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ATS&E 2011

Dear Colleagues,

I would like to invite you to the 2011 Annual Techni-
cal Symposium and Exhibition (2011 ATS&E), which 
will be held in AlKhobar, Saudi Arabia, May 15-18. 
Th e event is organized by the Saudi Arabian Section of 
the Society of Petroleum Engineers (SPE SAS) and the 
Dhahran Geosciences Society (DGS). 

Th is annual event is the largest gathering for engineers 
and geoscientists in the region. It attracted more than 
2,500 participants last year. Th e event has evolved to 
become a major gathering for knowledge transfer, expe-
rience exchange and networking in the Gulf region. 

Th e annual growth journey of the ATS&E continues 
strongly in 2011. Th e Symposium received a lot of in-
ternational attention where the Program Committee re-
ceived abstracts from more than 30 countries. With a to-
tal number of 412 abstracts received, the 2011 ATS&E 
broke every record throughout its history. With this 
powerful momentum, we look forward to an outstand-
ing Symposium in AlKhobar. 

Th is year’s theme, ‘Tackling Upstream Challenges: 
Fueling the World Safely, Reliably and Cost-Eff ective-
ly’, calls for new technologies in all operations related 
to the exploration and production of oil and gas. In 
the Middle East, by the year 2020, the Energy Interna-
tional Association (EIA) has forecast a 60 per cent in-
crease in energy consumption compared to the history 
of consumption in the year 2005. In addition, new fossil 
fuel discoveries and production are more challenging. 
Th us, the development of new technologies becomes 

the essential means to meet ever-increasing energy de-
mands.  

Th e 2011 ATS&E program and its pre-event activi-
ties are off ered at no cost. Th ere will be four pre-event 
courses and a workshop, 20 technical sessions, a panel 
discussion and a poster session. In addition, there will 
be three awards for the ‘Best Papers’ and a ‘Best Poster’ 
Award. Th e program will include an open day for high 
school students titled ‘Your Future Career’ to introduce 
various engineering and sciences disciplines to them. 
Th is aims to help them select their future college major. 
Th is is part of the SPE SAS Young Professionals activi-
ties associated with the ATS&E.

I would like to invite you to actively participate in the 
Symposium, either by attending its technical program, 
sponsoring an event or participating in its exhibition. 
Please visit our Symposium website www.atse2011.org  
for more information. I would also like to thank Saudi 
Arabia Oil and Gas as the offi  cial journal.

Th ank you, and I hope to see you in AlKhobar next 
May!  

Please do not hesitate to contact me if you have any 
questions. 

Dr. Ghaithan A. Al-Muntasheri
Chairman, 2011 SPE/DGS Annual Technical

Symposium & Exhibition
email: Ghaithan.muntasheri@aramco.com

www.atse2011.org  
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DHAHRAN, February 09, 2011 --  Former Aramco 
president and CEO Frank Jungers paid a visit to his old 
stomping grounds recently and got the opportunity to 
see modern Saudi Aramco in operation. 

Frank Jungers, who fi rst came to the Kingdom at age 
21 in 1947, was appointed president of the company 
in 1971, and from 1973-78 he served as the company’s 
chairman and CEO. He helped engineer the turnover 
of the company to Saudi ownership and also played a 
pivotal role in the creation and training of a Saudi work 
force that proved to be instrumental in Saudi Aramco’s 
continued success.

During his visit, Jungers met with president and CEO 
Khalid A. Al-Falih and also met with former president 
and CEO Abdallah S. Jum‘ah. 

He also toured several facilities including Khurais Pro-
ducing, which was discovered in his time and then 
mothballed until 2006 when work started on the cur-
rent 1.2 million barrel-per-day facility. He said he was 
impressed with what he saw. 

“I took one day to review Khurais, which is one of the 
biggest projects Saudi Aramco has ever undertaken, and 
it was an amazing site,” Jungers said, noting that in his 
time explorationists missed the true size of the reser-
voir.

“When we discovered Khurais, it was 
thought to be rather small, and we 
didn’t exploit it early,” he said. “It’s 
amazing what we didn’t see because 
we didn’t have the technology in 
those days.”

Despite the giant steps forward in oil 
exploration and production, Jungers 
said the company’s work force was its 
most impressive asset.

“I think the biggest change is the rap-
id development of the Saudi Aramco 
employees,” he said. “Th e company 
has done a very, very good job of 
expanding the training of these em-

ployees, not only the rapidity with which it occurred but 
with the excellence of the results.

Jungers said employees should be pleased to work for 
one of the globe’s most unique companies.

“Unhindered by the pressure of private ownership with 
the attendant short-term fi nancial reporting and fi xa-

tion on quarterly earnings per share, 
Saudi Aramco has been able to make 
visionary and bold long-term invest-
ments in new technology, training 
and development, research, mega-
projects and infrastructure,” Jungers 
said. “Th e results are a corporation 
with global reach that is a world lead-
er and a source of pride to employees, 
stakeholders and the nation.”

Back to Khurais: Jungers Refl ects on Change

Left: Frank Jungers is shown throwing 
out a pitch at a baseball game during his 
time as president and CEO of Saudi Ara-
mco. Jungers recently visited the compa-
ny, traveling to Khurais to see operations 
there for the first time in years.

From the Aramco Newsroom  

By Stephen L. Brundage.

Former Aramco president and CEO Frank Jungers, left, meets 
the Khurais Producing Control Room operator Mohammed A. 
Alfashkhy as department manager Yousef A. Furaidan looks on. 
Jungers is credited with a pivotal role in helping to create the 
company’s largely Saudi work force of today. (Photo: Majed Al-
zobaidi)
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DHAHRAN, February 02, 2011 --   A new build-
ing has changed the Dhahran core area skyline. Th e 
highly anticipated Upstream Professional Development 
Center (UPDC) state-of-the-art facility will soon open 
its doors to house an updated integrated training pro-
gram for Upstream Operations employees.

The Challenge and the ‘Big Crew Change’
“UPDC is more than a facility … more than a train-
ing program,” said Amin H. Nasser, Upstream senior 
vice president. “It is Saudi Aramco’s proactive decision 
to stay ahead of the times. It represents our commitment 
to prepare our workforce for the unique challenges that 
lie ahead.”

Global energy demands are expected to rise substantially 
in the next 30 years.

According to Abdullatif A. Al-Ghanim, director of Up-
stream Continuing Excellence: “UPDC is designed to 
address unprecedented professional development needs. 
We have aggressive targets of higher hydrocarbon dis-
covery and recovery factors that require more complex 
activities and technologies to achieve. Exploration eff orts 
are reaching into new environments, such as the Red Sea 
and deep gas exploration in the Arabian Gulf.

“Th e technologies used during routine operations will 
continue to evolve with new tools and advancements ap-
pearing at a rapid pace. With the advent of enormous 
amounts of real-time data that allow critical operational 
decisions to be made on the fl y, engineers and geoscien-
tists are taking multidisciplinary collaboration and joint 
decision processes to a new level.”

Perhaps the most immediate challenge that UPDC faces 
is the “Big Crew Change.” Th roughout the oil and gas 
industry, the bulk of experienced professionals are retir-
ing from the upstream workforce and are often being 
replaced with inexperienced new graduates.

Upstream Training Center on Horizon

UPDC is working to bridge the growing upstream ex-
perience gap with aggressive training and mentoring 
programs. Communication and bonding networks now 
link disciplines to help young professionals tap the wide 
array of knowledge among senior professionals before 
they retire. 

The UPDC Program
Th e UPDC training program has been developed for 
eight upstream job families: Geology, Geophysics, 
Petrophysics, Reservoir Engineering, Production Engi-
neering, Facilities Engineering, Drilling and Workover, 
and Upstream Computing.

By Melanie N. Dreiman and Heather G. Christensen.

The new building that will house the Up-
stream Professional Development Center 
(UPDC) in Dhahran.

Participants build camaraderie in the 
courses. The Event Solutions (the setting 
here) module is part of the Reservoir En-
gineering curriculum.

From the Aramco Newsroom  
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Instructional design experts work closely with industry 
technical experts to design and update training to en-
hance learning and retention. Th e training is hands-on 
with reduced lecturing.

Experiential learning is targeted by numerous practi-
cal applications that translate directly to the workplace. 
Customized technology applications also are integrated 
into some courses, allowing participants to learn impor-
tant concepts and quickly perform analyses.

To ensure job relevance, experienced Saudi Aramco sub-
ject matter experts teach many of the courses.

Saudi Aramco data, work fl ows and tools are also incor-
porated into the training. To help keep the courses fresh, 
dynamic and fl exible, feedback is welcome.

Th e design integrates multiple resources: senior experi-
ence, youthful innovation, history, lessons learned, new 
technologies, new ideas, continuous information fl ow 
and training expertise.

A formal competency assurance process is built into all 
UPDC courses. Beyond confi rming whether trainees 
are achieving the required competencies, this process as-
sesses the quality of the courses and identifi es areas for 
improvement. A fast track to achieving competency tar-
gets is also available. Th e framework is in place to signifi -
cantly reduce both knowledge and experience gaps in an 
effi  cient manner.

While the new facility was under construction, the 
UPDC training program was launched. Th e Independ-
ent Contributor curricula for all eight job families 
were defi ned. Th e courses were developed and have been 
off ered throughout 2010 in temporary training facili-
ties.

The UPDC Facility
To support the training of upstream professionals, the 
new center has 18 high-tech classrooms with wall-to-
wall viewing screens, LCD touch screens with 3D capa-
bility, and breakout areas. Th e center provides a drilling 
simulator where participants perform operations on a 
simulated rig.

Th ere is also a Cave Automated Virtual Environment 
where participants are immersed into a variety of Saudi 
Aramco virtual environments to perform exercises that 
include inspecting rock and fl uid properties “downhole” 
and viewing the sedimentology and stratigraphy of rock 
outcrops.

Th e center houses a Hyper-Dimensional Simulator 
where participants interact with a reservoir simulator us-
ing hand gestures, voice commands and feedback. Local 
and remote real-time collaborative training is provided 
for Upstream engineers and geoscientists. 

