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Scope of Work
I have been retained on behalf of BP Exploration & Production to use methodologies from a field of
petroleum engineering known as well-test analysis to provide input into the calculations of my colleague
Professor Martin Blunt, who is submitting a separate expert report on the amount of cumulative oil
flow, as well as to provide my own assessment of that amount. My analysis yields opinions about
parameters that determine the amount of oil flow, such as permeability, flow rate, original oil in place,
and pressure depletion of the Macondo reservoir. Government expert witnesses have in several cases
used values for these attributes that are far different from those indicated by the pressure behaviour of
the Macondo reservoir, which is often the most reliable method to ascertain these values. The
government expert reports do not include a rigorous well-test analysis of the Macondo pressure and
flow-rate data. In this report I analyse pressure and flow-rate data collected by a tool at the bottom of
the well prior to the incident to determine the permeability of the reservoir. I then use this permeability
to analyse the pressure data collected after the incident and determine the cumulative volume of oil
that flowed from the reservoir, the original oil in place, and the amount of pressure depletion of the
Macondo reservoir.
1. Preamble and professional background
I am a petroleum engineer and professor of petroleum engineering and Director of the Centre for
Petroleum studies at Imperial College London. I have an MSc (1969) and a PhD (1971) in Petroleum
Engineering from Stanford University. I was a Research Fellow at the Miller Research Institute for Basic
Research in Science at the University of California at Berkeley from 1970 to 1972. After Berkeley, I spent
five years with the French Geological Survey in Orleans, France. I then worked for five years for
Schlumberger, a service company for the oil and gas industry, first in Melun, France, then in Houston,
Texas. I spent fourteen years with Scientific Software – Intercomp, a consulting and software company,
in London, UK and in Denver, Colorado. I became a professor at Imperial College in 1997.
I am an expert in well-test analysis for oil fields, through which I derive reservoir properties from
available pressure and flow-rate data. I have pioneered many of the techniques used in modern welltest analysis and authored numerous papers and taught courses on the subject to practitioners and to
students of all levels.
I have taught the basic principles presented in this report, namely fluid flow in porous media and welltest analysis, for over 30 years. My research combines experiment, theory and numerical modelling to
study the movement of fluid flow underground with application to well-test analysis of complex fluids,
wells and reservoirs. I have published over 90 papers.
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I am an Honorary member of the Society of Petroleum Engineers (SPE) 1. I was elected a Distinguished
Member in 2002 and served as an SPE Distinguished Lecturer in 2003. I received the SPE Formation
Evaluation Award 2 in 2001, the John Franklin Carll Distinguished Professional Award 3 in 2003, and the
Cedric K. Ferguson certificate in 2005 for the best paper published in 2004. I am an independent
director of two companies providing services to the oil industry.
My curriculum vitae and a full publications list are provided in Appendix G of this report.
This report describes the analysis I have performed, from September 2011 to April 2013, on the
Macondo reservoir to calculate the volume of oil released during the Deepwater Horizon incident and on
related issues. One of my former PhD students at Imperial College, Dr. Olalekan Aluko, has performed
additional well-test analysis work in support of the analysis under my supervision, and his contribution is
mentioned explicitly in the report.
The data I have used include pressure readings in the capping stack, laboratory-measured fluid and rock
properties, and information from BP reports. I have also consulted relevant scientific papers in the
public domain. I interpreted pressure measurements from the Macondo reservoir, both before and
during the spill, to calculate the volume of oil released.
My calculations are based on well-known reservoir engineering principles and follow standard, verified
approaches employed in the oil industry. This work and my conclusions would be understood by
petroleum engineers with knowledge of fluid flow in porous media and well test analysis methods.

1

Honorary Membership is conferred on individuals for outstanding service to SPE and/or in recognition
of distinguished scientific or engineering achievement in fields encompassed in the Society’s technical
scope. Honorary Membership is the highest honor the Society bestows on an individual, and it is limited
to 0.1% of the Society’s membership.
2
The SPE Formation Evaluation Award recognizes outstanding achievements in or contributions to the
advancement of petroleum engineering in the area of formation evaluation, encompassing core
analysis, well logging, and petrophysics.
3
The John Franklin Carll Award recognizes distinguished contribution in the application of engineering
principles to petroleum development and recovery.
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2. Summary
I estimate that the Macondo reservoir released approximately 2.4-3 million stock tank barrels (MMstb).
In addition, I also separately determine another critical property of the Macondo reservoir, its
permeability. Permeability refers to the ease with which the reservoir pore space allows fluid to flow.
The higher the permeability of a reservoir, the more readily the oil flows through it. For this reason,
permeability is strongly and directly correlated with the total flow volume.
The government experts use a variety of permeabilities ranging from 300 to more than 800 milliDarcies
(mD), and virtually all who address it insist that the number is at least 500 mD. But they do so with little
(if any) analysis of this decisive question. As I will explain below, on the few occasions these experts do
apply industry-accepted methods to determine permeability, they do so in a circular way—by using their
assumed flow rates. Because the government experts assume high flow rates, these efforts are
preordained to result in high permeabilities. The government experts regard this approach as
confirmation. I will demonstrate that it was foreordained from their (incorrect) premise.
In this report I will show that the best estimate for permeability is 238 mD, less than one half to one
third of what most government experts contend. For this, I use the most modern and reliable well-test
analysis methods, where reservoir parameters are derived from pressure and flow-rate data. This is the
standard industry approach to assessing permeability, and it is more reliable than other methods
because it is based on the actual flow of the formation fluid in the reservoir.
Specifically, I use data obtained from a tool placed at the bottom of the well before the incident to
collect reservoir fluid samples. As explained below in Section 3.2.1, the device precisely measured
pressure and flow rate as the fluid was drawn into a container and as the pressure built back up after
the container was full. This is exactly the information needed to determine key reservoir parameters,
like permeability. It is axiomatic in the field of well-test analysis, which is used (at least implicitly) by all
the government experts to derive permeability, that permeability cannot be determined unless the
underlying data includes both pressure and flow-rate measurements. For the Macondo incident, of
course, flow rates are precisely what is unknown and being sought by all these experts. But the
government experts ignore the rate-dependence of their permeability estimates—which is the driver
and determinant of their flow calculations. None uses the method described here. Because the fluidsampling tool was employed prior to the incident, and collected fluid at known flow rates, I am able to
deduce permeability with high reliability.
I then use the permeability derived from this work as an input into my well-test analysis of the data from
during the incident and after the well was shut in. In this analysis, I again employ the most up-to-date
methodologies of well-test analysis, which are described in Section 3 and utilized in Sections 4 and 5.
This sets my work apart from the government experts, who use out-of-date or incorrect methods. I find
that approximately 2.4-3 million barrels of oil left the reservoir during the spill. Government experts
6
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reach higher numbers in part because of their methodologies, which I will critique in Sections 3.3.1,
3.3.3, 5.6.3, and in Section 6.
3. The well-test analysis approach used in this study
My analysis, like that of several of the government experts, uses available pressure and flow-rate
measurements from Macondo to infer the properties of the Macondo reservoir. This is known in the
industry as well-test analysis. Unlike these government experts, however, I employ the most up-to-date
well-test analysis methods available. In fact, I invented many of these techniques. To understand the
power of these techniques and why they are much better than what the government experts use, I need
to provide some background on well testing. I then go on to explain the particular methods as applied
to Macondo.
3.1

Well-test fundamentals

Well-test analysis uses pressure and flow-rate information to ascertain the general structure of the
reservoir and other key reservoir parameters, such as permeability. Because the rate of fluid flow in the
reservoir is governed by well-known equations, we can use sophisticated techniques and computers to
understand what combinations of reservoir properties could produce the pressure and/or flow-rate
information we have measured. After a brief discussion of the fundamentals, we will look at some of
these techniques as applied to Macondo.
When a fluid is produced into a well from an underground porous rock (here, the Macondo sandstone
reservoir), the pressure decreases in the reservoir. This is called a drawdown. The decrease in pressure
increases with the production rate and is higher right at the well than in the reservoir away from the
well, as shown schematically in Fig. 3.1.
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Figure 3.1: Schematic of pressure distribution in a closed circular reservoir during production. The top
diagram shows how, as time goes on, the pressure, represented with blue lines, declines. Note how
the pressure decreases most near the well, shown in the middle. The lower diagram is a view from
the top showing pressure signals moving outward in a radial pattern from the well.
You can see the same thing in a draining bathtub. There is a large depression of the water right over the
drain, and conditions further away are almost unchanged.

