039304;
WFT-MDL-00039305; WFT-MDL-00039306;
WFT-MDL-00039307; WFT-MDL-00039308;
WFT-MDL-00039309; WFT-MDL-00039310;
WFT-MDL-00039311; WFT-MDL-00039312;
WFT-MDL-00039313; WFT-MDL-00039314;
WFT-MDL-00039315; WFT-MDL-00039316;
WFT-MDL-00039317; WFT-MDL-00039318;
WFT-MDL-00039319; WFT-MDL-00039320;
WFT-MDL-00039321; WFT-MDL-00039322;
WFT-MDL-00039323; WFT-MDL-00039324;
WFT-MDL-00039325; WFT-MDL-00039326;
WFT-MDL-00039327; WFT-MDL-00039328;
WFT-MDL-00039329; WFT-MDL-00039330;
WFT-MDL-00039331; WFT-MDL-00039332;
WFT-MDL-00039333; WFT-MDL-00039334;
WFT-MDL-00039335; WFT-MDL-00039336;
WFT-MDL-00039337; WFT-MDL-00039338;
WFT-MDL-00039339; WFT-MDL-00039340;
WFT-MDL-00039341; WFT-MDL-00039342;
WFT-MDL-00039615; WFT-MDL-00039616;
WFT-MDL-00039617; WFT-MDL-00039618;
WFT-MDL-00039619; WFT-MDL-00039620;
WFT-MDL-00039621; WFT-MDL-00039622;
WFT-MDL-00039623; WFT-MDL-00039624;
WFT-MDL-00039625; WFT-MDL-00039695;
WFT-MDL-00039696; WFT-MDL-00039697;
WFT-MDL-00039698; WFT-MDL-00039699;
WFT-MDL-00039700; WFT-MDL-00039701;
WFT-MDL-00039702; WFT-MDL-00039703;
WFT-MDL-00039704; WFT-MDL-00039705;
WFT-MDL-00039706; WFT-MDL-00039707;
WFT-MDL-00039708; WFT-MDL-00039709;
WFT-MDL-00039710; WFT-MDL-00039711;
WFT-MDL-00039712; WFT-MDL-00039713;
WFT-MDL-00039714; WFT-MDL-00039715;
WFT-MDL-00039716; WFT-MDL-00039717;
WFT-MDL-00039718; WFT-MDL-00039719;
WFT-MDL-00039720; WFT-MDL-00039721;
WFT-MDL-00039722; WFT-MDL-00039723;
WFT-MDL-00039724; WFT-MDL-00039725;
WFT-MDL-00039726; WFT-MDL-00039727;
WFT-MDL-00039728; WFT-MDL-00039729;
WFT-MDL-00039730; WFT-MDL-00039731;
WFT-MDL-00039732; WFT-MDL-00039733;
WFT-MDL-00039734; WFT-MDL-00039735;
WFT-MDL-00039736; WFT-MDL-00039737;
WFT-MDL-00039738; WFT-MDL-00039739;
WFT-MDL-00039740; WFT-MDL-00039741;
WFT-MDL-00039742; WFT-MDL-00039743;
WFT-MDL-00039744; WFT-MDL-00039745;
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WFT-MDL-00039746; WFT-MDL-00039747;
WFT-MDL-00039748; WFT-MDL-00039838;
WFT-MDL-00039839; WFT-MDL-00039840;
WFT-MDL-00039841

52

2012-11-12

WFT-MDL-00039232; WFT-MDL-00039234;
WFT-MDL-00039235; WFT-MDL-00039236;
WFT-MDL-00039237; WFT-MDL-00039238;
WFT-MDL-00039239; WFT-MDL-00039240;
WFT-MDL-00039241; WFT-MDL-00039242;
WFT-MDL-00039243; WFT-MDL-00039244;
WFT-MDL-00039245; WFT-MDL-00039246;
WFT-MDL-00039247; WFT-MDL-00039248;
WFT-MDL-00039343; WFT-MDL-00039344;
WFT-MDL-00039345; WFT-MDL-00039346;
WFT-MDL-00039347; WFT-MDL-00039348;
WFT-MDL-00039349; WFT-MDL-00039350;
WFT-MDL-00039351; WFT-MDL-00039352;
WFT-MDL-00039353; WFT-MDL-00039354;
WFT-MDL-00039355; WFT-MDL-00039356;
WFT-MDL-00039357; WFT-MDL-00039358;
WFT-MDL-00039359; WFT-MDL-00039360;
WFT-MDL-00039361; WFT-MDL-00039362;
WFT-MDL-00039363; WFT-MDL-00039364;
WFT-MDL-00039365; WFT-MDL-00039366;
WFT-MDL-00039367; WFT-MDL-00039368;
WFT-MDL-00039385; WFT-MDL-00054278;
WFT-MDL-00054279; WFT-MDL-00054280;
WFT-MDL-00054281; WFT-MDL-00054282;
WEFT-MDL-00054283; see also Exhibits 9063,
9064, 9065

JPEG

Weatherford’s CT scans of core
samples.

53

2012-11-30

30(b)(6) Deposition of Edmond Shtepani,
Ph.D., P.Eng, Intertek, taken at the Pan-
American Building, 601 Poydras Street, 11th
Floor, New Orleans, Louisiana, 70130, on the
30th day of November, 2012.

Pdf

Transcript of Edmond Shtepani’s
(Intertek) deposition

54

2013-1-15

30(b)(6) Deposition of Robert C. Merrill, Jr.,
taken at Pan-American Building,

601 Poydras Street, 11th Floor, New Orleans,
Louisiana, 70130, on the 15th day of January,
2013.

Pdf

Transcript of Dr. Merrill’s (BP)
deposition: first day

55

2013-1-16

Continuation of the 30(b)(6) Deposition of
Robert C. Merrill, Jr., taken at Pan-American
Building, 601 Poydras Street, 11th Floor, New
Orleans, Louisiana, 70130, on the 16th day of
January, 2013.

Pdf

Transcript of Dr. Merrill’s (BP)
deposition: second day

56

2013-1-30

Deposition of Michael M. Levitan, Ph.D.,
taken at the Pan-American Building, 601
Poydras Street, 11th Floor, New Orleans,
Louisiana, 70130, on the 30th day of January,
2013.