Bridge to the Future
Salam P. Salamy, administrator of UPDC, said he is 
proud of what the UPDC team has accomplished, add-
ing: “As we look to the complex challenges of the fu-
ture, it is clear we are moving in the right direction. Th e 
UPDC will be the bridge that closes knowledge and ex-
perience gaps … enabling Upstream to reach our goal of 
becoming the best in the industry at developing compe-
tent and innovative technical professionals.

“We believe these well-developed professionals will make 
a diff erence for the better in Saudi Aramco Upstream. 
Hopefully, their tide of positive infl uence will spill over 
into the global hydrocarbon industry, ultimately giving 
every society the comforting assurance that we will pro-
vide energy for future generations.”

As part of the Integrated Technical Pro-
gram, participants visit the core ware-
house to study core to better understand 
subsurface geology.

Field trips and hands-on experience are 
integral parts of the philosophy of the 
UPDC. These participants from varying 
disciplines are describing an outcrop

From the Aramco Newsroom  14
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Some may argue that publications and patents are not 
complete indicators of performance of our research and 
development (R&D) institutions in the Kingdom, but 
in the absence of other measures, we will need to rely on 
these hard numbers to assess our situation. Consider-
ing that we lead the world in Oil reserves and produc-
tion, it’s only reasonable to expect that our R&D ef-
fort matches this status. However, our R&D output has 
largely lagged expectations and probably will do so in 
the foreseeable future. Although, the Oil R&D output 
leads other fi elds of technology in the Kingdom, we fall 
considerably behind international standards in our key 
indicator here: publications and patents.

Based on ISI journal watch list we fall 39th in the world 
in total number of publications between 2002 and 2006 
in Upstream Oil and gas. We fall further in terms of 
publication impact measured through the number of 
citations and an indication whether the publication 
has considerably high discovery value or it’s just a case 
study. Th is lag of research output resulted in a consider-
able lag in tackling regional challenges in upstream Oil 
and Gas. Despite the fact, that the Middle East region 
possesses the world’s largest Oil reserves and produces a 
considerable amount of Oil, the number of papers ad-
dressing regional issues are far fewer than those covering 
the Gulf of Mexico or the North Sea. In fact, in geology 
and geophysics, there are more than three times fewer 
over the period between 2002 and 2006. Th is weakness 
in focusing on research in our region can also be attrib-
uted to our strong data confi dentiality policies and lack 
of proper funding of research geared to addressing our 
challenges, whether such funding is directed to local or 
worldwide institutions.

Background
Publication and patent-based indicators are important 
tools for policy makers, but certain limitations must 
be considered when interpreting results.  Publication 

The Current Status of Oil Exploration 
and Production R&D in the Kingdom: 
The Hard Truth
By Tariq Alkhalifah, KAUST.

and patent data have the advantage that they are read-
ily available and cover many countries, most fi elds, and 
long time periods.  However, these indicators must be 
regarded as partial measures of science and technology 
output. At KACST we hired an international fi rm SRI 
to develop these indicators, perform the search, and pro-
vide charts of our status with regard to publications.

Th e fi rm developed a search strategy based on keywords 
and retrieved relevant publication records from the ISI 
Web of Science.  Th e quality of any analytical study and 
the validity of its results rely heavily upon the quality 
of the analyzed data.  For this reason, they examined 
multiple search strategies before commencing with a 
keyword-driven approach.  

A search strategy based on keywords allowed KACST 
and SRI to precisely defi ne KACST’s fi elds of interest 
and to retrieve only those publication records that were 
most relevant to KACST’s mission.  Following data re-
trieval from the ISI Web of Science, SRI processed the 
data to remove duplicate records and thoroughly exam-
ined the data for consistency in the Romanization of in-
stitution names.

Th e core of the analysis of Oil and Gas R&D is based on 
publication and citation patterns found in the target data 
set.  Th ere is general agreement that publications strong-
ly correlate with scientifi c research capacity, although 
publication counts alone do not fully represent the qual-
ity or scope of research.   SRI analyzed the frequency at 
which publications were cited in other publications (for-
ward citations) as a measure of quality and impact and 
examined co-authoring relationships of publications as 
an indicator of scientifi c collaboration.  Together, these 
indicators provide measures of collaboration, globaliza-
tion and impact of KSA science and technology R&D.  
Th e result of this analysis can be found in the fi ndings 
section below. 

Peer Reviewed Paper16
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Findings
Overall, Saudi Arabia produces only a small fraction of 
the world’s oil and gas R&D publications. Articles pub-
lished by Saudi Arabian researchers also have a relatively 
low level of impact and lack signifi cant international col-
laboration. Petroleum engineering is one area in which 
Saudi Arabia contributes relatively more to global oil 
and gas R&D. Within this fi eld Saudi Arabia produces 
three percent of all publications compared to less than 
one percent of all oil and gas articles.

Oil and Gas Sub-Topics and Keywords
Oil and Gas exploration and production research is a 
multidisciplinary fi eld that relies on devices, instru-
ments, and materials developed in fi elds such as informa-
tion technology, electronics, mechanics, and advanced 
materials.  Oil and Gas R&D can be categorized into 
three major application sub-topics: Petroleum Engineer-
ing, Petroleum Geology, and Geophysics.   Petroleum 
Geology accounts for more than half of the targeted da-
taset with Petroleum Engineering and Geophysics split-

ting the remainder.  We also identifi ed subtopics and 
we measured the frequency of their occurrence as key-
words.

Figure 1 illustrates the distribution of the most frequent-
ly appearing keywords in Oil and Gas publications from 
2002-2005.  Th e most common keywords include: se-
quence stratigraphy (139 publications), oil recovery (65), 
reservoir simulation (64), seismic data (57), sediment 
supply (53), porous media (51) and crude oil (49).

Global Oil and Gas Publication Activity
Between 2002 and 2006, there were 47,581 articles 
published worldwide in journals related to petroleum 
engineering, geophysics, and geology.  Th ese 47,581 
publications include a signifi cant number of non-oil 
and gas related publications, so subsequent analysis will 
be based on a targeted keyword generated dataset com-
prising 3,523 publications.  Figure 2 shows the number 
of publications produced by country over this time pe-
riod.

Th e United States was the world’s largest producer of 
related articles, generating 15,564 articles over this time 
period. Th e United Kingdom was second, producing 
7,916 articles followed by France and Germany with 
4,069 and 4,060 articles respectively. Saudi Arabia was 
the 39th largest producer of publications, producing 
only 186 articles. Th is is less than one percent of all arti-
cles published over this time period.  

Figure 1 Oil and Gas Publication Keyword Distribution
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Publication Impact
Average publication impact is calculated as the number 
of citations of articles from a particular country divided 
by the total number of articles published by authors from 
that country. For instance, a country that published 50 
articles that were cited 100 times would have an aver-
age publication impact of two. Between 2002 and 2006, 
Japan had the highest average publication impact of all 
countries at 5.80 followed by Australia (5.10), Germany 
(4.71), and the United States (4.39). Th e average pub-

lication impact for Saudi Arabia was 0.59 with only 20 
citations of 34 articles. Th e few oil and gas articles that 
are published by Saudi Arabian authors do not appear 
to have a signifi cant impact when compared with those 
from other countries.

International Collaboration and Publication Impact
Th ere is a clear relationship between a country’s level of 
international collaboration and the average impact of its 
publications.  In this study, international collaboration 

Figure 2 Publications by Country 2002 - 2006.

Table 2. Publication impact.
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is calculated as the average number of countries repre-
sented per publication, based on authors’ addresses. Th e 
chart below (Figure 3) plots a country’s level of interna-
tional collaboration (horizontal axis) against the aver-
age impact of its publications (vertical axis).   Coun-
tries such as Japan, Australia, and Germany which show 
signifi cant international collaborative activity also tend 
to produce papers with a higher average impact.  Saudi 
Arabia has a level of international collaboration close to 
1.4, close to that of Russia and China but has a lower 
level of publication impact.

Global Collaboration Activity
Th e level of international collaboration can also be seen 
as a network as shown in Figure 4 below.  Th e United 
States and United Kingdom are central nodes, collabo-
rating with the largest number of countries. Saudi Ara-
bia does not appear connected to any other countries 
in this network because its total level of collaboration 
is relatively small compared to those of the connected 
countries.

Leading Research Organizations
Oil and gas R&D publications are produced at a myriad 
of research institutions.  Th e three institutions produc-

Figure 3 Collaboration and Publication Impact

Table 3 Leading Global Oil & Gas R&D Organizations

ing the largest number of publications related to oil and 
gas R&D are the Russian Academy of Sciences (2,625), 
the Chinese Academy of Sciences (1,498), and the Unit-
ed States Geological Survey (1,040). Th is top-three re-
mains the same when split by the topics of Geophysics 
and Geology but not Petroleum Engineering. For Petro-
leum Engineering, the institutions producing the largest 

Peer Reviewed Paper
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Figure 4 Global Collaboration Activity

number of articles are: the Russian Academy of Sciences 
(203), Stanford University (115), and the University of 
Texas (105).

Within Saudi Arabia, the institutions generating the 
largest number of articles related to oil and gas R&D 
are: Saudi Aramco (78), King Fahd University of Petro-
leum and Minerals (52), King Saud University (19), and 
King Abdulaziz City for Science and Technology (13). 
Th ese institutions rank 255th, 298th, 507th, and 600th 
in terms of total number of publications among all in-
ternational institutions performing oil and gas R&D. 
Th ese rankings change only slightly when analyzed by 
topic area. However, as mentioned earlier, Saudi Arabia 
produces a larger share of Petroleum Engineering arti-
cles. Saudi Aramco and King Fahd University produce 
more articles classifi ed under Petroleum Engineering, 59 
and 37 respectively, than both the Chinese Academy of 
Sciences (32) and the United States Geological Survey 
(29).

Th e research focus
From the chart opposite we clearly see big improvements 
in focus on the Arabian Gulf region recently that can 
be attributed to more liberal data and problem sharing 
policies by our local oil companies. 

Lessons learned
Highlighting our defi ciencies helps us to focus on them 
and hopefully resolve them. Even though publications 
are a partial measure of performance, the relatively low 
number of publications from Saudi Arabia in upstream 
oil and gas is a clear indication that we are lagging in 
R&D. Th e impact, which provides an indication on the 
kind of publication produced here, gives a grimmer pic-
ture as most of our publications are specifi c case stud-
ies. Some of this can be attributed to the weaknesses at 
our Universities where most of the basic, usually highly 
cited, publications originate. Our universities suff er in 
both the Petroleum engineering and Geosciences de-
partments from a lack of proper funding and research 

Peer Reviewed Paper20



Table 4 Leading KSA Oil & Gas R&D Organizations

facilities. Most importantly, they suff er from the migra-
tion of faculty to oil companies and service companies 
where they are better compensated. 