Figure 3.2: Schematic of pressure distribution in a draining bathtub.
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Before production begins, the pressure everywhere in the reservoir is the initial pressure pi of the
reservoir. For Macondo, this was 11,856 pounds per square inch (psi). 4 As flow continued, the pressure
in the reservoir continued to decrease. The pressure moved downward as shown on the top graph and
outward on the bottom graph in Fig. 3.1.
If the well is then closed (“shut in”), the flow rate becomes zero, and the pressure in the reservoir
increases. This is called a build up (because the pressure builds back up). One important question for us
is to what pressure will this reservoir recover? This is the question of the final reservoir pressure for
Macondo, and as explained in Section 3.3.1, the government experts apply incorrect methodology when
arriving at their estimates of this important parameter.
3.2

Well-test data acquisition

Well-test data consist of pressure and production (flow) rate measurements. There are different types
of well-tests through which this data is acquired, and they are performed at different times in the life of
a well and investigate different volumes in the reservoir.
3.2.1 Wireline formation test 5
The government experts overlooked some of the most valuable well-test data available in this case. This
data includes exceptionally useful pressure and flow-rate information from testing done at the bottom
of the well before the incident. This is the only set of well-test data that includes this detailed coupling
of pressure and flow-rate information (measurements taken right at the edge of the reservoir itself,
which makes the data still more valuable). This is crucial because well-testing cannot be used to infer
the critical parameter of permeability reliably unless flow-rate history is known, which of course was not
the case during the blowout. (Government experts simply assume rates, which makes their analysis of
this parameter circular.)
I speak here of the wireline formation test, which measured pressure and flow rates right at the
reservoir while gathering reservoir fluids for analysis. This is generally the first well-test to be performed
in a well, and in the case of Macondo, it was the only well-test accompanied by contemporaneous flowrate data. The omission of this well-test from the ambit of the government experts’ analyses helps to
explain why many of them ended up using a permeability that is more than double the most likely value.
4

See BP-HZN-2179MDL03742328 (MDT Report), page 7, 22. This is at the true vertical depth of 18,056
feet below the sea surface (TVDSS).
5
See a more detailed description in Haddad, S., Cribbs, M., Sagar, R., Viro, E., Castelijins, K., and Tang, Y.,
“So What is the Reservoir Permeability?”, paper SPE 63138 presented at the SPE Annual Technical
Conference and Exhibition, Dallas, Texas, 1-4 October 2000.
9

TREX-011696R.009

And, as we will discuss later, permeability is the property of the reservoir rock that is a directly
proportional to flow rate. The government experts’ incorrect determination of permeability has a direct
impact on their estimates of cumulative flow. They got permeability wrong by up to and at times more
than a factor of two, and thus overestimated cumulative flow.
The well-test we are focussing on now occurs when a wireline formation tester tool is run into the well
to take measurements of pressure and procure samples of the reservoir fluid. This is a tool with sensors
and other equipment that sends data to the surface via an electrical cable. The Macondo testing was
done using a version made by Schlumberger, called MDT™.6 During this test, a probe is inserted into the
borehole wall, and a short test, called a “pre-test,” is conducted to measure the formation pressure. See
Fig. 3.3. Up to 20 cc (cubic centimetres) of mainly filtrate (essentially the liquid components of the
drilling mud) is withdrawn through the probe (as with a syringe) into a pre-test chamber.

Figure 3.3: Schematic of a typical wireline formation tester
The corresponding drawdown pressure depends on the flowing fluid’s “mobility,” which is the
permeability of the formation divided by the viscosity of the fluid and is written as

k

µ

. At the end of

the drawdown period (about 20 seconds), the pre-test chamber is full, flow stops, and a build up period
starts. The time required for the pressure to build up to the formation pore pressure (usually, a few

6

See BP-HZN-2179MDL03742328 (MDT Report).
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minutes) is a function of the formation fluid mobility and producing time.7 Further explanation is
included in Appendix E. This process gives us the initial reservoir pressure, pi.
Versions of wireline formation testers, including the Schlumberger MDT used here, have been
developed to acquire formation-fluid samples. To get uncontaminated (filtrate-free) reservoir fluid, the
device withdraws fluid continuously for several hours, which is then simply dropped into the wellbore.
When the tool detects that the incoming fluid no longer contains contaminate, the pumped fluid is
diverted to a sample chamber that is then taken to surface for further analysis. During the entire
sampling process, pressure and rate are measured versus time at the probe level 8 and can be used to
provide permeability estimates. 9
In the Macondo well, three reservoir fluid samples were taken with the MDT tool, one in the M56D
formation (Schlumberger’s sample designated F144), one in the Upper M56E formation (F143), and the
third one in the Lower M56E formation (F147). Pressure measurements were made with a quartz gauge
with a 0.02 psi resolution, the smallest pressure change that the gauge can detect. The sampling MDT
pressure and rate measurements in the M56D layer are shown in Fig. 3.4. Well-test analysis of the
sampling MDT tests is described in Section 4 and Appendix E. From it, I deduce that the best estimate
for permeability is 238 mD. This estimate is quite reliable because, among other things, I do not need to
assume a flow rate that is in fact unknown, as the government experts have done with their estimates of
permeability using pressure data from the incident. With my alternative method, the flow rate is
obtained directly from the MDT tool. 10

7

See T. M. Whittle, J. Lee and A.C. Gringarten: "Will Wireline Formation Tests Replace Well Tests?",
paper SPE 84086 presented at the 2003 SPE Annual Technical Conferenceand Exhibition, Denver,
Colorado 5-8 October 2003.
8
The rate is deduced from the speed at which the pre-test chamber is filled up.
9
See Pimonov, E., Ayan, C., Onur, M. and Kuchuk, F., “A New Pressure/Rate-Deconvolution Algorithm to
Analyze Wireline-Formation-Tester and Well-Test Data”, paper SPE 123982 presented at the SPE Annual
Technical Conference and Exhibition, New Orleans, Louisiana 4-7 October 2009, page 603-613.
10
See a more detailed description in Haddad, S., Cribbs, M., Sagar, R., Viro, E., Castelijins, K., and Tang,
Y.: “So What is the Reservoir Permeability?”, paper SPE 63138 presented at the SPE Annual Technical
Conference and Exhibition, Dallas, Texas, 1-4 October 2000.
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Fig. 3.4: F144 MDT sampling test in the Macondo M56D layer. It includes an initial pre-test around
9.6 hours, and a final pre-test around 13.81 hours (enlarged in the box on the right hand side)
3.2.2 Production test
Production tests are performed in wells equipped for production so that oil companies can calculate
permeability and other reservoir properties using dynamic flowing data. During production, pressure is
measured continuously at the wellhead, while flow rate is measured through a separator at the surface.
The period from the start of oil flow on April 20, 2010 in the Macondo well to the shut in of the well on
July 15, 2010, and to the end of the corresponding build up on August 3, 2010 can be considered as a
production test, though we do not know the flow rate. I analyse the associated pressure data in detail in
Section 5 and Appendix F.
From the flowing pressure data I conclude that the best estimate of the total amount of oil that left the
reservoir is around 2.4-3 MMstb. My analysis uses the most modern methodologies and my
independent determination of permeability from the MDT analysis.
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3.3

Well-test analysis
3.3.1 Well-test basics

Well-test analysis of pressure and rate data provides qualitative and quantitative information on the
well and the reservoir. Great strides have been made in this field over the last 25 years. 11 Modern
techniques and methodologies are vastly superior to what preceded them and provide powerful tools to
understand reservoir parameters and structure. As already noted, well-test analysis uses measured
pressure and flow-rate data to ascertain detailed information about the reservoir. To get the basic
picture, think of sonar used on a submarine to detect its surroundings. The sonar system sends out a
ping and then listens for the sound return reflected off of objects. From analysing the return signal, the
sonar system can locate undersea objects and find their range. (Fig. 3.5) In well-testing, we send a
signal into the reservoir (for example, the pressure drop caused by flowing the well) and we listen for
the return signal (for example, the change in pressure over time). From this process, we can determine
where the reservoir ends and various other properties of the reservoir.