Pdf

Transcript of Dr. Levitan’s (BP)
deposition: first day

57

2013-1-31

Continuation of the deposition of Michael M.
Levitan, Ph.D., taken at the Pan-American
Building, 601 Poydras Street, 11th Floor, New
Orleans, Louisiana, 70130, on the 31st day of
January, 2013.

Pdf

Transcript of Dr. Levitan’s (BP)
deposition: second day

58

2013-1-24

Deposition of SECRETARY OF ENERGY, DR.
STEVEN CHU, taken at Department of Energy
Headquarters, 1000 Independence Avenue,

Pdf

Transcript of Secretary Steven Chu'’s
deposition
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SW, Washington, D.C., 20508, on the 24th
day of January, 2013.

59 2012-10-24 | 30(b)(6) Deposition of Marcia Kemper Pdf Transcript of Prof. McNutt’s (USGS)
McNutt, Ph.D., United States of America, deposition

taken at the Pan-American Building, 601
Poydras Street, 11th Floor, New Orleans,
Louisiana, 70130, on the 24th day of October,

2012.
60 2012-09-12 Deposition of Anadarko, by and through Brian | Pdf Transcript of Brian O’Neill’s
O’Neill, taken at Pan-American Building, {Anadarko) deposition

601 Poydras Street, 11th Floor, New Orleans,
Louisiana, 70130, on the 12th day of

September, 2012.
61 2012-10-31 Deposition of Don Maclay, taken at Pan- Pdf Transcript of Don Maclay’s
American Building, 601 Poydras Street, 11th deposition: first day

Floor, New Orleans, Louisiana, 70130, on the
31st October, 2012.

62 2012-11-01 Continuation of the deposition of Don Pdf Transcript of Don Maclay’s
Maclay, taken at Pan-American Building, 601 deposition: second day
Poydras Street, 11th Floor, New Orleans,
Louisiana, 70130, on the 1st of November,

2012.
63 2011-10-18 BP-HZN-2179MDL03742328 Pdf MDT report used to find the datum
depth
64 2013-04-11 Exhibit 8624, “Geological evidence for an Pdf USGS discussion of connectivity
elongate, heterogeneous reservoir”
65 2013-04-21 Exhibit 8635 Powerpoint | Government’s Flow Analysis
Activities Presentation
66 2012-09-10 Deposition of Pencor, by and through Jason Pdf Transcript of Jason LeBlanc’s
LeBlanc, taken at Pan-American Building, 601 (Pencor) deposition and associated
Poydras Street, 11th Floor, New Orleans, exhibits 8583 and 8584.
Louisiana, 70130, on the 10th day of
September, 2012.
67 2012-09-17 | Exhibit 8615 Pdf Dr. Hsieh October 22™ 2010 draft
report

N.3 Books, papers and reports in the public domain
A detailed and frequently updated bibliography of public domain papers and reports on the Deepwater
Horizon Incident can be accessed at:

http://www.lib.noaa.gov/researchtools/subjectguides/dwh_bibliography.pdf

M Abramovich and | A Stegun, Handbook of Mathematical Functions, Dover Publications (1970).

V Abreu, M Sullivan, C Pirmez and D Mohrig, “Lateral accretion packages (LAPs): an important reservoir element in deep water
sinuous channels,” Marine and Petroleum Geology 20 631-648 (2003).

F O Alpak, M D Barton, F F van der Vlugt, C Pirmez, B E Prather and S H Tennant, “Simplified Modeling of Turbidite Channel
Reservoirs,” SPE Journal 15 480-494 (2010).

F O Alpak, M D Barton and S J Naruk, “The impact of fine-scale turbidite channel architecture on deepwater reservoir
performance,” AAPG Bulletin 9 251-286 (2013).

A C Azi, A Gbi, T Whittle and A C Gringarten, “Evaluation of confidence intervals in well test interpretation results,” SPE 113888,
proceedings of the SPE Europec/EAGE Annual Conference and Exhibition, Rome, Italy 9-12 June (2008).
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Bijeljic, H Dong, O Gharbi, S Iglauer, P Mostaghimi, A Paluszny and C Pentland, “Pore-scale imaging and Modelling.” Advances in
Water Resources, 51 197-216 (2013).

D Bourdet, Well Test Analysis: The Use of Advanced Interpretation Models, Elsevier, Amsterdam, ISBN 0444509682 (2002).

D Bourdet, T M Whittle, A A Douglas and Y M Pirard, “A New Set of Type-Curves Simplifies Well Test Analysis,” World Oil 6 95-
106 (1983).

D Bourdet, ] A Ayoub and Y M Pirard, “Use of Pressure Derivative in Well-Test Interpretation,” SPE Formation Evaluation 4 293-
302 June (1989).

M J Bourgeois, F H Daviau and J-L Boutaud de la Combe, “Pressure Behavior in Finite Channel-Levee Complexes,” SPE Formation
Evaluation 11 262-268 September (1996).

GEP Box, Empirical Model-Building and Response Surfaces, co-authored with Norman R. Draper, p. 424, ISBN 0471810339
(1987).

BP, “Deepwater Horizon Accident Investigation Report,” Houston, TX.
http://www.bp.com/liveassets/bp_internet/globalbp/globalbp_uk_english/incident_response/STAGING/local_assets/downloa
ds_pdfs/Deepwater_Horizon_Accident_Investigation_Report.pdf (2010). Also Appendix W, “Report Dynamic Simulations
Deppwater Horizon Incident BP (from ae add enenry).”

R Camilli, D Di lorio, A Bowen, C M Reddy, A H Techet, D R Yoerger, L L Whitcomb, J S Seewald, S P Sylva and J Fenwick,
”Acoustic measurement of the Deepwater Horizon Macondo well flow rate,” Proceedings of the National Academy of Sciences
109(50) 20235-20239 (2012).

H S Carslaw and J C Jaeger, Conduction of Heat in Solids, g0 Edition, Oxford Science Publications, Clarendon Press, Oxford
(1946).

TJ Crone and M Tolstoy, “Magnitude of the 2010 Gulf of Mexico Oil Leak,” Science 330 624 (2011) plus supporting material.
L P Dake, Fundamentals of Reservoir Engineering, Elsevier Science Publishers, Amsterdam (1978).
L P Dake, The Practice of Reservoir Engineering, Revised Edition, Elsevier Science Publishers, Amsterdam (2001).