A more important problem for us is the lack of pub-
lication resulted in as lack of research focus. Despite 
the many challenges we have with land seismic data 
and fractured carbonate reservoirs, the number of 
publications focusing on the Gulf of Mexico and the 
North Sea far exceeds that from our region. Since this 
focus does rely on where the research is done, we can 
attribute this shortcoming to our conservative data poli-
cy the dominated in the past. It is hard to ask researches 
to demonstrate their techniques on our data if we do 
provide them with the data and in some cases the fund-
ing. A lot of the challenges here are unique to this region 
and without research focus we will not able to resolve 
them. Th is research focus must start at the basic research 

level at the universities to develop a heritage of develop-
ment.

What is next
I reviewed above some of the problems we are fac-
ing, what comes next is how we resolve the problems. 
Th e good news is that in 2008 KACST took the 
initiative to develop a technology strategy in coopera-
tion with the Ministry of Petroleum and Minerals and 
our major Oil Company Saudi Aramco.  Th e technol-
ogy strategy benefi ting from the contributions of more 
than 60 scientists locally identifi ed the challenges we 
face and suggested the proper strategy to resolve them. 
Chief among the strategies is the liberalization of the Oil 
and Gas data for research purposes. Also included were 
steps to improve our universities by providing funding 
and support.

Peer Reviewed Paper

Chart showing distribution of publications.
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Capillary Driven Flow in Sub-Micropores 
of Different Roughness and Wettability

By Mikhail R. Stukan,† Patrice Ligneul,† John P. Crawshaw,‡,§ and Edo S. Boek‡,§ 

† Schlumberger Dhahran Carbonate Research Center, Dhahran Techno Valley – KFUPM, P.O. Box 39011, Dammam/Doha Camp 31942, Saudi 
Arabia, and ‡Schlumberger Cambridge Research, High Cross, Madingley Road, Cambridge CB3 0EL, United Kingdom. §  E-mail: mstukan@
slb.com 

Abstract 
In the current study we have investigated how the pore 
roughness and dynamic contact angle aff ect the sponta-
neous imbibition, which is one of the major mechanisms 
of oil migration in the reservoirs. Th e study is performed 
using coarse-grained Molecular Dynamics (MD) simu-
lation. Th e numerical model is presented and the sim-
plifying assumptions are explained. It is shown that both 
roughness and dynamic contact play an important role 
at sub-micron scale (nanoscale) and can signifi cantly 
change the imbibition dynamics from the one expected 
based on the classical approach and/or in case of smooth 
capillaries. Th e infl uence of the capillary roughness and 
dynamic contact angle also depends on the wettability 
of the pores. Th e results are discussed in terms ofeff ec-
tive hydrodynamic and static capillary radii and their 
diff erence as a function of the capillary roughness and 
wettability. 

Introduction 
Th e re-emergence of interest in enhanced oil recovery 
(EOR) has motivated new investigations about the 
fundamentals of recovery processes in pores of various 
shapes and wetting patterns.1,2 Multi-scale reservoir het-
erogeneity, typical of carbonates, plays a major role in 
the recovery process. In particular, the displacement of 
hydrocarbon reserves from micropores poses signifi cant 
challenges due to capillary eff ects. Th e frame of this work 
is a better understanding of the wetting mechanisms re-
lated to the migration of a fl uid in porous media, such 
as oil in reservoir rocks.

If the porous media is exposed to a fl uid with an eff ec-
tive contact angle smaller than π/2 the fl uid will spon-
taneously imbibe into the pores. In general pore surface 

roughness is a major driving factor in capillary imbibi-
tion.3–5 Although fl uids in the reservoir are exposed to 
pressure gradients,diff usion is the critical controlling 
mechanism in capillary fl ow at small scale. In the case of 
pore throats of sub-micron size the capillary pressure is 
so high that the external pressure gradient cannot over-
come it, thus the system evolution is governed by spon-
taneous imbibition. Deeper understanding of spontane-
ous imbibition dynamics in pores of diff erent structure 
and wettability is essential in increasing effi  ciency of en-
hanced oil recovery techniques. Th is would result in the 
production increase along with the recovery factor. 

Capillary imbibition results in the motion of the me-
niscus formed between the liquid and its vapor or an-
other fl uid and attached to the wall by a contact line. 
Th e apparent contact angle between the meniscus and 
the wall measured on rough surfaces depends on the sur-
face roughness3–5 and the contact line dynamics.6,7 Th e 
eff ect of dynamic contact angle on capillary imbibition 
remains a subject of active interest. Th e fundamental 
mechanisms involved in the moving contact line dy-
namics havebeen recently reviewed by Blake8 who com-
pared a number of concurrent models based on hydro-
dynamics and molecular kinetics. While these models 
yield to semiempirical and phenomenological descrip-
tion a comprehensive analysis of the process remains to 
be undertaken. 

At the macroscopic scale fl uid imbibition in capillaries is 
described by the Lucas-Washburn equation.9,10 Th ough 
experimental works11–14 carried out using nanocapil-
laries support the applicability of the Lucas-Washburn 
and Stokes equations down to nanoscales, these equa-
tions can not describe behavior of individual molecules, 
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therefore statistical approach naturally applies when 
considering processes at micro- and nanoscales.6 

Molecular dynamics simulation15 is particularly adapted 
for investigating the diff usion driven efects at the sub-
pore scale (down to nanometers). Th is modeling tech-
nique is extensively used in the industry for a detailed 
description of the processes taking place at the molecu-
lar level, and when the system dynamics is governed by 
intermolecular interactions together with thermal diff u-
sion. In this study we have investigated how the pore 
roughness and dynamic contact angle aff ect the imbibi-
tion dynamics in porous media.16,17 Since the geometri-
cal complexity of a natural pore structure is diffi  cult to 
address, we consider here the simplifi ed case of a single 
capillary of diameter �10 nm with a roughness of size 
comparable to the size of the fl uid molecules. 

Coarse-Grained Molecular Dynamics Approach 
In our study we applied a coarse-grained (CG) molecu-
lar dynamics approach using the ESPResSo simulation 
package.18 In the framework of the coarse-grained tech-
nique each particle considered in the simulation repre-
sents a group of atoms/molecules of the real chemical 
compounds. Th e model used here is based on the coars-
egrained model developed by Marrink et al.19,20 Namely, 
three “oily” particles connected into a short chain by 
elastic bonds correspond to a hydrocarbon molecule 
(dodecane) i.e. a hydrocarbon bead in our simulation 
represents few methylene (CH2) or/and methyl (CH3) 
groups. And the capillaries are constructed from indi-
vidual pore wall particle which correspond to the grains 
of 0.47 nm in diameter. Th e interaction potentials be-
tween the coarse-grained particle are adjusted in such a 
way that they eff ectively reproduce interactions in the 
system with fully atomistic description. As the result 
physical properties of the simulation fl uid are correctly 
reproduced. Th e coarse-graining approach is schemati-
cally illustrated in Figure 1 on the example of two do-
decane molecules. As one can see 1444 atom to atom 
intermolecular interactions which one has to consider 
in the fully atomistic model are substituted by 9 pair 
interactions between coarse-grained particles. Such ap-
proach drastically reduces the simulation time required 
and allows consideration of larger systems. 

In molecular dynamics all the thermodynamic proper-
ties of the media, such as density, viscosity, compress-
ibility, surface tension, are maintained by means of in-
ter-molecular pair interactions as well as intra-molecular 
potentials. Th e system dynamics is then recovered by 
solving Newton’s equations of motions for all the parti-
cles in the system. In the current study the spatial inter-

action between two CG particles i and j separated by the 
distance r is represented by a spherically truncated and 
shifted Lennard-Jones potential: 

      (1)

where

      (2)

Th e parameter σij , which defi nes the eff ective minimum 
distance between particles i and j, is the same for all par-
ticles (all possible pair interactions) and corresponds 
to 0.47 nm. σ is considered as the unit length in the 
simulation system. Th e cutoff  radius was set to rc = 1.2 
nm. Th e interaction parameter εij depends on the types 
of particles involved in the interaction and characterizes 
the strength of their affi  nity. Namely, for oil-oil particles 
interaction this parameter was set to εoo ≈ 1.36kBT (kB 

is the Boltzmann’s constant, and T is the temperature), 
which corresponds to 3.4 kJ/mol, and the oil-wall in-
teraction parameter was considered as a variable in our 
simulation. Since the dodecane molecules consist of 
more than one coarse-grained particle they are also sub-
jected to two intra-molecular potentials: 

bond length potential: 

      (3) 

and angular potential: 

      (4) 

Here Kl and Kα are the spring and angular force constants, 
l is the bond length between the connected particles and 
� is the angle between the two consequent bonds. Th e 
spring constant was set to Kl = 1250 kJ ·mol−1·nm−2. Th e 
angular constant was set to Kα = 25 kJ/mol in order to 
allow certain fl exibility of dodecane molecules. 

Figure 1: Coarse-graining procedure for dodecane. In case of 
two molecules 1444(= 382) atom–atom intermolecular interac-
tion are substituted by 9 interactions between coarse-grained 
particles.
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All particles are considered to be uncharged. Th e mass 
of all coarse-grained particle in the simulation was con-
sidered to be the same. Since one dodecane molecule is 
represented by three coarse-grained oily beads, mass of 
each coarse-grained particle is equivalent to 56.78 atom-
ic mass units. Th e equations of motion were integrated 
with the standard velocity Verlet algorithm15 with a time 
step Δt = 0.01τ(τ = σ(m/kBT )1/2 is the basic time unit). 
In our case τ corresponds sto 2.3 ps of real time. Th e 
temperature of the liquid was kept constant at T= 300K 
using the standard dissipative particle dynamics (DPD) 
thermostat.21 As described recently22 we found the phys-
ical properties of the simulation fl uid, including density, 
compressibility and surface tension, to be in good agree-
ment with experimental value for dodecane under the 
normal conditions (T = 300K and P = 1 atm). 