Figure 3.5: Well-test analysis can be analogized to sonar. In each case, a signal is sent out and
information is obtained through analysing the returned signal
Again, just as I imagine is the case with sonar, it is important to use the most advanced tools in welltesting. Just as one would not entrust a billion dollar submarine to 1950s technology, one should not
rely on outdated well-testing techniques. Yet, that is precisely what the government well-test reports
have done. For example, Drs. Kelkar and Raghavan analyse the shut-in pressure data to estimate the
11

See Gringarten, A.C., “From Straight Lines to Deconvolution: The Evolution of the State of the Art in
Well Test Analysis”, paper SPE 102079 presented at the 2006 SPE Annual Technical Conference and
Exhibition, San Antonio, Texas, 24-27 September 2006; also marked as Exhibit 8620 (IGS075-018303).
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final reservoir pressure. In doing so, they employ Mead’s method, which is an empirical technique that
can be used when nothing is known about the reservoir. 12 Yet, we know a great deal about the
reservoir, and it makes no sense to ignore that. In Section 6, I examine in more detail the various welltest analysis mistakes made by the government experts.
In the standard well test, a period of constant flow rate is analysed. In practice, pressure build ups are
preferred because they occur when the flow is shut off and hence the flow rate is known to be zero.
Drawdowns are more difficult to interpret because of possible flow-rate fluctuations.
Analysing so-called “multi-rate tests” in which there are periods of various flow rates, including interim
and final shut-ins when the flow rate is zero, is somewhat more difficult. Fig. 3.6 depicts such a test.
Understanding how to analyse these tests properly is the key to modern well testing and to
understanding the Macondo reservoir.
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Figure 3.6: Example of a multi-rate test. The last build up is enlarged in the box on the right hand
side. The signal to be interpreted by well-test analysis is ∆p, which is the difference between the
pressure p(∆t) after an elapsed time ∆t since the start of the build up, and the pressure at the start of
the build up, p(∆t=0).
One of the most important innovations in well-test analysis is use of the pressure derivative, which
loosely speaking describes how fast pressure is changing at each instant. For this, we use the pressure
12

See Haughland, T., Larsen, L., and Skjaeveland, S.M ., “Analyzing Pressure Buildup Data by the
Rectangular Hyperbola Approach”, paper SPE 13079 presented at the 1984 SPE Annual Technical
Conference and Exhibition, Houston, Texas, 16-19 September 1984, page 1(“If nothing is known about
the reservoir, then [Mead’s method] can be used to get a rough estimate of the average pressure.”).
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Figure 3.10: Example of flow regimes on a build up derivative.
3.3.2 Deconvolution
One drawback of the analysis techniques described above is that they are valid only for analysing a
single period during which the rate is constant. The example in Fig. 3.6 shows that the durations of such
periods are small compared to the entire duration of the test--that is, the full amount of time that the
well has been flowing at various rates. Therefore, analysis of these periods in isolation can provide only
a fraction of the information that is available from the entire test data.
Fortunately, there are methods that allow us to use all the data at once, and the basic approach is
simple. (We will apply these to Macondo in Sections 4 and 5.) We can mathematically transform the
pressure data obtained from all flow periods (including when the well is shut in and had a flow rate of
zero) to what the pressure data would have been had the well undergone a single constant-rate
drawdown for the entire period.
This powerful technique, known as deconvolution, has become the state of the art for well-test analysis
and often allows the identification of the right model for the reservoir when other methods cannot. This
is because the technique does not merely address a technical concern. Rather, it generally allows us to
see further into the reservoir than other methods essentially by adding the different build ups and
drawdowns together into a single long drawdown.
This is complicated but the basic point is essential. If we apply the right techniques, we can see much
further and more clearly into the reservoir. Going back to the sonar analogy, imagine that we actually
have multiple sonar signals pinging the undersea environment. The combined signal probes much
further than the individual signals. Imagine that old sonar technology simply analysed each ping by itself
and ignored the power of combining signals. We could improve our sonar system by understanding how
to combine all these signals into one, more powerful signal. That is exactly what deconvolution does for
modern well-testing.
A quick well-test illustration shows why it is useful to convert pressure data to single-drawdown
pressure data. I created this example, including its rates and pressure history, based on a reservoir
model to demonstrate how the pressure data can show us much more about the reservoir when it is
converted from a series of isolated build ups into a single drawdown. The pressure and rate data for this
reservoir model have been previously depicted in Fig. 3.6 and are depicted again below. Each rise seen
in the blue pressure line, like the one magnified on the right, is a build up.

19
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As we can see, they are all nearly identical and fall almost entirely on top of each other. This is to be
expected because the shape of the derivative is a reflection of the reservoir’s properties and the amount
of time of the test, and all of these build ups come from the same reservoir. Using the derivatives
generated from the different build ups in isolation, even all of them, does not take advantage of all the
data that we actually have. We are still treating each ping separately, to use the sonar analogy.
Note in Fig. 3.11 that none of the derivatives generated by the individual build ups show any
boundaries. It would be wrong, however, to conclude that the reservoir boundaries have not been
reached during the 130 hours of the entire test. In fact, once I take advantage of the full 130 hours of
the data, we can see all of the reservoir boundaries. Going back to the sonar analogy, I want to combine
the pings into one powerful signal that can see further. Fig. 3.12.