M Dykstra and B Kneller, “Lateral accretion in a deep-marine channel complex: implications for channellized flow processes in
turbidity currents,” Sedimentology, doi: 10.1111/j.1365-3091.2008.01040.x (2008).

H Darcy, The Public Fountains of the City of Dijon, Kendall/Hunt Publishing Company, Dubuque, lowa, English translation 2004
by P Bobeck, originally published in French by Victor Dalmont, Paris (1856).

R C Earlougher, Jr., HJ Ramey, Jr., F G Miller and T D Mueller, “Pressure Distributions in Rectangular Reservoirs,” Journal of
Petroleum Technology February 199-208; Trans. AIME 243 (1968).

R C Earlougher, Jr., Advances in Well Test Analysis, Henry L. Dougherty Monograph Series, Volume 5, Society of Petroleum
Engineers, Dallas, USA, ISBN 0-89520-204-2 (1977).

J Forrest, E Marcucci and P Scott, “Geothermal Gradients and Subsurface Temperatures in the Northern Gulf of Mexico,” GCAGS
Transactions 55 233-248 (2005).

A Govan, T Primmer, C Douglas, N Moodie, M Davies and F Nieuland, “Reservoir Management in a Deepwater Subsea Field —
The Schiehallion Experience,” SPE Reservoir Engineering and Evaluation, SPE 96610-PA, 9 382-390 (2006).

T Gowers, Mathematics: A Very Short Introduction, Oxford University Press, Oxford UK (2002).
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Dynamics Tester
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Ex No._8625.pdf
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BP-HZN-2179MDL00004086

M45AP 7 H513 32ppf 6 drift

BP-HZN-2179MDL00004086

BP-HZN-2179MDL00004086

M45AP 7 H513 32ppf 6 drift

BP-HZN-2179MDL00059145

BP-HZN-2179MDL00059167

Macondo Shallow Hazard

BP-HZN-2179MDL00059145

BP-HZN-2179MDL00059167

Macondo Shallow Hazard

BP-HZN-2179MDL00063016

BP-HZN-2179MDL00063016

Pencor, Sample Quality Assessment

BP-HZN-2179MDL00063084

BP-HZN-2179MDL00063084

Pencor, Volatile Oil Reservoir Study

BP-HZN-2179MDL00251209

BP-HZN-2179MDL00251212

2010-04-07 Daily Drilling Report No.
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BP-HZN-2179MDL00251213

BP-HZN-2179MDL00251217

2010-04-08 Daily Drilling Report No.

22

BP-HZN-2179MDL00251218

BP-HZN-2179MDL00251221

2010-04-09 Daily Drilling Report No.

23

BP-HZN-2179MDL00251222

BP-HZN-2179MDL00251226

2010-04-10 Daily Drilling Report No.

24

BP-HZN-2179MDL00251227

BP-HZN-2179MDL00251230

2010-04-11 Daily Drilling Report No.

25

BP-HZN-2179MDL00251231

BP-HZN-2179MDL00251234

2010-04-12 Daily Drilling Report No.

26

BP-HZN-2179MDL00251235

BP-HZN-2179MDL00251238

2010-04-13 Daily Drilling Report No.

27

BP-HZN-2179MDL00251239

BP-HZN-2179MDL00251242

2010-04-14 Daily Drilling Report No.

28
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BP-HZN-2179MDL00251255

2010-04-17 Daily Drilling Report No. 31

BP-HZN-2179MDL00251256
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BP-HZN-2179MDL00251266
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BP-HZN-2179MDL00269659

BP - Zonal Isolation Requirements during
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BP-HZN-2179MDL00269659

BP - Zonal Isolation Requirements during
Drilling Operations and Well Abandonment
and Suspension

BP-HZN-2179MDL00309089

BP-HZN-2179MDL00309089
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BP-HZN-2179MDL00309089

BP-HZN-2179MDL00309089

1818_001

BP-HZN-2179MDL00309089

BP-HZN-2179MDL00309089

Crossover 1818 001

BP-HZN-2179MDL00360844

BP-HZN-2179MDL00360844

BP - Gulf of Mexico SPU - Recommended
Practice for Cement Design and Operations in
DW GoM

BP-HZN-2179MDL00360844

BP-HZN-2179MDL00360844

BP - Gulf of Mexico SPU - Recommended
Practice for Cement Design and Operations in
DW GoM

BP-HZN-2179MDL00470598

BP-HZN-2179MDL00470598
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BP-HZN-2179MDL00470599

BP-HZN-2179MDL00470599

Weatherford Laboratories, Core Sample
Inventory

BP-HZN-2179MDL00477088

BP-HZN-2179MDL00477088

BP-HZN-2179MDL00477088.pdf
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BP-HZN-2179MDL00477088 .pdf

BP-HZN-2179MDL00640467

BP-HZN-2179MDL00640467

BP - E&P Segment Recommended Practice -
Drilling and Completions Cementing Manual -
HPHT Cementing Section

BP-HZN-2179MDL00640467

BP-HZN-2179MDL00640467

BP - E&P Segment Recommended Practice -
Drilling and Completions Cementing Manual -
HPHT Cementing Section

BP-HZN-2179MDL00894719

BP-HZN-2179MDL00894719

MDL 2179 Deposition Exhibit 8708

BP-HZN-2179MDL01299582

BP-HZN-2179MDL01299582

Email from Jesse Gagliano to Brian Morel re
Lab test

BP-HZN-2179MDL01299741

BP-HZN-2179MDL01299741

Email from Jesse Gagliano to Anthony Cupit,
et al., re Update Info for Prod Casing job

BP-HZN-2179MDL01608973

BP-HZN-2179MDL01609022

Schlumberger Report

BP-HZN-2179MDL01872218

BP-HZN-2179MDL01872218

Pencor Report

BP-HZN-2179MDL01872218

BP-HZN-2179MDL01872218

Pencor Report

BP-HZN-2179MDL02107723

BP-HZN-2179MDL02107723

Technical Assurance Memorandum -
Sections2, 3 and 4

BP-HZN-2179MDL02107723

BP-HZN-2179MDL02107723

Technical Assurance Memorandum -
Sections2, 3 and 4

BP-HZN-2179MDL02107724

BP-HZN-2179MDL02107724

TAM Chapter 5

BP-HZN-2179MDL02107724

BP-HZN-2179MDL02107724

TAM Chapter 5

BP-HZN-2179MDL02393883

BP-HZN-2179MDL02393883

Weatherford Rock Mechanics Testing &
Analysis: Uniaxial Pore Volume
Compressibility Tests