Spontaneous Imbibition in a Nanopore 
In this study we considered the processes of spontaneous 
imbibition of dodecane into horizontal capillaries/pores 
of approximately 10 nm in diameter and about 100 nm 
in length and investigated how the capillary roughness 
infl uences the imbibition rate. 

Th e capillaries are built from individual particles of size 
equal to those representing the fl uid particles. Th e capil-
lary of the highest roughness was obtained by freezing 
of the polymer melt. Th us the particles in the capillary 
walls are in non-ordered glassy (frozen liquid) state, 
while at the same time tails of the frozen polymer chains 
represent in a specifi c roughness of the capillary (detail 
description of the capillary preparation can be found 
elsewhere22). Th e wall particles were fi xed to keep the 
roughness constant during the run. Th e roughness is de-
fi ned as the root-mean-square deviation of the distance, 
d, from the capillary central line to the wall: 

      (5) 

Th e roughness of the initial capillary was found to be 
1.002σ. Capillaries of diff erent roughness were obtained 
by “polishing” the inner surface of the initial capillary. 
Th is has been done by eliminating the particles located 
closer than a defi ned distance from the central line. Us-
ing this method, smoother capillaries with roughness 
equal to 0.805, 0.574, 0.375, and 0.145 were created 
covering a range from signifi cantly rough to almost per-
fectly smooth (see Figure 2). 

Since we expected the role of roughness and the dy-
namic contact angle to be aff ected by wettability, we 
varied the capillary wettability by means of the oil-wall 
interaction parameter εow (see Eq. (2)). Th is parameter 

was varied between 1.10 and 1.40. Th e upper value (ε 
= 1.40) of oil-wall interaction parameter (hereafter we 
will omit the subscripts for the oil-wall interaction pa-
rameter εow) corresponds to the situation of a complete 
wetting, while for ε = 1.10 the contact angle is close to 
π/2 which marks the region of ε where spontaneous im-
bibition can take place.

Th e size of the simulation box was 50σ × 50σ× 310σ. 
Simulations were performed in canonical (NVT) en-
semble. Periodic boundary conditions were applied in 
the directions perpendicular to the capillary axis. To 
make the system closer to the model of a rock pore, an 
additional plane of 5σ width perpendicular to the direc-
tion of the capillary axis was set up around the capillary 
entry to simulate the surface in which the pore exists. 
Th e plane was created from atoms of the same type as 
the capillary. Th e plane and the capillary are placed in 
the simulation box fi xing the capillary entry at z = 100σ. 
In the beginning of the simulation all the fl uid particles 
were located in the reservoir of size 50σ × 50σ × 100σ. 
To avoid the accumulation of the fl uid particles at the 
far end of the capillary we have set up an open-end-
capillary, with space in front of the capillary end allow-
ing particles to evaporate. A sample cross section of the 
simulation system is shown in Figure 3.

Figure 2: Orthographic projections of capillaries of different 
roughness. Three out of five capillaries considered in the cur-
rent study are shown.

Figure 3: Snapshot of the simulation system.
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In the initial confi guration the liquid was already in-
side the capillary at certain distance from the inlet. Th is 
eliminates the parasitic eff ects of the processes taking 
place at the very beginning of the imbibition close to 
the capillary inlet. Th e confi guration was built by setting 
an impermeable barrier at l = 5σ limiting the further 
penetration of the fl uid inside the capillary. Th e system 
has been equilibrated at the required interaction param-
eter ε with the barrier, then the barrier was removed and 
the spontaneous imbibition inside the main part of the 
capillary was monitored. 

Th e spontaneous imbibition is the subject of intensive 
study for almost one century already. If we assume that 
(1) in small channels viscous and capillary forces are 
dominant (i.e. all inertial eff ects as well as the eff ects 
related to the meniscus formation can be neglected); 
(2) there is no slip near the capillary wall; (3) eff ects on 
velocity profi le associated with the fi nite length of the 
tube and the presence of the meniscus are negligible; (4) 
the hydraulic resistance of the vapor phase is infi nitely 
small; (5) liquid is incompressible; and (6) the contact 
angle is constant during the motion, then in case of an 
open-end tube and no gravity position of the imbibing 
meniscus as a function of time is described by the classi-
cal Lucas-Washburn equation: 9,10 

      (6) 

Where l is the distance from the meniscus to the cap-
illary entry, γ and η are the fl uid surface tension and 
dynamic viscosity, θe is the equilibrium contact angle, 
l (0) is the initial position ofthe meniscus at time t = 
0 and R = R2

D/RV (RD is an equivalent hydrodynamic 
radius of the capillary and RV is the volumetric (static) 
radius of the capillary: RV = (S/π)1/2 , where S is the area 
of the capilary cross section). In an ideally smooth capil-
lary and in the case of no slip boundary condition R = 
RD = RV . For rough capillaries, this is not true anymore, 
apart from that, Eq. (6) was obtained with simplifying 
assumptions (for detailed discussion see Stukan et al.22). 
Although, most of these assumptions are valid the im-
pact of the dynamic contact angle has to be taken into 
account. Th is means that the classical Lucas-Washburn 
equation (Eq. (6)) has to be modifi ed by substituting a 
velocity-dependent dynamic contact angle θ = f (dl/dt) 
for θe . Among the several expressions proposed in the 
literature for f (dl/dt)  we follow the molecular-kinetic 
theory approach suggested by Blake and Haynes.23 In 
the framework of this approach, the classical Lucas-
Washburn equation may be rewritten in the following 
form: 24 

      (7)

Where A = Rξ/4η) (ξ is so-called “wetting friction” coef-
fi cient) and B = 4η/(Rγcos θe). In case of A = 0, Eq. (7) 
tends to the classical Lucas- Washburn equation and all 
the eff ects related to the dynamic contact angle depend 
on A. Th e parameters A and B can be obtained from the 
fi tting of the simulation data with Eq. (7). 

As can be seen from Figure 4 and Figure 5 the modi-
fi ed Lucas-Washburn equation (Eq. (7)) perfectly fi ts 

Figure 4: Meniscus level as a function of time for capillaries of 
different roughness and wettability (εε = 1.10, 1.20 and 1.40, R 
= 0.375, 0.574, 0.805, and 1.002). The dashed lines correspond 
to the best fit with Eq. (7).

Figure 5: Squared imbibition length as a function of time. Sim-
ulation data (symbols) with corresponding best fits: classical 
Lucas-Washburn equation (Eq. (6)) (dashed lines) and modified 
Lucas-Washburn equation (Eq. (7)) (thin solid lines). 
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the curves while the classical Lucas-Washburn equation 
(Eq. (6)) is not able to properly describe the imbibition 
dynamics at the initial stage of the process. Curves in 
Figure 4 point out that the roughness slows the imbibi-
tion, it is also clear that higher wettability increases the 
meniscus velocity, as one would expect. For t → ∞ the 
meniscus velocity is governed by B. Th e smaller the B, 
the faster the rising. Since B = 4η/(Rγcos θe) and the 
static radius is slightly larger for smooth capillaries, a 
side eff ect on the capillary imbibition may occur (not 
directly related to the wall roughness). To separate near-
to-the-wall eff ects related to the roughness from the ef-
fects related to the capillary radius we consider RD and 
RV separately. 

Th e average volumetric radius can be estimated from the 
bulk number density, ρb and the number of fl uid parti-
cles, Np, in the capillary of length L0 : 

      (8)

And hydrodynamic radius can be calculated as: 

      (9)

Th e eff ects of roughness and wettability on the fl ow in 
the proximity of the wall, are conveniently described by 
the diff erence ΔR = RD − RV . According to our data ΔR 
depends on the wettability as ∝ 1/ε2 and is linearly pro-
portional the roughness, R . Th us the diff erence ΔR can 
be expressed as: 

      (10)

Here ΔR0 is the asymptotic value of ΔR for ε → ∞ and 
R → 0, and kε, kR are numerical coeffi  cients (kε = 5.07 
± 1.01; kR = −1.00 ± 0.18). Th e values of ΔR0 calculated 
from the simulation data for diff erent R and ε are pre-
sented in Figure 6. All of the data are distributed around 
a single line, which proves the validity of Eq. (10). 

Th us we can conclude that the capillary rise of a fl uid 
can be perfectly represented by the Lucas-Washburn 
equation modifi ed to take into account the dynamic 
contact angle, which is described in the framework of 
the molecular-kinetics theory. Th e capillary roughness 
slows down the meniscus velocity. Th e increase of the 
roughness and/or the capillary wettability induces an ef-
fective decrease of the hydrodynamics radius of the cap-
illary resulting in a linear relation between ΔR, R and 
1/ε2. It means that one should expect increase of the 
hydraulic resistivity with increase of capillary roughness 
and wettability. 

Conclusions 
Th e results presented in this paper demonstrate the rel-
evance of using molecular dynamics especially for oil 
recovery research, when one investigates the phenom-
enology of the processes taking place at the nano scale 
where thermal diff usion is the major driving force. In 
the framework of coarse-grained molecular dynamics 
approach we performed a complete quantitative anal-
ysis of spontaneous imbibition in rough capillaries. We 
found that the diff erence between volumetric (static) 
and hydrodynamic radius of the capillary is linearly pro-
portional to roughness and is proportional to 1/ε2 for 
wettability (i.e. the hydraulic resistivity increases with 
increase of capillary roughness and wettability). 

Th ese results are a milestone in a quest of understanding 
fundamentals in oil recovery phenomena. Th e investiga-
tion at the elementary scale (the scale of the individual 
pore roughness) presented in this study paves the way to 
assess and understand the role of wettability modifi ers in 
oil/brine/rock environment. Th e output data of molecu-
lar dynamics modeling can be then used as the input pa-
rameters to up-scaled models for reservoir simulations. 
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Japan’s National Gas Hydrate Program

By Masanori Kurihara  Japan Oil Engineering Company 1-7-3 Kachidoki, Chuo-ku, Tokyo, 104-0054, Japan

Introduction
A gas hydrate is expected as a vast energy source with 
global distribution in permafrost and in oceans.  Dis-
sociation and production of gas hydrates, however, are 
not easy challenges because of the immobile solid state 
of gas hydrate.  Th ere are international eff orts to seek for 
the technically and economically feasible methodology 
for the production from gas hydrates (1).  In Japan, a 
signifi cant volume of methane hydrate (MH) resourc-
es is expected to be accumulated below the adjoining 
sea bottoms (Figure 1).  Th e Research Consortium for 
Methane Hydrate Resources in Japan (MH21 Research 
Consortium), which was organized to accomplish the 
exploration and exploitation of MH in the Eastern Nan-
kai Trough of off shore Japan, has been implementing 
a variety of research projects toward the assessment of 
MH resources, establishment of MH production meth-
ods and examination of impacts of MH development on 
the environment. 