Figure 3.12: Schematic of the effect of combining pings on submarine sonar. The graphic is meant as
a common-sense analogy to help the reader understand the motivation behind deconvolution.
To do this, I have also simulated a single 130-hour drawdown at constant rate. We can see the
comparison in Fig. 3.13. This is what deconvolution does. It allows us to convert the data obtained from
several build ups and drawdowns into equivalent data that would have been obtained from a single,
constant-rate drawdown. And now instead of a number of build ups of short duration that each tells us
essentially the same thing, we have a long drawdown of the entire duration that can reveal much more
about the reservoir. Back to the sonar analogy: I have finally combined the pings into one powerful
signal.
21
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Figure 3.13: Using a 130-hour constant-rate drawdown instead of alternating drawdowns and build
ups as in Fig. 3.5.
In Fig. 3.14, I plot both the derivatives for the individual build ups and the new derivative for the
constant-rate drawdown. And we can see how the new single drawdown derivative compares to the
individual build up derivatives in Fig. 3.14. Where they overlap, they are nearly identical because they
are all a reflection of the same reservoir. But the power of using this combined constant-rate drawdown
becomes evident at approximately the 8-hour mark where the build up derivatives stop and the
constant-rate drawdown derivative continues.
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Through my use of these modern and sophisticated methods, I get a much more accurate and reliable
picture of the reservoir than the government experts, including its flow rates, size, and the final
reservoir pressure.
3.3.3 Constructing the interpretation model
Once all the flow regimes potentially present in the data have been identified with the aid of the
pressure derivative, we still need to confirm that we are correctly interpreting the data. Failure to take
this step can lead to using the wrong model and misinterpreting the data and the reservoir. We do this
verification by using other plots or graphical depictions that are specific to each flow regime identified
on the derivative. Examples include the “Horner” (or superposition) plot for radial flow: once we have
identified a potential radial-flow period on the derivative plot we need to confirm it with a Horner plot.
This confirms (or disproves) our interpretation.
One we have completed this verification, we construct a mathematical expression that reflects all the
verified features found in the derivative. This mathematical representation of the pressure behaviour is
obtained by solving a partial differential equation, called the diffusivity equation, which models fluid
flow in reservoirs. The pressure calculated by the mathematical model is then compared with the
measured pressure. Then, the reservoir characteristics (permeability, shape, size, for example) are
estimated by determining the values that best reproduce the measured pressure.
Critically, there may be several models that may appear to explain the same measured pressure data. A
second step is therefore required, which is to verify that this interpretation model not only can
reproduce the measured data, but is also consistent with any knowledge of the reservoir, and in
particular with non-testing information from geology, geophysics, and petrophysics. 18 Any model that
fails to be consistent with reliable information should be discarded, no matter how well it matches the
pressure. Other possible interpretative models should then be explored.
The government experts seem to have ignored these critical steps. They fail to confirm their
interpretation models before estimating reservoir parameters from them. And they tout how their
models can recreate the measured pressure, and even implicitly (in the case of Dr. Pooladi-Darvish)
acknowledge that many different models combining different assortments of reservoir parameters
could match the measured pressure. But then they do not present an analysis that checks their inputs
against the actual non-well-test measured data. For example:
•

18

The use of 12 microsips for rock compressibility by both Kelkar/Raghavan and Hsieh, which is
about twice the measured values from cores taken from the Macondo reservoir.

Gringarten, “From Straight Lines to Deconvolution,” page 44.
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•
•

The use of an oil compressibility about twice the measured values by Pooladi-Darvish in his only
analytic well-test analysis presented in his report.
The determination of values for permeability that are much higher than the measured values
from logs and cores, including a best estimate of 550 mD from Pooladi-Darvish and 593 mD from
Hsieh, and are inconsistent with the best well-test approach discussed in Section 4. And they
fail to acknowledge that their permeability estimates depend on the flow rate during the
incident, which is the very issue to be determined in this case.

Through these errors, the government experts accepted well-test interpretation models of the reservoir
that clearly should have been rejected, along with the well-test parameters derived from them. And,
with respect to determining permeability, their failure to use well-test data that includes flow rates
caused them to overestimate permeability, at times by more than a factor of two. Their analysis of
permeability, which assumes a flow rate, should be rejected as entirely circular. This is discussed further
in Sections 3.3.1, 3.3.3, 5.6.3, and in Section 6.
Next, I use the MDT well-test data, which includes flow rates, to properly determine permeability. And
only then do I turn to an analysis of the well-test data from the incident.
4. Determination of permeability from well-test analysis on the MDT data
4.1

Introduction: The Macondo reservoir’s permeability is 238 mD

In Section 3.2.1 above, I introduced the reader to the wireline tool used to measure pressure and
sample fluid at Macondo, known by its Schlumberger brand name “MDT.” I explained why this is by far
the best method to estimate permeability reliably at Macondo. In this Section, I analyse the MDT
pressure and flow-rate data and determine as precisely as possible the formation permeability. This is a
critical variable in understanding the flow rate and total flow volume, and as noted, many of the
government experts repeatedly overestimate permeability by more than a factor of two. Based on the
MDT data, I estimate that the formation permeability is 238 mD.
It is axiomatic in petroleum engineering that permeability is best estimated by analysing fluid flow
through the reservoir, rather than by laboratory testing of rock cores. Well testing is the method used
to do the former. This is because we are interested in the average permeability throughout the
formation, and that is exactly what a well test can tell us, provided we know the flow rate. Here, I get
the permeability from analysing the MDT sampling tests, where we know the pressure and the flow rate.
None of the government experts bother to analyse the MDT well-test data, and this is one reason why
my determination of permeability is far more reliable than that of the government experts.
In this Section, I first describe the radial flow equation, which allows me to calculate permeability from
flow rates. Then, I discuss the determination of permeabilities for each formation layer from flow-rate
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and pressure data from the MDT and other sources. Lastly, I tie all the data together to present my base
case of 238 mD for the formation’s permeability along with statistical analysis that clearly demonstrates
that the permeabilities used by many of the government researches are much too high.

4.2

Radial flow equation and the basic plan

Much of well-test analysis is based on inferring reservoir parameters from where we see the radial flow
stabilization--where we see a flat line on the derivative plot. The key mathematical relationship is set
forth in equation 4:

kh
70.6 B
=
q μ Δ p 'Stabilisation

(4)

where:
•
•

•

q is the downhole flow rate
Bo is the formation volume factor, used to convert the flow rate from reservoir to stock tank
conditions;
h is called thickness and refers to the length of the hydrocarbon bearing formation that can be
produced;
μ is the viscosity of the hydrocarbons; and

•

Δ

•

is the value of the derivative where it is the flat line of slope 0.

In a standard well test, the flow rate q is known and we are interested in evaluating the “mobilitythickness product,”

kh

μ

. Since the MDT gives me the flow rate, and because I know the reservoir

thickness, h, and the fluid viscosity μ , I can calculate the permeability. We can see this by rearranging
the terms in Eq. 4.
70.6
∆

4.3

Analysis of MDT sampling tests

A schematic cross section representation of the Macondo reservoir is shown in Fig. 4.1. The reservoir is
made of three layers: M56D, M56E, and M56F. M56E is divided into Upper M56E and Lower M56E.
Prior to the incident, three reservoir fluid samples were taken with the MDT, one in M56D
(Schlumberger’s sample designated F144), one in the Upper M56E (F143), and one in the Lower M56E
(F147).
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I looked at two ways to smooth the data, both of which involve averaging the data over some length of
time (in essence, I get moving averages aimed at maintaining the important features in the data but
minimizing the noise). First, I can average over long periods, as shown with the green line in Fig. 4.2.
This preserves only the trend of the data but for that reason gives the same derivative as the
unsmoothed data. Second, I can average over shorter periods, as shown with the red line in Fig. 4.2.
This method may not preserve the trend and so may give a different derivative, as shown in Fig. 4.3. As
a result, although we do see radial flow (where the derivative is a flat line) in both approaches, the key
flat line showing radial flow is higher in one than the other. This means there is some uncertainty in the
level of the derivative stabilization, and therefore in the resulting mobility thickness product.
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Figure 4.2: Pressure data noise in MDT
sampling test F144 in M56D layer

Figure 4.3: Uncertainty in derivative radial
flow stabilisation in MDT sampling test F144 in
M56D layer