BP-HZN-2179MDL02394182

BP-HZN-2179MDL02394182

Weatherford Laboratories, Rotary Core Data

BP-HZN-2179MDL02394183

BP-HZN-2179MDL02394183

Weatherford Laboratories, Rock Mechanics
Testing & Analysis, Rock Mechanics Final
Report, Multi-Stage Triaxial Compressive
Tests
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BP-HZN-2179MDL02394184

BP-HZN-2179MDL02394184

BP Macondo Rock Mech Report HH-46949

BP-HZN-2179MDL02394184

BP-HZN-2179MDL02394184

BP Macondo Rock Mech Report HH-46949

BP-HZN-2179MDL02394185

BP-HZN-2179MDL02394185

Weatherford Laboratories, Pore Volume
Compressibility Test - Pore Pressure

Depeletion

BP-HZN-2179MDL02394186

BP-HZN-2179MDL02394186

Weatherford Laboratories, CoreLab_Stats

Summary and Perm

BP-HZN-2179MDL02394187

BP-HZN-2179MDL02394187

Weatherford Laboratories, X-Ray Defraction

BP-HZN-2179MDL02900640

BP-HZN-2179MDL02900640

TAM Chapter 1

BP-HZN-2179MDL02900640

BP-HZN-2179MDL02900640

TAM Chapter 1

BP-HZN-2179MDL03139594

BP-HZN-2179MDL03139625

Geotap Pressure Transient Analysis

BP-HZN-2179MDL03198892

BP-HZN-2179MDL03198892

Capping Stack Schematic

BP-HZN-2179MDL03198892

BP-HZN-2179MDL03198892

Capping Stack Schematic

BP-HZN-2179MDL03290054

BP-HZN-2179MDL03290094

Post-Well Subsurface Technical
Memorandum .doc

BP-HZN-2179MDL03290054

BP-HZN-2179MDL03290054

Post-Well Subsurface Technical
Memorandum

BP-HZN-2179MDL03652749

BP-HZN-219MDL03652794

MDL 2179 Deposition Exhibit 8710

BP-HZN-2179MDL03742328

BP-HZN-2179MDL03742328

Comprehensive Analysis Report
(Schlumberger MDT Field Report)

BP-HZN-2179MDL04440100

BP-HZN-2179MDL04440167

DataDump_MC252_K_303-8.csv

BP-HZN-2179MDL04440168

BP-HZN-2179MDL04440191

DataDump_MC252 K_303-6.csv
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Document Title / Description

BP-HZN-2179MDL04440192

BP-HZN-2179MDL04440237

DataDump_MC252_K_303-1.csv

BP-HZN-2179MDL04440238

BP-HZN-2179MDL04440248

Macondo Depositional Models and Amplitude
Maps

BP-HZN-2179MDL04440249

BP-HZN-2179MDL04440261

Macondo Technical Note (Preliminary Draft) —
Well Integrity Test

BP-HZN-2179MDL04440249

BP-HZN-2179MDL04440261

MC252 WIT Pressure Measurement System
Accuracy revA

BP-HZN-2179MDL04440262

BP-HZN-2179MDL04440262

Resistor Inaccuracy Tables — Error v. Pressure
(VTD453_kvO0.xls)

BP-HZN-2179MDL04440263

BP-HZN-2179MDL04440266

DataDump_MC252 PT_3K_2.csv

BP-HZN-2179MDL04440267

BP-HZN-2179MDL04440267

Macondo OOIP
(ff9a70a171043e7d458cae0765f5aa5c¢)

BP-HZN-2179MDL04440268

BP-HZN-2179MDL04440367

DataDump_PT_3K_2.csv

BP-HZN-2179MDL04440368

BP-HZN-2179MDL04440381

Technical Note - Requirements for Sensor
Data Collection and Transmission Rev 0

BP-HZN-2179MDL04440382

BP-HZN-2179MDL04440430

DataDump_MC252_K_303-2.csv

BP-HZN-2179MDL04440431

BP-HZN-2179MDL04440455

Well Inteegrity/Shut-In Discussion

BP-HZN-2179MDL04440456

BP-HZN-2179MDL04440465

Completions and Interventions-M252
Capping Stack ROV Procedures-Procedure
Ops Note 2

BP-HZN-2179MDL04440466

BP-HZN-2179MDL04440532

DataDump_MC252_K_303-7.csv

BP-HZN-2179MDL04440557

BP-HZN-2179MDL04440583

Completions and Interventions - M252
Capping Stack ROV Procedures

BP-HZN-2179MDL04440584

BP-HZN-2179MDL04440612

DataDump_MC252_K_303-5.csv

BP-HZN-2179MDL04440613

BP-HZN-2179MDL04440613

MC252tagsforTrevor_10sInterval_Latest-1.xls
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Document Title / Description

BP-HZN-2179MDL04440614

BP-HZN-2179MDL04440688

DataDump_MC252_K_303.csv

BP-HZN-2179MDL04440689

BP-HZN-2179MDL04440690

Intertek Constant Composition Expansion
Tables 1 & 2 -
e06636e3340751cc1966d2082b65fdfb

BP-HZN-2179MDL04440691

BP-HZN-2179MDL04440731

Powerpoint Presentation - Macondo-
Petrophysics

BP-HZN-2179MDL04440732

BP-HZN-2179MDL04440732

Intertek CCE & Viscosity Tables -
2e9eele3675cc3b5acf22f1adea9089c

BP-HZN-2179MDL04440733

BP-HZN-2179MDL04440774

DataDump_MC252_K_303-3.csv

BP-HZN-2179MDL04440775

BP-HZN-2179MDL04440803

DataDump_MC252_K_303-4.csv

BP-HZN-2179MDL04440804

BP-HZN-2179MDL04440966

MC252DataDumpPT_3K_2.csv

BP-HZN-2179MDL04440967

BP-HZN-2179MDL04440967

Email Y. Wang to R. Merrill, et al. re OOIP and
Data Ranges for MC252

BP-HZN-2179MDL04440968

BP-HZN-2179MDL04440968

Email from Y. Wang to M. Nass, et al.
Attaching Preliminary EOS

BP-HZN-2179MDL04440969

BP-HZN-2179MDL04440976

Preliminary EOS

BP-HZN-2179MDL04440977

BP-HZN-2179MDL04440977

Intertek/Westport Multi-Stage Separator Test
(MST Tables)