MH Resources in Japan
Assessment of MH resources in off shore Japan has 
been attempted intensively based on 2D/3D seismic 
data, which identifi es the distribution of the bottom 
simulating refl ector (BSR) as depicted in Figure 1.  Th e 
BSR is recognized extensively from off shore Hokkaido 
island to off shore Kyushu island, the total area of which 
was estimated at about 52,000 km2 (2).  Th e methane in 

place contained in MH resources was then assessed by 
the simple volumetric method at 4-20×1012 m3, which 
is equivalent to the consumption of natural gas in the 
whole of Japan for about 50-250 years.

MH21 Research Consortium
In 1998, Canadian, Japanese and American researchers 
undertook a major scientifi c and engineering research 
program at the JAPEX/JNOC/GSC Mallik 2L-38 well 
site, where the modern downhole petrophysical data 
were acquired and the fi rst subpermafrost gas hydrate 
core samples were recovered.  In 1999, six exploratory 
wells were drilled in the Eastern Nankai Trough, which 
confi rmed the presence of MH-bearing sand-rich inter-
vals in turbidite fan deposits in this region. Encouraged 
by the above results, the Ministry of Economy, Trade 
and Industry (METI) of Japan inaugurated the MH21 
Research Consortium in 2001 for the implementation 
of the 18-year “National Methane Hydrate Exploitation 
Program”.  As shown in Figure 2, this consortium is led 
by Dr. Tanaka, an emeritus professor of the University 
of Tokyo, and is composed of three major groups.  Th e 
group for “resources assessment”, led by Japan Oil, Gas 
and Metals National Corporation (JOGMEC), takes 
charge of the characterization of MH reservoirs in the 
Eastern Nankai Trough, the evaluation of methane in 
place in MH resources and the implementation of pro-
duction tests for MH reservoirs.  Th e group for “produc-

Figure 1.  BSR distribution below the sea bottom 
adjoining Japan.

Figure 2.  Organization of MH21 Research Consortium.
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• METI 3D seismic survey for the Eastern Nankai 
Trough in 2002 (3 areas, 1,960 km2)

• Mallik gas hydrate production research well program 
in 2002 (JAPEX/JNOC/GSC et al. Mallik 5L-38)

• METI exploratory drilling of test wells “Tokai-oki to 
Kumano-nada” in 2004 (3) (16 sites, 32 wells)

• JOGMEC/NRCan/Aurora Mallik production research 
program in 2007 and 2008

In phase-2, several production tests are planned to be 
conducted in the Eastern Nankai Trough, and phase-3 
will be mainly spent in preparation for commercial gas 
production from MH reservoirs. 

MH Reservoirs in the Eastern Nankai Trough
Estimation of Methane in Place.  JOGMEC has been 
analyzing the data acquired in the 2D/3D seismic sur-
veys conducted in 2001 and 2002 and in the explora-
tory drilling carried out in 1999 and 2004 (Figure 4), 
aiming at the estimation of the methane in place in MH 
reservoirs discovered in the Eastern Nankai Trough.  In 
the course of these analyses, it has been revealed that the 

Figure 3.  National Methane Hydrate Exploitation Program. Figure 4.  2D/3D seismic surveys and exploratory drilling con-
ducted in the Eastern Nankai Trough.

Table 1.  Results of MH Resources Assessment in the Eastern 
Nankai Tough (Methane Gas in Place)

tion method & modeling”, which is led by the National 
Institute of Advanced Industrial Science and Technol-
ogy (AIST), is pursuing the technically and economi-
cally feasible methods for recovering methane from MH 
reservoirs through laboratory experiments and numeri-
cal simulations.  Th e group for “environment impact 
assessment” is led by the Engineering Advancement As-
sociation of Japan (ENAA) and is investigating the risks 
associated with MH development, such as gas leakage, 
deformation of strata and damage to the marine envi-
ronment by the contamination with produced water. 

Figure 3 schematically shows the 18-year national pro-
gram, which consists of three phases.  Phase-1 is sched-
uled to conduct basic researches, during 2001-2008, 
including those for the evaluation of the methane in 
place in MH reservoirs in the Eastern Nankai Trough, 
investigation of the MH dissociation mechanism and 
the examination of gas production methods from MH 
reservoirs.  In order to fulfi ll these researches, the MH21 
Research Consortium has successfully completed the 
following major projects in phase-1: 

• METI 2D seismic survey for the Eastern Nankai 
Trough in 2001 (2,802 km) 
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Figure 5.  Example gas production rate profiles predicted for a 
well located in a MH Concentrated Zone in the Eastern Nankai 
Trough

MH reservoirs are composed of a sequence of thin lay-
ers (mostly less than 0.4 m) of sand, silt and clay within 
turbidite beds.  Th e saturation of MH is negligibly small 
in clay layers, even if MH is contained in these layers.  In 
addition, it has been confi rmed that there exist regions 
where MH is concentrated with relatively high satura-
tion in sand layers (MH Concentrated Zones) and those 
where MH is sparsely deposited (MH Bearing Layers).  
Some of the exploration wells were drilled through MH 
Concentrated Zones, while the other wells detected only 
MH Bearing Layers or passed through only formations 
without any MH. Using the Monte-Carlo simulation 
based on the data thus analyzed, JOGMEC estimat-
ed the methane in place in MH Concentrated Zones 
and MH Bearing Layers at about 20.3 tcf (575×109 
m3) and 20.1 tcf (569×109 m3), respectively, as listed in 
Table 1 (4). 

Prediction of Well Performances.  Detailed numerical 
reservoir models were constructed for both MH Con-
centrated Zones and MH Bearing Layers, consulting 
the well log and seismic interpretation results.  MH dis-
sociation/production performances were then predicted 
through numerical simulation assuming the application 
of various MH dissociation methods such as depressu-
rization, wellbore heating, hot water huff  & puff  and 
hot water fl ooding (Figure 5).  Th e simulation studies 
clarifi ed the diff erence in gas production performance 
between MH Concentrated Zones and MH Bearing 

Layers.  Simple economic analyses based on these simu-
lation results exhibited the promise that some MH Con-
centrated Zones in the Eastern Nankai Trough could be 
economically developed if the well spacing and MH 
dissociation/production methods were appropriately 
designed (5). 

Conclusions
Th e MH21 Research Consortium was organized to ac-
complish the 18-year National Methane Hydrate Ex-
ploitation Program, which consists of three phases for 
the exploration and exploitation of MH in the Eastern 
Nankai Trough of off shore Japan.  In phase-1 of this 
program, 2D/3D seismic surveys and exploratory drill-
ings were carried out in the Eastern Nankai Trough, 
which led to the rigorous assessment of methane in place 
and the prediction of gas production performances from 
MH reservoirs. 
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Abstract 
Th e methane hydrate (MH) production tests were con-
ducted using the depressurization method in the JOG-
MEC/NRCan/Aurora Mallik production program in 
April 2007 and in March 2008.  In addition to attaining 
the fi rst and the only successful methane gas production 
to the surface from a MH reservoir by depressurization 
in the world, various data such as wellhead/bottomhole 
pressure, temperature, gas and water fl ow rates and the 
temperature along the casing measured by Distributed 
Temperature Sensing (DTS) systems were acquired dur-
ing these tests.  Th e fl ow rates of gas and water from the 
reservoir sand face were then estimated by the compre-
hensive analysis of these data. Th is paper clarifi es the de-
tails of the estimation of gas and water fl ow rates based 
on these data, for the fi rst time after the 2008 winter 
test. 

In 2007, a certain amount of gas and water were pro-
duced from a 12 m perforation interval in one of the 
major MH reservoirs at the Mallik site in Canada, by re-
ducing the bottomhole pressure down to about 7 MPa.  
However, because of the irregular (on-off ) pumping op-
erations due probably to the excessive sand production, 
the produced gas was not directly delivered to the surface 
via the tubing, but was accumulated at the top of the 
casing.  Hence, the gas production rate was calculated 
based on the continuously monitored bottomhole and 
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casing head pressure.  Since the produced water was in-
jected into the aquifer located below the MH reservoir, 
it was impossible to directly measure the water pump-
ing rate.  Th e pumping rate and water production rates 
were accurately estimated by matching the bottomhole 
temperature through the numerical simulation using a 
wellbore model. 

In 2008, much larger and longer gas production was ac-
complished with a stepwise reduction of the bottomhole 
pressure down to about 4.5 MPa, preventing sands from 
fl owing into the wellbore by the screen.  In this test, 
both the gas and water were delivered to the surface, 
which enables the estimation of the gas and water fl ow 
rates from the reservoir sand face as well as liquid level in 
casing based on the monitored parameters. 

Investigating the production performances thus estimat-
ed, it was inferred what really happened in the reservoir 
during the tests. Th ese insights must be benefi cial for 
future exploration and development planning for MH 
resources. 

Introduction 
Background. 
Th e 2006-08 JOGMEC/NRCan/Aurora Mallik gas 
hydrate production research program was conducted 
at the Mallik site located in Mackenzie Delta, North-
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west Territories of Canada (Figure 1) with a central goal 
to measure and monitor the production response of a 
terrestrial gas hydrate deposit to pressure drawdown 
(depressurization).  Th e Japan Oil, Gas and Metals Na-
tional Corporation (JOGMEC) and Natural Resources 
Canada (NRCan) funded the program and lead the re-
search and development studies.  Aurora College/Aurora 
Research Institute was acting as the operator for the fi eld 
program.  Th is paper reviews observations (e.g., gas and 
water fl ows, pressure-temperature regimes) made dur-
ing the 2007 and 2008 production tests, analyzes the 
production test performances and discusses probable 
mechanisms of MH dissociation and production during 
these tests. Complimentary papers are also published 
describing operations (Numasawa et al. 2008), well 
log characteristics (Fujii T. et al. 2008) and geophysical 
monitoring techniques employed (Fujii K. et al. 2008) 
for the 2007 production test. 