Once I have smoothed the data, consistent with best practices for well-test analysis, I next find an
interpretation model that best fits all known data. The details are given in Appendices E and F, but I use
deconvolution, which is a sophisticated technique used in well-test analysis and discussed further in
Section 5 and Appendices D and F, to assist in my determination of the interpretation model and flowrate history. Applying deconvolution to the data obtained during the MDT sampling allows for the
generation of the pressure derivative that sees further into the reservoir and allows for better
understanding, identification and diagnosis of the reservoir features. Based on the deconvolved
derivative, I conclude that the right interpretation model is a well with a limited entry into the
formation, equal to the size of the probe. I can see these features on the derivative plot, and my model
is also consistent with the physical system: The MDT test is conducted by drawing fluid from the
reservoir into the tool through a small and restricted opening. Once I confirm that I have the right
interpretation model, as explained in Section 3.3.3, I know that the flat line on the derivative plot in Fig.
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4.3 really is the radial flow stabilization from which we can determine permeability. See Appendix E for
more details.
4.3.1.2 Summary of data used in calculating permeability from the MDT tests
To get the permeability, we need to know the thickness of the layer h (which we get from log data) and
the viscosity of the reservoir fluid µ (from PVT analysis performed by Dr. Whitson). 19 I have summarized
the results of my interpretations of the MDT well-test data in Figs. 4.4 to 4.6 below. The details of my
analysis are given in Appendix E. I find a permeability of 116 mD for the M56D layer, a permeability of
117 mD for Upper M56E, and a permeability of 285 mD for Lower M56E.
To arrive at these numbers, I find the radial flow stabilization (where the pressure derivative is a flat
line) for each of the three MDT tests, using standard commercial well-test software. I verified that this is
in fact the radial flow stabilization by building and verifying an interpretation model as described in
Section 3 and by using deconvolution. Sometimes I get more than one possible match to the data, and I
must analyse each. For example, there are two possible matches for M56D, as shown by the red and
the green curves in Fig. 4.4, and three possible matches for Lower M56E, as shown in Fig. 4.6. For these
layers, we get a range of possible radial flow stabilizations. See Appendix E for more details.
Once I confirm the radial flow stabilization line (or lines), I know the mobility-thickness of the layer,
based on Eq. 4. But I also know h, the height of each layer, from log data,, and µ, the viscosity of the oil,
from fluid analysis. 20 I can then simply put those values in the equation and get the permeability for
each layer.
The figures below summarise my results for each MDT test. The figures show the plot of the pressure
derivative (the lower curves) on which we can see the radial flow stabilization. On the right-hand side of
each figure, I show the probability that the permeability exceeds certain values. The P50 value is the
best estimate. I arrived at these probabilities using a standard technique called Monte-Carlo
simulation. 21 In a Monte-Carlo simulation, a computer program repeatedly assigns possible values to
each variable for which there is uncertainty and returns the permeability based on those values. The
computer repeats this process thousands of times, and this gives us a range for the permeability and the
associated probability shown on the right hand side of the figures.

19

Expert Report of C. Whitson; Whitson Table, T=243-SSF-ALL.xls
Expert Report of C. Whitson; Whitson Table, T=243-SSF-ALL.xls
21
Azi, A.C., Gbo, A., Whittle, T., and Gringarten, A.C., “Evaluation of confidence intervals in well test
interpretation results”, paper SPE 113888 presented at the 2008 SPE Europec/EAGE Annual Conference
and Exhibition,Rome, Italy, 9–12 June 2008.
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4.3.2 Permeability of the M56F interval based on cores
I have found the permeability of the M56D and E (Upper and Lower) layers through analysing the MDT
data as described above. One other layer may have contributed to flow, M56F. For this layer, which is
only 6.5 feet thick and therefore would not contribute much to flow, we do not have an MDT test. To
find an effective permeability for the reservoir as a whole, I must first estimate the permeability of M56F
and then combine the permeabilities of each layer. Below, I briefly summarize these steps. The full
analysis can be found in Appendix E.
To get a range for the permeability of the M56F layer, I looked at the analysis performed by BP during
the incident using a standard core-log analysis. I next average the reported permeabilities of samples in
the M56F layer in two different ways. First, I took the familiar (arithmetic) average. This average is
appropriate where the flow stays in nice layers (laminar flow). Second, I calculated the geometric
average, which applies when flow is three-dimensional and does not stay nicely layered. I look at both
averages because we do not know which type of flow we have. I keep both laminar and 3-dimensional
flow as possibilities. I then correct the measurements to account for the fact that the lab results
determined permeability to air rather than oil. (I do not convert the highest average to an oil
permeability. This likely means I have overestimated permeability, but I have done so to be
conservative.) Finally, I take a probability distribution representing the highest and lowest possible
values and find the mean. I take that mean, 130 mD, as the permeability for M56F. This is explained in
greater depth in Appendix E.

4.3.3 Effective permeability of the Macondo Reservoir is 238 mD
The most likely total permeability of the reservoir is 238 mD based on the combination of the MDT and
core permeabilities described in Sections 4.3.1 and 4.3.2. I also performed a statistical analysis of the
reservoir’s permeability, which shows that the government permeabilities of around 500-550 mD are
implausibly high.
To calculate the overall effective permeability of the Macondo reservoir, I averaged the values from the
MDT tests and cores weighted by the thickness of each one of the formation layers. I weight by the
thickness (h) because thin layers, like M56F at only 6.5 feet thick, contribute much less to flow than thick
layers, like M56E at almost 65 feet. The details are spelled out in Appendix E but the basic idea comes
from the radial flow equation we see over and over:

kh
70.6 B
=
q μ Δ p ' Stabilisation
If we reorganize this equation slightly, we see that:
∆
70.6
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Option using PT-B pressure data for times when the well was flowing and PT-3K-2 pressure data after
the well was the shut in. I used these rates to analyse the PT-3K-2 pressure data.
Second, I took the rates obtained above and used those rates to calculate the pressure at the bottom of
the well. The pressure at the bottom of the well will be higher than the pressure at the gauges, which
are near the wellhead, because of the weight of the fluid and (when there is flow) the frictional forces.
The pressure-changes—the “transient” —at the bottom of the well better reflect reservoir behaviour.
Third, I returned to the assumed rate history and again applied deconvolution using the new
bottomhole pressure information. This, like the first step, gives me a deconvolved derivative and
corrects the rates. The difference here is that the deconvolved derivative is based on bottomhole
pressures instead of wellhead pressures, which should better correspond to pressure in the reservoir. I
then took the corrected rates and repeated the process of applying deconvolution until I obtained a
good match between the bottomhole pressures and the pressures that I calculated from the
deconvolved derivative. In this case, after four iterations, the pressures were very close and the rates
did not change appreciably, showing I had converged on a solution.
Fourth, I used the corrected rate histories obtained in step three to study the pressure build up that
occurred after the well was shut in. For this analysis, I used post-shut-in pressure data from the PT-3K-2
gauge, which had been translated to bottomhole pressure. The deconvolved derivative allows me to
build an interpretation model, as described in Section 3.
Fifth, I used the radial flow stabilization of the interpretation model to scale the flow rate history to
match the permeability obtained in my MDT analysis—the permeability of the reservoir.
Sixth, I confirmed the interpretation model by verifying it can reproduce all the bottomhole pressure
data during the spill and after shut in; and be verifying that the model is consistent with other
information such as geology and seismic. This is necessary because often many models will appear to
match the available data, and the interpreter must bring all available tools and data to bear on the
problem to ensure acceptance of only an appropriate model.
My conclusions are as follows:
•
•
•
•

The best estimate of the total volume of oil that left the reservoir during the spill is between 2.4
and 3 MMStb.
The best estimate of the amount of oil originally in the reservoir that was connected to the
wellbore is between 78 and 97 MMStb.
The final reservoir pressure is between 10,364 and 10,460 psi.
There is no evidence of aquifer support within the timeframe of the data available.

Dr. Blunt used a different methodology to analyse the Macondo reservoir and the cumulative flow. I
have reviewed his report and I approve of his analysis.
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5.1

Estimate Flow-Rate Trend Based on Wellhead Pressure

My first step was to estimate the rate history based on the wellhead pressure using deconvolution. The
basic principle is that changes in pressure reflect changes in the flow rate. Deconvolution can take the
pressure data we have and convert it to a flow-rate trend reflecting that pressure data. To begin this
process, I must first assume a flow-rate history as a starting point. Deconvolution will correct these
rates, albeit with some uncertainty. Since I want to determine the actual flow-rate history, I use two
different history assumptions to start the process:
•
•

First, I assume that the well flowed at a constant rate of 45,000 stb/d for the entire incident
(“Option 1”);
Second, I also deconvolved using a starting rate assumption of 30,000 stb/d for April 20 to May
31 and 45,000 stb/d for June 1 until shut-in (“Option 2”).