BP-HZN-2179MDL04440978

BP-HZN-2179MDL04440998

Intertek/Westport Multi-Stage Separator Test
(Final Report)

BP-HZN-2179MDL04549798

BP-HZN-2179MDL04549798

ACTIVITY LOG Well integrity test Record revé
7-15

BP-HZN-2179MDL04578104

BP-HZN-2179MDL04578104

Black Oil Tables from EoS for All Temps
11June2010

BP-HZN-2179MDL04808055

BP-HZN-2179MDL04808071

May 23 Sec. Salazar DH Review (Native)

BP-HZN-2179MDL04808055

BP-HZN-2179MDL04808071

May 23 Sec. Salazar DH Review (Native)
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End Bates

Document Title / Description

BP-HZN-2179MDL04826982

BP-HZN-2179MDL04826982

Riser General Data Sheet

BP-HZN-2179MDL04826982

BP-HZN-2179MDL04826982

Riser General Data Sheet

BP-HZN-2179MDL04843794

BP-HZN-2179MDL04843796

MDL 2179 Deposition Exhibit 10860.PDF

BP-HZN-2179MDL04899278

BP-HZN-2179MDL04899278

MDL 2179 Deposition Exhibit 9318.PDF

BP-HZN-2179MDL04923119

BP-HZN-2179MDL04923131

MDL 2179 Deposition Exhibit 10825.PDF

BP-HZN-2179MDL04927171

BP-HZN-2179MDL04927174

FW: FINAL Corrected Water Depth and
Ambient Pressures at Key Stack Locations

BP-HZN-2179MDL04940401

BP-HZN-2179MDL04940401

MC252_DataDump_071810 (3)

BP-HZN-2179MDL04940401

BP-HZN-2179MDL04940401

MC252_DataDump_071810 (3)

BP-HZN-2179MDL05173765

BP-HZN-2179MDL05173768

M56 Net Rock Volume

BP-HZN-2179MDL05173765

BP-HZN-2179MDL05173768

M56 Net Rock Volume

BP-HZN-2179MDL05181294

BP-HZN-2179MDL05181319

June 22 2010 Macondo Review

BP-HZN-2179MDL05181294

BP-HZN-2179MDL05181319

June 22 2010 Macondo Review

BP-HZN-2179MDL05187231

BP-HZN2179MDL05187231

Email from Kate Baker to Marjorie and Steve
Black re FW: Transmitter Calibrations, Section
4.2 Info

BP-HZN-2179MDL05187232

BP-HZN-2179MDL05187232

Tranmitter Calibration

BP-HZN-2179MDL05187232

BP-HZN-2179MDL05187232

Tranmitter Calibration

BP-HZN-2179MDL05223139

BP-HZN-2179MDL05223139

Weatherford - Summary of Effective
Permeability to Oil Measurements

BP-HZN-2179MDL05223139

BP-HZN-2179MDL05223139

Weatherford - Summary of Effective
Permeability to Oil Measurements
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BP-HZN-2179MDL05441785

BP-HZN-2179MDL05441785

May 14-23 Pressure Measurements

BP-HZN-2179MDL05441785

BP-HZN-2179MDL05441785

May 14-23 Pressure Measurements (Native)

BP-HZN-2179MDL05604047

BP-HZN-2179MDL05604051

Depo Exh. 10452.pdf

BP-HZN-2179MDL05721745

BP-HZN-2179MDL05721755

May 16 Science Meeting Slides

BP-HZN-2179MDL05721745

BP-HZN-2179MDL05721755

May 16 Science Meeting Slides (Native)

BP-HZN-2179MDL05755276

BP-HZN-2179MDLO05755277

MDL 2179 Deposition Exhibit 8776.PDF

BP-HZN-2179MDL05789875

BP-HZN-2179MDL05789876

MDL 2179 Deposition Exhibit 8775.PDF

BP-HZN-2179MDL05825079

BP-HZN-2179MDL05825083

MDL 2179 Deposition Exhibit 8581

BP-HZN-2179MDL05864773

BP-HZN-2179MDL05864774

MDL 2179 Deposition Exhibit 8777.PDF

BP-HZN-2179MDL05864804

BP-HZN-2179MDL05864805

MDL 2179 Deposition Exhibit 8774.PDF

BP-HZN-2179MDL06105310

BP-HZN-2179MDL06105313

MDL 2179 Deposition Exhibit 8770.PDF

BP-HZN-2179MDL06127378

BP-HZN-2179MDL06127378

MDL 2179 Deposition Exhibit 9324.PDF

BP-HZN-2179MDL06314451

BP-HZN-2179MDL06314453

BOP PT-B Data Summary 5.15.10

BP-HZN-2179MDL06314451

BP-HZN-2179MDL06314453

BOP PT-B Data Summary 5.15.10

BP-HZN-2179MDL06392037

BP-HZN-2179MDL06392041

MDL 2179 Deposition Exhibit 8767.PDF

BP-HZN-2179MDL06514658

BP-HZN-2179MDL06514659

MDL 2179 Deposition Exhibit 8700

BP-HZN-2179MDL06566208

BP-HZN-2179MDL06566233

Maconod RSDP - Predrill

BP-HZN-2179MDL06566208

BP-HZN-2179MDL06566233

Maconod RSDP - Predrill

BP-HZN-2179MDL06566258

BP-HZN-2179MDL06566259

MDL 2179 Deposition Exhibit 8773.PDF

BPHZN2179MDL06604337

BPHZN2179MDL06604337

Email from R. Benthien to P. Flemings re
Deepwater unconfined slop channel complex
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BPHZN2179MDL06604338 BPHZN2179MDL06604352 Unconfined Low Relief Slope Channel System
BPHZN2179MDL06604338 BPHZN2179MDL06604352 Unconfined Low Relief Slope Channel System