At the Mallik site, the 1998 JAPEX /JNOC/GSC 
Mallik 2L research well program was conducted in 
1998.  In this program, the research well 2L-38 was 
drilled through MH reservoirs and a variety of engineer-
ing data including the well log data and the fi rst perma-
frost MH core samples were collected (Dallimore et al. 
1999). 

In 2002, JAPEX/JNOC/GSC et al. Mallik 5L-38 gas 
hydrate production research well program was conduct-
ed, in which the 124-hour thermal stimulation test (fi rst 
MH production test) was performed at another research 
well 5L-38 along with 2 monitoring wells of 3L-38 and 

4L-38, accomplishing the production of 468 m3 of to-
tal gas from one of the MH reservoirs by hot water cir-
culation for the fi rst time in the world (Hancock et al. 
2005a).  Furthermore, 6 pressure drawdown tests were 
conducted using Schlumberger’s Modular Formation 
Dynamics TesterTM (MDT) wireline tool at this well 
(Hancock et al. 2005b).  Th e gas production observed 
in these tests was very small due to the low effi  ciency of 
thermal stimulation and of the small magnitude of pres-
sure drawdown for MH dissociation and production.  
Th e results of these tests, however, showed the promise 
of much more gas production from MH reservoirs at 
this site by the depressurization method, suggesting the 
higher initial eff ective permeability to water in the pres-
ence of MH and hence more eff ective fl uid movement 
by depressurization than previously considered (Kuri-
hara et al. 2005a; Kurihara et al. 2005b; Dallimore and 
Collett 2005). 

In response to the results of the above tests conducted 
at the 5L-38 well, the second production test was per-
formed, in order to examine the producibility of gas 
from one of the MH reservoirs at this site by the ap-
plication of the depressurization method.  Since this site 
was accessed by ice roads that are available only in the 
winter season, the production test was conducted in two 
winter seasons of the year 2007 and 2008.  In 2007, the 
production well was completed by re-entry of the 2L-38 
well followed by the short term production test only for 
about 1.5 days.  On the other hand in 2008, the longer 
term production test was attained for about 6 days, re-
sulting in the world fi rst sustainable gas production to 

Figure 1 – Location of JOGMEC/NRCan/Aurora Mallik production program, Northwest Territories, Canada.
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the surface from the MH reservoir by depressurization 
(Dallimore et al. 2008). 

Mallik MH Reservoirs. 
In accordance with the interpretation results of the well 
log data measured at the original Mallik L-38 discovery 
well, 2L-38 well and 5L-38 well, approximately 110 m 
of MH bearing strata were confi rmed at the interval be-
tween about 900 and 1100 m as depicted in Figure 2 
(Dallimore and Collett 2005).  At all of these 3 wells, 
very high MH saturation ranging from 50 to 90% was 
observed throughout most MH reservoirs. Detailed 
analyses of well log and core data revealed that there ex-
ist 5 distinct reservoirs composed of altering cycles of 
sand- and silt-dominated sediments.  Th e basic proper-
ties of these 5 reservoirs such as interval, pressure and 
temperature are summarized in Table 1. 

Th e shallowest MH reservoir “Zone C” with the 
thickness of approximately 40 m (about 890-930 m) 
occurs entirely within the Mackenzie Bay Sequence, 
consisting of mostly unconsolidated, well sorted sand 
beds and pebble interbeds.  Th e MH saturation, derived 
from NMR (Nuclear Magnetic Resonance)-density logs, 

ranges from 40 to 85%.  Th e 2002 production test was 
conducted targeting the lower interval of Zone C reser-
voir. 

Th e reservoirs “Zone E” and “Zone D”, extending from 
about 940 m to about 990 m, are complex interbeded 
section comprising a series of 5 to 10 m thick MH bear-
ing sand units separated by 0.5 to 1 m thick MH free 
silt layers.  Th e porosity and MH saturation of these 
reservoirs range from 20 to 40% and from 40 to 80%, 
respectively.  Th ese 2 reservoirs have pressure communi-
cation through the interbed between them and Zone D 
is underlain by a 10 m thick water bearing layer.  Th ree 
MDT tests were conducted at the MH intervals of Zone 
D and the underlying free water interval in 2002. 

Th e reservoir “Zone B” appears only in the vicinity of 
the L-38 and 2L-38 wells at the depth of about 1010 
m.  Although this reservoir is about 20 m thick with the 
porosity and MH saturation ranging from 15 to 30% 
and from 40 to 80% respectively at the location of the 
2L-38 well, the thickness and MH saturation becomes 
smaller towards the L-38 well and this reservoir is not 
confi rmed at the location of the 5L-38 well.  Th is reser-

Figure 2 – Fence diagram showing well-log-derived gas hydrate concentrations and natural gamma-ray 
logs for Mallik research program wells
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voir is underlain by a 20 m water bearing layer contain-
ing sparsely distributed MH. 

Th e reservoir “Zone A”, extending from about 1070 
m to 1110 m, consists of 2 thick MH occurrences.  In 
the lower massive sand unit (about 1085-1110 m), the 
MH saturation is very high, ranging from 70% to 90%.  

Core observation confi rmed that MH is contained in 
pore spaces of clean sand with low silt content.  On the 
other hand, the upper unit (about 1070-1080 m) con-
sists of interbeded silty sand and sandy silt with the MH 
saturation ranging from 30 to 80%.  Th ree MDT tests 
were conducted within this reservoir in 2002, which 
suggested the applicability of depressurization as men-

Table 1. Geological and Petrophysical Properties of Mallik MH reservoirs
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tioned in the above.  Th is reservoir is also underlain by 
a water bearing layer.  Judging from the pressure (about 
11 MPa) and temperature (about 12.5°C) estimated 
based on the results of these MDT tests and the Distrib-
uted Temperature Sensing (DTS) fi ber optic systems, 
the contact between MH and water observed in this 
reservoir should be the base of the MH stability zone.  
Since the lower unit of this reservoir is fi lled with MH 
of suffi  ciently high saturation and the initial reservoir 
condition is very close to the 3-phase (MH-gas-water) 
equilibrium condition, this reservoir was selected as a 
target of the second production test. 

Overview of Second Production Test Operations. 
2007 Winter Test. 
Th e primary objectives of the winter 2007 fi eld activi-
ties were to complete the production and water injec-
tion wells by re-entry of the 2L-38 well and 3L-38 well 
respectively, to conduct a short term production test 
by depressurization to obtain insights prior to a longer 
term test planned for the winter of 2008 and to install 
and test the monitoring systems (Dallimore et al. 2008; 
Numasawa et al. 2008).  A drilling rig, a service rig and 
support facilities were mobilized by ice road from Inuvik 
to the Mallik site in January 2007.  Th e Aurora/JOG-
MEC/NRCan Mallik 2L-38 well was spud on February 
23rd.  Th is well was originally drilled to 1150 m in 1998 
(Dallimore et al. 1999).  Th e open hole section of the 
wellbore was re-occupied and a 361.95mm (14 1/4”) 

new hole section was advanced from 1150 m to 1310 
m (RKB).  To establish formation properties prior to 
testing, the open hole section (including the MH bear-
ing intervals of 890-1110 m RKB) were logged with 5 
separate logging runs (Fujii T. et al. 2008).  A 244.45 
mm (9 5/8”) production casing was installed to 1288 m 
RKB to enable production testing in this well and also 
re-injection of produced water into a lower injection 
zone (Figure 3).  To monitor formation response to test-
ing, 5 externally mounted geophysical sensors designed 
by JOGMEC/Schlumberger were successfully installed 
outside of the casing and a cased hole logging program 
was conducted to allow repeat time series logging. 

While operations were underway in the 2L-38 well, re-
entry operations on the 3L-38 well were undertaken.  
Th is well was deepened from 1188 m to 1275 m to be 
used as an injection well of water produced in a longer 
term test planned for the winter of 2008.  Open and 
cased hole logging programs were carried out to charac-
terize the geology below the MH bearing intervals and 
to establish the candidate horizons for water injection 
(Fujii T. et al. 2008). 

After completion of the physical installations at the 
2L-38 and 3L-38 wells, the 12 m interval (1093-1105 
m RKB) of the 2L-38 well was perforated and a pro-
duction test by depressurization was conducted to 
evaluate equipment performances and the short term 

Figure 3 – Downhole assemblies for 2007 winter test Figure 4 – Downhole assemblies for 2008 winter test
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production response for about 60 hours from April 2nd.  
Th e well was then suspended installing cement and bridge 
plugs toward the fi eld activities in the winter of 2008. 

2008 Winter Test. 
Th e goal of these activities was to undertake longer term 
gas hydrate production testing.  A service rig and support 
facilities were mobilized by ice road from Inuvik to the 
Mallik site in January 2008.  Re-entry and completion 
operations on the 2L-38 production well and the 3L-38 
injection well were carried out form February 15th to 
March 9th.  Th e sand screen was set at the perforation 
interval, followed by the installation of the downhole 
production system on March 2nd, which consisted of 
the electric submersible pump, centrifuge type gas-liq-
uid separation device and other assemblies as illustrated 
in Figure 4 (Yamamoto and Saeki 2009; Yamamoto et 
al. 2010).  Th e bottomhole was heated for about 10 
hours to prevent MH from re-forming in the wellbore.  
Th e production test was then performed reducing the 
bottomhole pressure from March 10th to 16th on the 
same interval of 1093-1105 m  RKB that was perforated 
in 2007.  During the production test, the gas produced 
to the surface through annulus was metered at the well-
head prior to being transported to the P-Tank (Train 
B) and the water produced through tubing was trans-
ported to another P-Tank (Train A).  Th e gas separated 
at these two tanks was fl ared, while the separated water 
was transported to another tank for the temporary stor-
age and was injected through the 3L-38 well. 

Abandonment and demobilization operations were 
completed on April 1st. 