Later, I will discuss the differences between the rate histories I obtained. I selected these two rate
histories because there is evidence that the flow rate was between 38,829 stb/d and 48,201 stb/d
before shut-in started ; and that the rate was between 26,200 and 34,400 stb/d between May 13 and
May 23, 2010. 25
The flow rates that resulted from applying deconvolution to the wellhead pressure data for both cases
are depicted in Figure 5.2 below. As we do not have pressure data prior to May 8, I have assumed that
the pressure decreases linearly between the initial pressure and the first pressure measurement on May
8, 2010. As it turns out, these two initially corrected rate histories are similar, so they will give similar
results for the analysis of PT-3K-2 pressures. They will give different downhole-converted pressures,
however. I therefore analysed both Options. The discussion, however, focuses primarily on Option 1,
since the process is the same for Option 2. I report the results for both.

25

Expert Report of M. Zaldivar.
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Figure 5.3: “Drill Pipe High” and “Drill Pipe Low” Scenarios 28
I also provided a subset of the post-shut-in PT-3K-2 pressure measurements to Prof. Martin Blunt for
translation to bottomhole conditions. I reviewed and agree with his method for obtaining bottomhole
pressure, and I used these pressures in my further analysis. 29 Prof. Blunt provided three different
equations for translating these pressures to bottomhole, each corresponding to laboratory
measurements from a different fluid lab (CoreLab, Schlumberger, and Intertek). I generally use the
equation for CoreLab, but I have also investigated the impact of using the equation for Schlumberger.
5.3

Estimate Flow-Rate Trend Based on Bottomhole Pressure

I then used the bottomhole pressure data to refine the flow-rate estimates I derived from the wellhead
pressure data. I wanted to use bottomhole pressure data in my analysis because wellhead pressure has
a tendency to overestimate permeability and skin effects. 30 It does so because of fluid compressibility
28

Expert Report of A. Johnson.
Expert Report of M. Blunt; OPTION1 P and Q for Translation (26-04-13) with BHPs.xlsx; OPTION2 P and
Q for Translation (26-04-13) with BHPs.xlsx.
30
Spyrou, C. E., Nurafza, P. and Gringarten, A. C.: ”Well-head Pressure Transient Analysis”, paper SPE
164871 to be presented at SPE Europec/EAGE Annual Conference, London, United Kingdom, 10–13 June
2013.
29
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effects in the well and possible restrictions to flow between the pressure gauge and the reservoir. It is
therefore important at least to compare flow-rate estimates based on wellhead conditions to those
obtained from bottomhole pressure.
Once I had the bottomhole pressure data, I deconvolved the data the same way I did for the wellhead
pressure data in Section 5.1, again starting with the assumed rates from my Options 1 and 2. I will use
the “Option 1 - Drill Pipe High” pressure data for illustration. First, I began the deconvolution with a
constant rate assumption of 45,000 stb/d. The results of my deconvolution are in Figure 5.4.

Figure 5.4: First Iteration of Deconvolved Rates Using Bottomhole Pressure (Option 1 - Drill Pipe
High). Red bars show the initial assumed rates, while blue bars show the deconvolved rates resulting
from deconvolution.
The red lines in Figure 5.4 show the initial assumption of a constant rate of 45,000 stb/d. The blue line
shows the deconvolved rates, and the green line shows the percentage change between the initial
assumption (horizontal red line) to the deconvolved rate (blue line). The vertical red lines mark the
durations of the periods of constant rate.
Following standard methods, I continued to run iterations of deconvolution to refine the rates. For each
successive iteration, I used the flow rates from the previous iteration as the initial assumed rates. I
continued to use the same bottomhole pressures for each iteration. With each subsequent iteration,
there is a smaller change from the assumed rates to the deconvolved rates. Figure 5.5 shows the results
of my second iteration.
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Figure 5.5: Second Iteration of Deconvolved Rates Using Bottomhole Pressure (Option 1 - Drill Pipe
High)
After the second iteration, the deconvolved rates (blue lines) change much less from the assumed rates
(red lines). Again, the assumed rates for this second iteration (red lines in Figure 5.5) come from the
deconvolved rates for the first iteration (blue lines in Figure 5.4). By the fourth iteration of
deconvolution, there was hardly any change from the initial assumption to the deconvolved rates.

40

TREX-011696R.040

Figure 5.6: Third Iteration of Deconvolved Rates Using Bottomhole Pressure (Option 1 - Drill Pipe
High)

Figure 5.7: Fourth Iteration of Deconvolved Rates Using Bottomhole Pressure (Option 1 - Drill Pipe
High)
The objective of this iterative process is to obtain a reliable deconvolved derivative—that is, the
pressure derivative we obtain from deconvolution of pressure data. In simple terms, I can verify the
reliability of the deconvolved derivative by combining the rates I have generated with the pressure
derivative in a process called “convolution,” which is the reverse of deconvolution. If my deconvolved
derivative is reliable, I should get back pressures that closely match the bottomhole pressures. I do this
at each iteration. If the deconvolved derivative is correct, then the pressure profile I generate should
match the bottomhole pressures. This is, in fact, what we see in Figure 5.8 below.
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then used to analyse the actual pressure data and calculate the dimensions and other characteristics.
Below, I go through some of this in more detail.
5.5

Verify Interpretation Model

The complete interpretation process is illustrated in Figure 5.10. The plot on the top left shows the
bottomhole pressure change and pressure derivative. The red line on the plot is where we see radial
flow stabilisation; the slope of the line is zero. I confirmed that the data where the derivative stabilises
are on a straight line on the Horner plot—the red line in the plot on the middle left. My identification of
the radial flow stabilisation is thus confirmed by the Horner plot. We need both: we could see a
stabilisation on the derivative (maybe due to noisy data), but if there is no corresponding straight line on
the Horner plot, the stabilisation on the derivative is not due to radial flow.
Further verification is illustrated by the plots on the right hand side. They show the match between the
model (in red) with the data (in blue) and confirm that the model can reproduce the data. Finally, the
plot at the bottom left is the skin effect versus time. The skin is 15 at the beginning of the incident and
corresponds to the likely length of reservoir open to flow being 16.5 ft 33. The skin decreases with time
to a value of 4 during the spill, and zero during the shut in. The zero shut in skin indicates that the
formation is not damaged and confirms the value from MDT analysis. The skin during the spill
corresponds to flowing restrictions in the well.