BP-HZN-2179MDL06605384

BP-HZN-2179MDL06605386

MDL 2179 Deposition Exhibit 8769.PDF

BP-HZN-2179MDL06629316

BP-HZN-2179MDL06629369

Depo Exh. 10459.pdf

BP-HZN-2179MDL06666023

BP-HZN-2179MDL06666034

MC252 WIT Pressure Measurement System
Accuracy rev0

BP-HZN-2179MDL06666023

BP-HZN-2179MDL0O6666034

MC252 WIT Pressure Measurement System
Accuracy rev0

BP-HZN-2179MDL06726208

BP-HZN-2179MDL06726208

MDL 2179 Deposition Exhibit 8772.PDF

BP-HZN-2179MDL06741948

BP-HZN-2179MDL06742177

Q4000 MC252 PT 3C

BP-HZN-2179MDL06741948

BP-HZN-2179MDL06742177

Q4000 MC252 PT 3C

BP-HZN-2179MDL06742178

BP-HZN-2179MDL06742178

Equations

BP-HZN-2179MDL06742178

BP-HZN-2179MDL06742178

Equations

BP-HZN-2179MDL06742179

BP-HZN-2179MDL06742231

MC252 HSR M PS

BP-HZN-2179MDL06742179

BP-HZN-2179MDL06742231

MC252 HSR M PS

BP-HZN-2179MDL06742232

BP-HZN-2179MDL06742232

Skandi MC252 PT3K 12

BP-HZN-2179MDL06742232

BP-HZN-2179MDL06742232

Skandi MC252 PT 3K 12

BP-HZN-2179MDL06742233

BP-HZN-2179MDL06742233

MC252PT3K11

BP-HZN-2179MDL06742233

BP-HZN-2179MDL06742233

MC252PT3K11

BP-HZN-2179MDL06742234

BP-HZN-2179MDL06742234

Q4000 MC252 PT B 301 Offset
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BP-HZN-2179MDL06742234

BP-HZN-2179MDL06742234

Q4000 MC252 PT B 301 Offset

BP-HZN-2179MDL06742238

BP-HZN-2179MDL06742238

Skandi MC252 PT3K 11

BP-HZN-2179MDL06742238

BP-HZN-2179MDL06742238

Skandi MC252 PT3K 11

BP-HZN-2179MDL06742239

BP-HZN-2179MDL06742607

Skandi MC252 PT C 302 2

BP-HZN-2179MDL06742608

BP-HZN-2179MDL06742608

Q4000 MC252 PT B 305

BP-HZN-2179MDL06742608

BP-HZN-2179MDL06742608

Q4000 MC252 PT B 305

BP-HZN-2179MDL06742609

BP-HZN-2179MDL06742609

Skandi MC252 PT K 303 1

BP-HZN-2179MDL06742609

BP-HZN-2179MDL06742609

Skandi MC252 PTK303 1

BP-HZN-2179MDL06742613

BP-HZN-2179MDL06742613

Q4000 MC252 PT B 301

BP-HZN-2179MDL06742613

BP-HZN-2179MDL06742613

Q4000 MC252 PT B 301

BP-HZN-2179MDL06742614

BP-HZN-2179MDL06742718

Skandi MC252 HSR M PS

BP-HZN-2179MDL06742614

BP-HZN-2179MDL06742718

Skandi MC252 HSR M PS

BP-HZN-2179MDL06742720

BP-HZN-2179MDL06742720

Equations

BP-HZN-2179MDL06742720

BP-HZN-2179MDL06742720

Equations

BP-HZN-2179MDL06742721

BP-HZN-2179MDL06742826

Skandi MC252 PT B 301 Offset 2

BP-HZN-2179MDL06742721

BP-HZN-2179MDL06742826

Skandi MC252 PT B 301 Offset 2
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BP-HZN-2179MDL06742965

BP-HZN-2179MDL06742965

Skandi MC252 PTB 3011

BP-HZN-2179MDL06742965

BP-HZN-2179MDL06742965

Skandi MC252 PTB 301 1

BP-HZN-2179MDL06742966

BP-HZN-2179MDL06742966

Skandi MC252 PT3K 21

BP-HZN-2179MDL06742966

BP-HZN-2179MDL06742966

Skandi MC252 PT3K 2 1

BP-HZN-2179MDL06742968

BP-HZN-2179MDL06742968

Skandi MC252 PTC302 1

BP-HZN-2179MDL06742968

BP-HZN-2179MDL06742968

Skandi MC252 PT C 302 1

BP-HZN-2179MDL06742969

BP-HZN-2179MDL06742969

Skandi MC252 PT 3C

BP-HZN-2179MDL06742969

BP-HZN-2179MDL06742969

Skandi MC252 PT 3C

BP-HZN-2179MDL06742970

BP-HZN-2179MDL06742970

MC252 PTC302 2

BP-HZN-2179MDL06742970

BP-HZN-2179MDL06742970

MC252 PTC3022

BP-HZN-2179MDL06742973

BP-HZN-2179MDL06742973

Skandi MC252 PT B 305

BP-HZN-2179MDL06742973

BP-HZN-2179MDL06742973

Skandi MC252 PT B 305

BP-HZN-2179MDL06742974

BP-HZN-2179MDL06743163

Skandi MC252 PT K 303 2

BP-HZN-2179MDL06742974

BP-HZN-2179MDL06743163

Skandi MC252 PT K 303 2

BP-HZN-2179MDL06743166

BP-HZN-2179MDL06743166

Skandi MC252 PT B 301 Offset 1

BP-HZN-2179MDL06743166

BP-HZN-2179MDL06743166

Skandi MC252 PT B 301 Offset 1
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BP-HZN-2179MDL06743280