Zone A Reservoir Properties 
Th e petrophysical properties of Zone A reservoir, such 
as porosity, MH saturation and permeability, were es-
timated mainly by interpreting the open hole well log 
data measured while deepening the 2L-38 well in 2007 
and the core data acquired during the JAPEX/JNOC/
GSC et al. Mallik 5L-38 gas hydrate production re-
search well program (Fujii T. et al. 2008; Kurihara et 
al., 2008).  Th e initial pressure and temperature were 
estimated based on the results of the MDT tests and the 
DTS measurement conducted in the 2002 test.  Th ese 
estimated pressure and temperature was then adjusted 
refl ecting the pressure and temperature measured at the 
bottomhole during the 2007 winter test. 

Th e perforation interval was then determined taking 
account of the gas and water production performances 
predicted based on the reservoir properties thus estimat-
ed (Fujii T. et al. 2008). 

Petrophysical Properties. 
Interpreting the open hole well log data acquired in 
2007, the petrophysical properties such as shale content, 
eff ective porosity, MH saturation and initial eff ective 
permeability to water were estimated as shown in Figure 
6.  Th e shale content was estimated based on the gamma 
ray (GR) log data assuming the responses of GR to clean 
sand and to shale.  Th e eff ective porosity was calculated 
correcting the total porosity, which was estimated from 
the density log results, by the shale content.  Th e MH 
saturation was estimated by the following equation, 
combining the total porosity estimated from the density 
log results and that from the NMR log results by the 
Density-Magnetic Resonance (DMR) method. 

          1

Th e initial eff ective permeability to water in the presence 
of MH was estimated by Schlumberger-Doll Research 
(SDR) method.  Th e absolute permeability (in the con-
dition without MH) was inferred based on the core data 
analyzed in the course of the JAPEX/JNOC/GSC et al. 
Mallik 5L-38 gas hydrate production research well pro-
gram.  Because of the excessive scatter apparent in the 
simple porosity-absolute permeability relationship de-
rived from the core analysis data as shown in Figure 6a, 
absolute permeability was estimated by multi-regression 
analysis as a function of porosity, shale content and MH 
saturation as presented in Equation (2) and in Figures 
6a through 6c.  Th e absolute permeability values thus 
estimated are shown in Figures 7a and 7b, indicating a 
remarkpermeability relationship. 

                                                                              2

As depicted in Figure 5, Zone A reservoir is composed 
of 3 major parts in the vicinity of the 2L-38 well.  Th e 
upper part is located at the interval of 1078-1082 m 
RKB, where the eff ective porosity, shale content, MH 
saturation, absolute permeability and initial water ef-
fective permeability range from 10 to 30%, from 20 to 
50%, from 30 to 80%, from 0.01 to 1 mD and from 10 
to 1000 mD, respectively.  Th e middle part, extending 
from 1082 m to 1093 m RKB, is a silty/shaly interbed 
with relatively low porosity, MH saturation and absolute 
permeability.  In the lower part, extending from 1093 m 
to 1113 m RKB, MH is accumulated most intensively 
with MH saturation of 70-90%.  In this interval, the 
eff ective porosity, shale content, absolute permeability 
and initial water eff ective permeability range from 30 
to 35%, from 10 to 20%, from 0.01 to 1 mD and from 
100 to 1000 mD, respectively.  Th e lower part is under-
lain by the water bearing layer with the eff ective porosity 
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of 30%, shale content of about 25% and absolute per-
meability greater than 100 mD. 

Th e 12 m interval of 1093-1105 m RKB was selected 
as a perforation interval, since the numerical simulation 
suggested that this interval was optimal to produce a 
certain amount of gas and to prevent the bottom water 
from breaking through during the production test (Fujii 
T. et al. 2008). 

Initial Pressure and Temperature. 
Th e initial reservoir pressure was estimated based on the 
results of the MDT tests conducted at the 5L-38 well in 
2002 (Hancock et al. 2005b) and was calibrated with 
the memory gauge data acquired during the 2007 win-
ter test.  On the other hand, the initial reservoir tem-
perature was estimated from the DTS data measured at 
the 4L-38 well after the 2002 production test (Wright 
et al. 2005) and was adjusted according to the DTS 
data measured during the 2007 winter test.  Th e initial 
pressure and temperature traverses are expressed by the 
equations below and are shown in Figure 8, which indi-
cates that the initial pressure (11 MPa) and temperature 
(286 K) at the MH-water contact level (1102 m SS or 
1113 m RKB) is almost equivalent to the equilibrium 
condition for MH, methane and water of 50,000 ppm 
salinity. 

      3

      4

Observed Test Performances 

2007 Winter Test. 
After the completion of the 2L-38 well, the pumping 
test was commenced at about 16:00 on April 2nd in 
2007.  Th is test, however, could last only for about 60 
hours (about 30 hours for main production), because of 
the irregular (on-off ) pumping operations due probably 
to the excessive sand production.  Th e produced gas was 
not directly delivered to the surface via the tubing, but 
was accumulated at the top of the casing, while the pro-
duced water was injected into the aquifer located below 
the MH reservoir.  Hence, neither the gas production 
rate nor the water production rate could not be directly 
measured at the surface. 

Data Acquired. 
During the production (pumping) operation, the bot-
tomhole pressure and temperature were measured at the 
phoenix gauge (1124 m RKB: adjacent to the pump in-
take) and 4 memory gauges (1091 m RKB) as illustrat-
ed in Figure 3.  Th e pressure at the outlet of the pump 
(discharged pressure) was also monitored.  In addition, 

Figure 5 –Estimated petrophysical properties of Zone A at 2L-38 well
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the thermometer set on the pump measured the tem-
perature of the motor of the pump.  At the surface, the 
casing head pressure (i.e., pressure of the annulus be-
tween casing and tubing) was measured from 4:05 on 
April 3rd.  Although the temperature along casing was 
measured by DTS system, it was available only for the 
interval from the surface to about 1050 m RKB that is 
above the top of Zone A reservoir.  Figure 9 shows the 
bottomhole pressure and temperature measured at the 
phoenix gauge and at one of the memory gauge along 
with the casing head pressure and motor temperature. 

Th e rate of the water discharged by pumping was calcu-
lated based on the number of revolutions and the dif-
ference in the pressure between inlet and outlet of the 
pump, which is shown in Figure 10 with the label of 
“fi rst estimate”. 

General Observations. 
As indicated in Figures 9 and 10, for the fi rst 1 hour 

from the commencement of the pumping operation, the 
water was discharged from the pump, which is suggested 
by the steady decrease in bottomhole pressure.  After 
that, however, the discharge pressure decreased and the 
motor temperature increased abruptly resulting in the 
level-off  of the reduction of bottomhole pressure (plug-
off  period).  When bottomhole pressure measured at the 
memory gauge, which was very close to the pressure at 
the perforation interval, became about 9.5 MPa after 
about 4.5 hours from the start of pumping, the pump 
was shut off  due to the extremely low pumping effi  cien-
cy.  Th e simple calculation shown in Figure 10 suggests 
that the pumping rate during the plug-off  period was 
very small except for a certain period. 

After about 1 hour shut-down, the pump was re-started 
resulting in the 5 hour smooth decrease in the bottom-
hole pressure down to about 7.5 MPa.  Another plug-
off , however, was encountered for about 1 hour after 
that, which led to the second shut- down of the pump 

Figure 6 – Relation between absolute permeability and other reservoir parameters

Figure 7 – Relation between estimated permeability and measured permeability
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for about 1.5 hours.  During this shut-down period, 
the casing head pressure was measured at about 1 MPa, 
which indicates the accumulation of gas at the top of 
the annulus and hence the dissociation and production 
of MH. 

Th e third pumping operation was attempted for about 
9 hours, in which the bottomhole pressure was lowered 
down to about 7.2 MPa and the remarkable increase in 
the casing head pressure was observed.  Although the 
produced gas was not directly delivered to the surface 
via the tubing string, it was allowed to accumulate at 
the top of the casing and the increase in the casing head 
pressure clearly indicated continuous MH dissociation 
and production during this period.  Th e pump, how-
ever, was again plugged off  for about 2 hours with small 
amount of gas blow out to the surface. 

Although three more times of pumping operations was 
attempted, the bottomhole pressure was not successfully 
lowered encountering the same plug-off  troubles of the 
pump.  During these trials, the top of the sand accu-
mulated above the packer (1211 m RKB) was detected 
by the sand detector at 1153 m RKB.  Since the cross 
sectional area of the annulus is about 0.035 m2, the bulk 
volume of this accumulated sand is calculated as about 2 
m3.  Taking account of the sand injected with water into 
the aquifer below Zone A, signifi cant amount of sand 
was produced from the reservoir along with gas and wa-
ter, which must have plugged off  the pump and have 
reduced the pumping effi  ciency. 

2008 Winter Test. 
After re-completing the 2L-38 well, including the instal-
lation of the sand screen at the perforation interval, and 
heating the bottomhole for about 10 hours, the pump-
ing test was commenced at about 18:00 (Greenwich 
Mean Time) on March 10th in 2008.  Much larger and 

longer gas production was accomplished with a stepwise 
reduction of the bottomhole pressure down to about 4.5 
MPa, preventing sands from fl owing into the wellbore 
by the screen.  In this test, both the gas and water were 
delivered to the surface, which enables the estimation of 
the gas and water fl ow rates from the reservoir as well 
as liquid level in the annulus based on the monitored 
parameters. 

Data Acquired. 
During the production (pumping) operation, gas pro-
duction rates were measured by the fl ow meters after 
the separation of gas and liquid at the P-Tanks in both 
Trains A and B.  Water production rates were also meas-
ured by the fl ow meters after the separation in Trains A 
and B.  In addition, the volume of the water gathered 
in the tank before injection was periodically measured.  
Since the water production rate was too small for the 
measurement by the fl ow meter, the water production 
rate calculated based on the volume of the water stored 
in this tank was used as a basis of the subsequent inves-
tigations. 

Th e bottomhole pressure and temperature were moni-
tored at the phoenix gauge (822 m RKB: adjacent to the 
pump intake), CTS gauge (798 m RKB) and 4 memory 
gauges (1083 m RKB).  At the surface, the casing head 
pressure (i.e., pressure of the annulus between casing 
and tubing) was measured.  Although the temperature 
along casing was measured by DTS system, it was avail-
able only for the interval from surface to about 1050 m 
RKB as mentioned in the above. 