33

Expert Report of M. Emilsen.
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Figure 5.10: The plots on the left illustrate the computation and diagnosis of the derivative. All of the
plots reflect the pressure data from shut-in until static kill on August 3, 2010; that is what we refer to
as Flow Period 107 in our analysis (Option 1 - Drill Pipe High)
5.6

Scale Rate History to Permeability

As stated before, deconvolution only corrects the differences in rate from one period to the next and
does not provide absolute values. Rates have therefore to be scaled. For instance, with the rate history
from Fig. 5.7, the radial flow stabilisation level of the pressure build-up yields a permeability of 272 mD
as can be seen in the table on the right side of Figure 5.10, not the actual permeability of Macondo. The
P50 permeability I derived from the MDT analysis in Section 4 is 238 mD. To determine the rate history
for Macondo, I need to scale the rate history obtained to match the 238 mD permeability of Macondo,
according to Eq. 4 of Section 3.3.1. To do this, I simply multiply the rate history by (the Macondo P50
permeability)/(the unscaled permeability), 238 mD/272 mD. A comparison of the P50 flow rate history
and the unscaled rate history is below in Figure 5.11. In the following subsections, I will explain why and
how we use MDT permeability to scale the flow rate history.
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C is the wellbore storage constant in barrels per psi; ϕ, the porosity; A, the reservoir area; and ct, the
total compressibility. d1, d2, d3, and d4 are the distances to the well to the boundaries. The other
parameters have already been defined.
PM, TM and the dimensionless parameters obtained from the match between model and data in turn
provide the corresponding reservoir parameters. The pressure match value is obtained from the radial
flow stabilisation of the pressure derivative, ∆p'stabilisation as:

PM =

1

(10)

2∆p 'stabilisation

Substituting Eq. 10 into Eq. 5 yields Eq. 4 from Section 3.3.1:

kh
70.6 Bo
=
q µ ∆p ' stabilisation

(4)

5.6.2 There is a direct relationship between permeability and final flow rate.
Once ∆p'stabilisation is identified, the ratio k/q (the relationship between permeability and final flow rate)
is fixed because h, Bo, and µ are known and constant. If we change k (permeability), we need to change
q (final flow rate) to maintain the fixed k/q ratio. Therefore, to obtain the flow rates for the P50
permeability of 238 mD, I need to reduce the rate that gives me a permeability of 272 mD by the ratio
238/272. Rescaling like this will also decrease the distance to the boundaries and therefore the size of
the reservoir, but will not change the dimensionless match parameters as these changes offset each
other. It will not change the average reservoir pressure either, because, for a given interpretation
model, the reservoir pressure depends on PM and TM 34 only. Similarly, adjusting pore volume

34

The average reservoir pressure is given by p = pi −

1
p D (TM t p ) , where pD is the mathematical
PM

function representing the interpretation model and PM and TM are dimensionless model parameters.tp
is the production time. These parameters remain constant when the permeability changes, and
therefore the average pressure does not change.
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compressibility also will not affect my flow rates because they are dependant on permeability and the
pressure data only.
5.6.3 Dr. Pooladi-Darvish’s analysis is flawed.
As discussed above, the model mathematical expression is written in what are called “dimensionless
terms,” so it is applicable to various combinations of reservoir parameter values. One important
strength of this approach is that it is easy to see whether two models are in essence the same model as
often happens in reservoir analysis when one is not careful. Indeed, failure to convert to dimensionless
terms can lead one to look at the same model over and over thinking it represents different models.
Once we have a match, that match will be maintained for any value of permeability and rate as long as
the permeability-to-rate ratio remains constant. The higher the permeability, the higher the rate, and
the larger the reservoir. But the dimensionless match parameters remain the same. In other words, all
the analyses of Dr. Pooladi-Darvish are really only one in dimensionless terms. He has in essence run the
exact same model over and over; it is not surprising that he gets basically the same results each time.
Nor is it informative. This is further illustrated in Section 6.
This is why it is mandatory to have an independent evaluation of the reservoir parameters to constrain
the results. Here, we have bounded the value of permeability by interpreting the MDT data. This allows
us to bound the rates and therefore the total amount of oil released during the Macondo spill.
5.6.4 The flow rate history is scaled for P10 and P90 permeabilities.
The same process as described above for the P50 permeability is repeated for the P10 and P90
permeabilities. The rate multiplier for the P10 permeability is 329/272. That for the P90 permeability is
170/272. Recall that the P10 value means that there is a 10% chance that the actual value of the
variable is at least that high, and the P90 means that there is a 90% chance.
The analysis results for the P10, P50 and P90 permeabilities are given in Figure 5.12. As discussed
above, the permeability and reservoir size decrease from P10 to P90, but the dimensionless match
parameters do not change, meaning that there is a single match between the model and the data.
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Parameter
(pav)i
(pav)f
pwf
kh
k
C
S
d1
d2
d3
d4
A

P10
P50
P90
11856
11856
11856
10364
10364
10364
9662.2
9662.2
9662.2
30597
22131
15808
329
238
170
0.097
0.070
0.050
0.0
0.2
0.3
3517
2991
2528
2409
2049
1731
1270
1080
913
14412
12257
10359
8.05E+07 5.82E+07 4.16E+07

Unit
psia
psia
psia
mD.ft
mD
bbl/psi

PM
TM
Log CDe2S
(A)D
xe/ye
xw/xe
yw/ye

0.6692
0.6692
0.6692 1/psi
440.1
440.1
440.1 1/hr
3.25
3.25
3.25
3.55E+05 3.55E+05 3.55E+05
0.2846
0.2846
0.2846
-0.4695 -0.4695 -0.4695
0.7136
0.7136
0.7136

ft
ft
ft
ft
ft2

Figure 5.12: Reservoir parameters for P10, P50 and P90 permeabilities in the case of Option 1, Drill
Pipe High
5.6.5 Cumulative flow can be determined from the scaled flow rate histories.
Having determined the rate multipliers for the P10, P50 and P90 permeabilities, I can then calculate the
P10, P50 and P90 cumulative productions. The P50 is the best estimate of total volume of all the oil that
left the reservoir, converted to a volume at surface (stock tank) conditions of 60oF and 1 atmosphere
pressure. It includes any oil burnt or collected, for example. Results are shown in Figures 5.13 and 5.14.
The results also include rates scaled to the mean permeability and the permeability corresponding to a
flow rate just before shut-in of approximately 45,000 stb/d in
. The P10 and P90 cases set the upper and lower bounds respectively though.
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Parameters

P 90

P 50

P 10

Mean K

K-281

11,856

11,856

11,856

11,856

11,856

10,364

10,364

10,364

10,364

10,364

Depletion (psi)

1,492.00

1,492.00

1,492.00

1,492.00

1,492.00

Reservoir Permeability (mD)

170

238

329

245

281

Skin

20  0

20  0

20  0

20  0

20  0

Boundary1 (d1) – ft

2,528

2,991

3,517

3,035

3,253

Boundary2 (d2) – ft

1,731

2,049

2,409

2,079

2,228

Boundary3 (d3) – ft

913

1,080

1,270

1,096

1,174

Boundary4 (d4) - ft

10,359

12,257

14,412

12,438

13,328

Reservoir Width - ft

3,441

4,071

4,787

4,131

4,427

Reservoir Length - ft

12,090

14,306

16,821

14,517

15,556

Area (MM ft2)

41.6

58.2

80.5

60.0

68.9

Area (Acres)

955

1,337

1,848

1,377

1,581

STOIIP (MMstb)

57

79

110

82

94

Cumulative Production (MMstb)

1.78

2.49

3.45

2.57

2.95

Initial Pressure @ Reservoir Depth
(18,056 ft TVDss)
psia
Final Pressure @ Reservoir Depth
(18,056 ft TVDss)
psia

Figure 5.13: Analysis results of Option 1 Drill Pipe High
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Figure 5.14: Flow rates for Option 1 Drill Pipe High. The dashed lines represent cumulative flow for
their respective permeabilities.
I also apply the same procedure to the other cases: Option 2 Drill Pipe High, and Options 2 Drill Pipe
Low.
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Parameters

P 90

P 50

P 10

Mean K

K-264

11,856

11,856

11,856

11,856

11,856

10,381

10,381

10,381

10,381

10,381

Depletion (psi)

1,475.00

1,475.00

1,475.00

1,475.00

1,475.00

Reservoir Permeability (mD)