BP-HZN-2179MDL06743280

Skandi MC252 PT 3K 2 3

BP-HZN-2179MDL06743280

BP-HZN-2179MDL06743280

Skandi MC252 PT 3K 2 3

BP-HZN-2179MDL06743284

BP-HZN-2179MDL06743284

MC252PT3K21

BP-HZN-2179MDL06743284

BP-HZN-2179MDL06743284

MC252PT3K21

BP-HZN-2179MDL06743478

BP-HZN-2179MDL06743478

MC252PTB3011

BP-HZN-2179MDL06743478

BP-HZN-2179MDL06743478

MC252PTB 3011

BP-HZN-2179MDL06743479

BP-HZN-2179MDL06743479

Q4000 MC252 PT 3K 2

BP-HZN-2179MDL06743479

BP-HZN-2179MDL06743479

Q4000 MC252 PT 3K 2

BP-HZN-2179MDL06743482

BP-HZN-2179MDL06744008

MC252 PTK 303 2

BP-HZN-2179MDL06744009

BP-HZN-2179MDL06744009

MC252 PT3K 2 2

BP-HZN-2179MDL06744009

BP-HZN-2179MDL06744009

MC252 PT3K 2 2

BP-HZN-2179MDL06744010

BP-HZN-2179MDL06744010

MC252 PTK303 1

BP-HZN-2179MDL06744010

BP-HZN-2179MDL06744010

MC252 PTK 303 1

BP-HZN-2179MDL06744011

BP-HZN-2179MDL06744011

MC252 PT B 305

BP-HZN-2179MDL06744011

BP-HZN-2179MDL06744011

MC252 PT B 305

BP-HZN-2179MDL06744066

BP-HZN-2179MDL06744066

Q4000 MC252 PT C 302
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BP-HZN-2179MDL06744066

BP-HZN-2179MDL06744066

Q4000 MC252 PT C 302

BP-HZN-2179MDL06744067

BP-HZN-2179MDL06744202

Q4000 MC252 PT3K12

BP-HZN-2179MDL06744067

BP-HZN-2179MDL06744202

Q4000 MC252 PT3K12

BP-HZN-2179MDL06744204

BP-HZN-2179MDL06744204

Skandi MC252 HSR H2 BM

BP-HZN-2179MDL06744204

BP-HZN-2179MDL06744204

Skandi MC252 HSR H2 BM

BP-HZN-2179MDL06744773

BP-HZN-2179MDL06744878

Skandi MC252 PT B 301 2

BP-HZN-2179MDL06744773

BP-HZN-2179MDL06744878

Skandi MC252 PT B 301 2

BP-HZN-2179MDL06744880

BP-HZN-2179MDL06744880

Q4000 MC252 PTK 303

BP-HZN-2179MDL06744880

BP-HZN-2179MDL06744880

Q4000 MC252 PTK 303

BP-HZN-2179MDL06744882

BP-HZN-2179MDL06744882

MC252 PT B 301 Offset

BP-HZN-2179MDL06744882

BP-HZN-2179MDL06744882

MC252 PT B 301 Offset

BP-HZN-2179MDL06744883

BP-HZN-2179MDL06744883

MC252 HSR H2 BM

BP-HZN-2179MDL06744883

BP-HZN-2179MDL06744883

MC252 HSR H2 BM

BP-HZN-2179MDL06744884

BP-HZN-2179MDL06744884

Q4000 MC252 PT3K11

BP-HZN-2179MDL06744884

BP-HZN-2179MDL06744884

Q4000 MC252PT3K11

BP-HZN-2179MDL06744885

BP-HZN-2179MDL06744885

MC252PTB 3012
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BP-HZN-2179MDL06744885

BP-HZN-2179MDL06744885

MC252 PTB 3012

BP-HZN-2179MDL06744992

BP-HZN-2179MDL06745325

MC252 PT 3C

BP-HZN-2179MDL06745326

BP-HZN-2179MDL06745326

Skandi MC252 PT 3K 13

BP-HZN-2179MDL06745326

BP-HZN-2179MDL06745326

Skandi MC252 PT3K 13

BP-HZN-2179MDL06745327

BP-HZN-2179MDL06745327

Q4000 MC252 HSR H2 BM

BP-HZN-2179MDL06745327

BP-HZN-2179MDL06745327

Q4000 MC252 HSR H2 BM

BP-HZN-2179MDL06745329

BP-HZN-2179MDL06745329

Skandi MC252 PT 3K 2 2

BP-HZN-2179MDL06745329

BP-HZN-2179MDL06745329

Skandi MC252 PT 3K 2 2

BP-HZN-2179MDL06746267

BP-HZN-2179MDL06746267

MC252PTC3021

BP-HZN-2179MDL06746267

BP-HZN-2179MDL06746267

MC252PTC3021

BP-HZN-2179MDL06746268

BP-HZN-2179MDL06746268

MC252 PT3K12

BP-HZN-2179MDL06746268

BP-HZN-2179MDL06746268

MC252 PT3K12

BP-HZN-2179MDL06947350

BP-HZN-2179MDL06947351

Email from S. Gullion to M. Gochnour re RE

Calibration Data

BP-HZN-2179MDL06947352

BP-HZN-2179MDL06947352

Data - Testing LDS at King South

BP-HZN-2179MDL06947352

BP-HZN-2179MDL06947352

Data - Testing LDS at King South

BP-HZN-2179MDL06947352

BP-HZN-2179MDL06947352

Testing LDS at King South on Horizon

BP-HZN-2179MDL06947352

BP-HZN-2179MDL06947352

Testing LDS at King South on Horizon
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BP-HZN-2179MDL06990570

BP-HZN-2179MDL06990570

MDL 2179 Deposition Exhibit 8771.PDF

BP-HZN-2179MDL07033640

BP-HZN-2179MDL07033658

MDL 2179 Deposition Exhibit 10841.PDF

BP-HZN-2179MDL07066668

BP-HZN-2179MDL07066669

MDL 2179 Deposition Exhibit 10859.PDF

BP-HZN-2179MDL07087480

BP-HZN-2179MDL07087482

Macondo Technical Note - Depln for Well
Control 21Jul vB.doc

BP-HZN-2179MDL07119924

BP-HZN-2179MDL07119925

Email from M. Gochnour to J. Tucker re RE:
Sudsea pressures.

BP-HZN-2179MDL07119926

BP-HZN-2179MDL07119927

Email from M. Gochnour to M. Byrd re RE:
Acoustic Data Acquisition - 12 Hour Look
Ahead 2010-07-13 0620 hrs Rev 0

BP-HZN-2179MDL07206222

BP-HZN-2179MDL07206227

MDL 2179 Deposition Exhibit 8707

BP-HZN-2179MDL07279438

BP-HZN-2179MDL07279438

04-MC252_PT_3K_1-CORR2-Calculated-1

BP-HZN-2179MDL07279438

BP-HZN-2179MDL07279438

04-MC252_PT_3K_1-CORR2-Calculated-1

BP-HZN-2179MDL07279439

BP-HZN-2179MDL07279439

08-MC252_PT_3K_1-CORR2-Calculated-2

BP-HZN-2179MDL07279439

BP-HZN-2179MDL07279439

08-MC252_PT_3K_1-CORR2-Calculated-2

BP-HZN-2179MDL07279440

BP-HZN-2179MDL07279440

Equation_Corr

BP-HZN-2179MDL07279440

BP-HZN-2179MDL07279440

Equation_Corr

BP-HZN-2179MDL07279441

BP-HZN-2179MDL07279441

08-MC252_PT_3K_1-CORR2-Calculated-1

BP-HZN-2179MDL07279441

BP-HZN-2179MDL07279441

08-MC252_PT_3K_1-CORR2-Calculated-1

BP-HZN-2179MDL07279442

BP-HZN-2179MDL07279442

08-MC252_PT_3K_1-CORR2-Calculated-3

BP-HZN-2179MDL07279442

BP-HZN-2179MDL07279442

08-MC252_PT_3K_1-CORR2-Calculated-3

BP-HZN-2179MDL07279443

BP-HZN-2179MDL07279443

04-MC252_PT_3K_1-CORR2-Calculated-2

BP-HZN-2179MDL07279443

BP-HZN-2179MDL07279443

04-MC252_PT_3K_1-CORR2-Calculated-2

BP-HZN-2179MDL07279444

BP-HZN-2179MDL07279444

04-MC252_PT_3K_1-CORR2-Calculated-3

BP-HZN-2179MDL07279444

BP-HZN-2179MDL07279444

04-MC252_PT_3K_1-CORR2-Calculated-3

BP-HZN-2179MDL07279445

BP-HZN-2179MDL07279445

03-MC252_PT_3K_1-CORR2_R-Raw-2

BP-HZN-2179MDL07279445

BP-HZN-2179MDL07279445

03-MC252_PT_3K_1-CORR2_R-Raw-2
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BP-HZN-2179MDL07279446

BP-HZN-2179MDL07279446

07-MC252_PT_3K_1-CORR2_R-Raw-1

BP-HZN-2179MDL07279446

BP-HZN-2179MDL07279446

07-MC252_PT_3K_1-CORR2_R-Raw-1

BP-HZN-2179MDL07279447

BP-HZN-2179MDL07279447

03-MC252_PT_3K_1-CORR2_R-Raw-1

BP-HZN-2179MDL07279447

BP-HZN-2179MDL07279447

03-MC252_PT_3K_1-CORR2_R-Raw-1

BP-HZN-2179MDL07279448

BP-HZN-2179MDL07279448

03-MC252_PT_3K_1-CORR2_R-Raw-3

BP-HZN-2179MDL07279448

BP-HZN-2179MDL07279448

03-MC252_PT_3K_1-CORR2_R-Raw-3

BP-HZN-2179MDL07279449

BP-HZN-2179MDL07279449

07-MC252_PT_3K_1-CORR2_R-Raw-3

BP-HZN-2179MDL07279449

BP-HZN-2179MDL07279449

07-MC252_PT_3K_1-CORR2_R-Raw-3

BP-HZN-2179MDL07279450

BP-HZN-2179MDL07279450

07-MC252_PT_3K_1-CORR2_R-Raw-2

BP-HZN-2179MDL07279450

BP-HZN-2179MDL07279450

07-MC252_PT_3K_1-CORR2_R-Raw-2

BP-HZN-2179MDL07383106

BP-HZN-2179MDL07383106

Pressure Measurement Network Architecture

BP-HZN-BLY00000001

BP-HZN-BLY00000193

Deepwater Horizon Accident Investigation
Report (9/8/10)

BP-HZN-BLY00000194

BP-HZN-BLY00000194

Appendix A. Transocean Deepwater Horizon
Rig Incident Investigation Into the Facts and
Causation (April 23, 2010)

BP-HZN-BLY00000195

BP-HZN-BLY00000200

Appendix B. Acronyms, Abbreviations and
Company Names

BP-HZN-BLY00000201

BP-HZN-BLY00000201

Appendix C Macondo Well Components of
Interest

BP-HZN-BLY00000202

BP-HZN-BLY00000202

Appendix D Sperry-Sun Real-time Data Pits

BP-HZN-BLY00000203

BP-HZN-BLY00000203

Appendix E Sperry-Sun Real-time Data
Surface Parameters

BP-HZN-BLY00000204

BP-HZN-BLY00000207

Appendix F Roles and Responsibilities for
Macondo Well

BP-HZN-BLY00000208

BP-HZN-BLY00000219

Appendix G Analysis Determining the Likely
Source of In Flow

BP-HZN-BLY00000220

BP-HZN-BLY00000231

Appendix H-Description of the BOP Stack and
Control System

BP-HZN-BLY00000232

BP-HZN-BLY00000236

Appendix |. Deepwater Horizon Investigation
Fault Trees

BP-HZN-BLY00000237

BP-HZN-BLY00000241

Appendix J. Halliburton Lab Results - #73909
2

BP-HZN-BLY00000242

BP-HZN-BLY00000275

Appendix K. Laboratory Analysis of Cementing
Operations on the Deepwater Horizon (from
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CSl Technologies)

BP-HZN-BLY00000276

BP-HZN-BLY00000303

Appendix M. Summary Report Global Analysis
Of Macondo 9 78-In X 7-In Production Casing

4992 ft Water Depth GoM (for Macondo Well
Investigation) (from Stress Engineering)

BP-HZN-BLY00000304

BP-HZN-BLY00000370

Appendix N. Mississippi Canyon 252 No.1
(Macondo) Basis of Design Review

BP-HZN-BLY00000371

BP-HZN-BLY00000372

Appendix O. Industry Comparison Data on
Long String Casing and Casing Liners in the
Macondo Well Area

BP-HZN-BLY00000373

BP-HZN-BLYO0000374
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