170

238

329

245

264

Skin

20  4

20  4

20  4

20  4

20  4

Boundary1 (d1) – ft

2,825

3,342

3,930

3,391

3,518

Boundary2 (d2) – ft

1,730

2,047

2,407

2,077

2,155

Boundary3 (d3) – ft

1,137

1,346

1,582

1,365

1,417

Boundary4 (d4) - ft

11,059

13,086

15,385

13,276

13,776

Reservoir Width - ft

3,962

4,688

5,512

4,756

4,935

Reservoir Length - ft

12,789

15,133

17,792

15,353

15,931

Area (MM ft )

50.7

70.9

98.1

73.0

78.6

Area (Acres)

1,163

1,629

2,251

1,676

1,805

STOIIP (MMstb)

69

97

133

99

107

Cumulative Production (MMstb)

2.15

3.00

4.15

3.09

3.33

Initial Pressure @ Reservoir Depth
(18,056 ft TVDss)
psia
Final Pressure @ Reservoir Depth
(18,056 ft TVDss)
psia

2

Figure 5.15: Analysis results of Option 2 Drill Pipe High
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Figure 5.16: Flow rates for Option 2 Drill Pipe High. The dashed lines represent cumulative flow for
their respective permeabilities.
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Parameters

P 90

P 50

P 10

Mean K

K-321

11,856

11,856

11,856

11,856

11,856

10,374

10,374

10,374

10,374

10,374

Depletion (psi)

1,482.00

1,482.00

1,482.00

1,482.00

1,482.00

Reservoir Permeability (mD)

170

238

329

245

321

Skin

20  2

20  2

20  2

20  2

20  2

Boundary1 (d1) – ft

2,402

2,842

3,342

2,884

3,299

Boundary2 (d2) – ft

1,574

1,863

2,190

1,890

2,162

Boundary3 (d3) – ft

869

1,028

1,208

1,043

1,193

Boundary4 (d4) - ft

10,902

12,899

15,166

13,088

14,973

Reservoir Width - ft

3,271

3,870

4,550

3,927

4,492

Reservoir Length - ft

12,476

14,762

17,356

14,978

17,135

Area (MM ft )

40.8

57.1

79.0

58.8

77.0

Area (Acres)

937

1,312

1,813

1,350

1,767

STOIIP (MMstb)

56

78

107

80

105

Cumulative Production (MMstb)

1.74

2.43

3.36

2.50

3.27

Initial Pressure @ Reservoir Depth
(18,056 ft TVDss)
psia
Final Pressure @ Reservoir Depth
(18,056 ft TVDss)
psia

2

Figure 5.17: Analysis results of Option 2 Drill Pipe Low
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Figure 5.18: Flow rates for Option 2 Drill Pipe Low. The dashed lines represent cumulative flow for
their respective permeabilities.
For comparison, I ran the same analysis described above in Sections 5.3-5.6, but I used wellhead
pressure instead of bottomhole pressure. I used PT-B pressure data for the pre-shut-in period and PT3K-2 pressure data for the post-shut-in period. The PT-3K-2 data was adjusted to the depth of the PT-B
gauge (4,972 ft. TVDss) as described in Appendix F.
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Figure 5.19: Analysis results of Wellhead Pressure
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Figure 5.20: Flow rates for Wellhead Pressure. The dashed lines represent cumulative flow for their
respective permeabilities.
5.6.6 Effect of fluid properties
As stated in Section 5.2, the conversion of PT-3K-2 build-up data to downhole depends on the values of
the fluid properties. This is clear in Fig. 5.15, which shows the downhole-converted shut-in pressures
calculated with fluid properties from CoreLab, Schlumberger, and Intertek.
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9900

9800

Pressure (psia)

9700

9600

PT B converted

9500

9400

15-Jul 14:05

15-Jul 14:10

PT 3K converted

15-Jul 14:15

15-Jul 14:20

15-Jul 14:25

Elapsed time (Date)

Figure 5.21: Effect of fluid properties on downhole conversion of PT-3K-2 pressure data
The analysis presented so far has been performed with PT-3K-2 data converted using CoreLab fluid
properties. Using Schlumberger fluid properties yields slightly different results for the Option 1 Drill
Pipe High (Fig. 5.13). Specifically, the reservoir is slightly bigger, but the cumulative production is
unchanged at 2.49 MM. The average reservoir pressure is 10,460 psia under this scenario, instead of
10,364 psia (from using CoreLab data), which gives a measure of the uncertainty in the average
pressure. As can be seen from Figure 5.21, the CoreLab data correspond to the lowest shut-in pressure,
and the Schlumberger data correspond to the highest. Thus, the CoreLab and Schlumberger analysis
puts bounds on the final pressure.
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Figure 5.22: Well test analysis results for Option 1, Drill Pipe High with PT-3K-2 downhole-converted
shut-in pressures using Schlumberger fluid properties.
I note that I do not see any evidence of aquifer support within the timeframe of the data available.
Aquifer support refers to situations in which bodies of pressurized water next to the reservoir are able
to maintain the pressure of the reservoir. I reach this conclusion because deconvolution allows me to
see that the reservoir is surrounded by impermeable boundaries. If there were aquifer support, I would
expect to see either what is called a constant-pressure boundary (which is easy to see when plotting the
pressure derivative) or a change in mobility (which is also easy to see with the pressure derivative).
Here we see neither.
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6. Critique of Government Expert Reports

6.1

The Pooladi-Darvish report

Dr. Pooladi-Darvish has used an analytical solution and a numerical model to match the shut-in pressure
converted to downhole conditions. He has run his model with different sets of assumed parameters. He
claims the models matched the pressure response at the capping stack after choke closure with an
average error of less than 0.1% and predicted the volumes of oil collected within 25%. These “good
match” models have a cumulative volume of oil released of between 5 and 5.3 MMstb.
Dr. Pooladi-Darvish’s approach was to select a model, set parameters arbitrarily, and force a match on
the data. This wrong approach is also used by Dr. Hsieh. The approach is unreliable, as it is possible to
achieve a good match with the data with a completely wrong model. In addition, most of his
permeability values are outside the range of available rock sample measurements, and definitely,
outside the values deemed possible from MDT well test interpretation.

6.2

The Kelkar-Raghavan Report

The authors use old methods to calculate the reservoir pressure (Muskat, (1937); Larson, (1963)). These
methods were developed before modern well-test analysis techniques were developed and before
powerful personal computers became available to use them. Consequently, the authors had to make
simplifying assumptions and use approximations. Even the method by Kuchuk, (1999) is an
approximation.
The proper approach is again by obtaining an interpretation model. The final average reservoir pressure
is obtained by simulating a build up of infinite duration. Kelkar-Raghavan show a derivative, which
seems to indicate they have done well-test analysis. Their derivative, however, is incorrect as can be
seen from Fig. 6.1 below. This figure compares my derivative with theirs. Their derivative does not show
the radial flow stabilisation, and there is definitely something wrong with their pressure.
Although Kelkar and Raghavan imply they have done a build-up analysis—which should yield a value for
permability—they still use BP’s estimate of 300 mD for the permeability. According to my study, this is
not the correct value.
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My derivative

Kelkar-Raghavan’s derivative

Figure 6.1: Comparison between Kelkar-Raghavan’s derivative plot and mine.
Conclusion
Based on the analysis I have conducted and described in this report and the accompanying appendices, I
estimate 2.4 to 3 MMstb of total oil volume flowed from the Macondo reservoir during the spill. That
range does not subtract any oil that was, for example, collected before entering the Gulf of Mexico.
This report contains all my analysis, my conclusions and the reasons for them. The opinions that I have
expressed are based on my review of the documents referred to in this report,35 in the light of my
education and experience.36 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 I understand that the contracting agency of my university, by whom I am
paid, receives £350 per hour.37

35

A complete bibliographic list of the documents referred to in forming my opinion is provided in
Appendix H.
36
My CV and publication list is provided in Appendix G.
37
I have not testified as an expert witness at trial or deposition over the past four years.
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