General Observations. 
Th e bottomhole pressure was reduced by 3 steps.  First, 
the bottomhole pressure measured at the memory 
gauges, which was expected to be close to the reservoir 
pressure, was reduced from the initial pressure of about 
11 MPa to about 7.4 MPa taking about 12 hours.  Th e 
bottomhole pressure was kept to be almost constant for 
39 hours (Stage-1).  Spending another 6 hours, the bot-
tomhole pressure was lowered down to about 5.2 MPa, 
which was maintained for 59 hours (Stage-2).  In the 
last stage (Stage-3), the bottomhole pressure was reduced 
down to about 4.5 MPa spending 4 hours and was kept 
at this level for 24 hours. 

Th e bottomhole temperature measured at the phoe-
nix gauge, which was installed adjacently to the heater, 
started to increase after heating the downhole.  Th is 
temperature decreased while the bottomhole pressure 
was reduced by lowering the liquid level in the annulus 
(downward fl uid movement) in the early part of each 

Figure 8 – Initial reservoir pressure and temperature traverses 
along with 3-phase equilibrium temperature
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stage.  Th is temperature then increased, aff ected by the 
upward fl uid movement associated with MH dissocia-
tion and production, during the period with relatively 
stable bottomhole pressure in each stage.  Th e tempera-
ture measured at the CTS gauge, which was installed at 
the upper part of the phoenix gauge, showed the similar 
trend to that of the phoenix gauge except that it was sig-
nifi cantly fl uctuated in the last part of the Stage-3.  Th e 
temperature measured at the memory gauge adjacent 

to the perforation interval decreased gradually except 
in the Stage-3, refl ecting the reduction of near wellbore 
temperature induced by the endothermic reaction of 
MH dissociation. 

Th e gas production was fi rst observed at the surface 
slightly after the bottomhole pressure reached about 7.4 
MPa.  Th e gas production rate of approximately 4000 
m3/d measured at the beginning of the test decreased 

Figure 9 – Pressure and temperature measured in 2007 winter test

Figure 10 – Pumping rate calculated/estimated in 2007 winter test
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down to about 1500 m3/d at the end of the Stage-1.  
Th e measured gas production rate then increased up to 
about 3000 m3/d and decreased again to about 1500 
m3/d during the second reduction of bottomhole pres-
sure.  While the bottomhole pressure was kept at an al-
most constant level in the Stage-2, the surface gas rate 
increased very slowly toward 2000 m3/d.  In the Stage-3, 
the measured gas production rate was observed to in-
crease to approximately 3000 m3/d and to decrease to 
approximately 2000 m3/d like a pulse during the reduc-
tion of bottomhole pressure, which gradually increased 
toward 2500 m3/d after that. 

Th e water production rate (or pumping rate), which was 
periodically measured and calculated based on the vol-
ume of the water stored in the tank as described above, 
ranged from 30 to 40 m3/d in the early part of the Stage-
1.  Note that the water production rate before 14:00 on 
March 11th was simply calculated in accordance with 
the water volume in the tank of 24.31 m3 confi rmed 
at this time.  Th e pump was then shut down for about 
12 hours due to the trouble of the surface water fl ow 
line.  In the Stage-2, the measured water production rate 
increased up to about 60 m3/d like a pulse during the 
second reduction of bottomhole pressure.  It increased 
very gradually at about 10 m3/d during the period of 
relatively stable bottomhole pressure in the Stage-2.  In 
the Stage-3, the water production rate was observed to 
increase to approximately 60 m3/d temporarily during 
the reduction of bottomhole pressure and to gradually 
increase at about 15 m3/d afterward. 

Estimation of Gas and Water Production Rates 
from Reservoir 
Since neither gas production rate nor water production 
rate was directly measured at surface in the 2007 winter 
test, there is no direct information available about how 
much gas and water fl owed from the reservoir.  On the 
other hand in the 2008 winter test, although both gas 
and water production rates were directly measured at the 
surface, these rates must be diff erent from those fl owed 
from the reservoir because of the accumulation of gas 
and water in the wellbore. 

Analyzing the acquired data, the volumes of gas and wa-
ter produced from the reservoir were estimated taking 
account of the pressure gradient and gas-water mass bal-
ance in the wellbore. 

2007 Winter Test. 
Estimation of Liquid Level. 
Th e depth of the interface between the liquid and the 
gas accumulated at the top of the casing (Dl) was esti-

mated based on the casing head pressure (pch), the depth 
of the phoenix gauge (Dch) and the bottomhole pressure 
measured at this gauge (pph ). 

            5

where �l  denotes the liquid density, which is equivalent 
to the density of 5% KCl solution (1035 kgm3) in this 
test (Kurihara et al. 2008).  Note that this liquid level 
was calculated to check the gas volume existing in the 
annulus above the phoenix gauge. Although the actual 
interface between liquid and gas may be shallower than 
that calculated by Eq. (5) because the liquid phase con-
tains gas making liquid density �l  smaller, the gas vol-
ume calculated with the assumption of the perfect sepa-
ration between liquid and gas should be almost identical 
to that calculated as the sum of the volumes of gas above 
shallower (actual) liquid level and gas contained in the 
liquid phase. 

Estimation of Gas Production Volume. 
Once the liquid level is estimated as described in the 
above, the cumulative gas production Qg(i), which was 
accumulated at the top of the casing, can be calculated 
at each time t(i),, in accordance with the gas deviation 
factor (z), the temperature of the upper part of the cas-
ing (T: 273.15 K in this test) and the cross sectional area 
of the annulus between casing and tubing (Aan : 0.035 
m2 in this test). 

            6

where ps and Ts denote the pressure (0.1013 MPa) and 
temperature (288.8 K) at standard conditions, respec-
tively.  Th en the gas production rate at each time (qg(i)) 
can be estimated by diff erentiating Qg(i)  as 

      7

Th e gas production rate and the cumulative gas produc-
tion thus estimated are shown in Figure 11.  When the 
bottomhole pressure was reduced from 11 MPa to 7.2-
7.5 MPa, 1000-2000 m3/d of sustainable gas produc-
tion was achieved.  Furthermore, the instantaneous gas 
production of about 8000 m3/d was observed when the 
bottomhole pressure was decreased to 6.9 MPa.  Total 
gas production throughout the 2007 winter test period 
is estimated at about 830 m3. 

Estimation of Water Production Volume. 
First, the water production volume was estimated based 
on the pumping rate simply calculated from the number 
of revolution and inlet-outlet pressure diff erence, assum-
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ing the 100% of pumping effi  ciency.  Th e water pro-
duction volume and pumping rate thus calculated were 
tuned through history matching simulation to obtain 
more accurate fi gures. 

Estimation Based on Calculated Pumping Rate. 
Th e volume of the liquid (W(i)) existing above the phoe-
nix gauge at each time can be calculated as 

      8

Th e rate of the water produced from the reservoir (qw(i)) 
can be estimated as the summation of the pumping rate 
(qwp(i)), which was calculated based on the number of 
revolutions and the diff erence in the pressure between 
inlet and outlet of the pump, and the rate of increase 
in Wi. 

      9

Th e cumulative water production is then calculated in-
tegrating qw,i. 

      10

Approximately 40 m3 of water was estimated to have 
been produced from the reservoir, as depicted in Figure 
12. 

Estimation of Exact Water Production Volume. 
In the above calculation, the water production volume 
must be overestimated because the pumping effi  ciency 
was assumed to be 100%, even during the period of 
suspected plugging of the pump.  In order to estimate 
the actual water production volume correctly, the actual 
pumping rate should be evaluated accurately.  Fortu-
nately, downhole temperatures were measured at the 
phoenix and memory gauges (Figure 3), providing rea-
sonable estimates of bottomhole temperature.  Th e ini-
tial temperature profi le of the liquid in the wellbore as 
well as that of the surrounding formation was inferred 
from DTS data.  In addition, the temperature of the 
water produced from the reservoir is roughly deduced 
assuming that it was similar to the 3-phase equilibrium 
temperature after a certain period from the commence-
ment of the test. 

Hence, it was attempted to estimate the actual rate of 
water production from the reservoir, as well as the actual 
pumping rate, by matching both the bottomhole pres-
sure and temperature through simultaneous adjustment 
of these rates (Kurihara et al. 2008). A radial numerical 
model with 3x129 grid blocks replicating the wellbore 

was constructed as illustrated in Figure 13.  Th e heat 
transfer coeffi  cient between the fl uid inside the wellbore 
and the surrounding formation was estimated based on 
the thermal conductivity of fl uid, casing, cement, and 
the formation.  Th e shape of the protective pump shroud 
was also incorporated in this numerical model. 

Th e results of the fi rst trial, in which the water rates and 
the pumping rates estimated in the above were simply 
applied as calculation constraints, are shown in Figure 
14a.  In this case, calculated bottomhole temperatures 
agree poorly with those actually observed.  After several 
trial and error simulation runs, a successful match be-
tween predicted and observed temperatures and pres-
sures was attained (Figure 14b), yielding adjusted esti-
mates of water production rates and pumping rates as 
shown in Figures 12 and 10 (labeled “history matched”)  
Th is history matched model suggests that the water 
production rate from the reservoir ranged from 0 to 80 
m3/d and that the total water production throughout 
the test period was approximately 20 m3 instead of the 
40 m3 initially estimated, as shown in Figure 12.  Th e 
results also support the notion that signifi cant reverse 
fl ow (from injection zone towards wellhead) occurred 
during periods when the pump was idle, and that during 
some pumping periods pump effi  ciency was consider-
ably lower than previously estimated (Figure 10). 

2008 Winter Test. 
Estimation of Liquid Level. 
Th e liquid level (Dl) was simply calculated from the 
depth of the phoenix gauge (Dph), casing head pressure 
(pch), phoenix gauge pressure (pph) and the liquid density 
(�l). 

      11

Since the liquid phase must contain some amount of gas 
in the annulus, the actual interface between the gaseous 
phase and aqueous phase should be slightly shallower 
than Dl. 

Bottomhole Pressure. 
Th e bottomhole pressure (pB) was estimated taking 3 
cases of density of the fl uid below the memory gauge 
into consideration. In the “most likely” case, it was as-
sumed that the pressure gradient of the fl uid (�f) located 
between the memory gauge depth (Dm) and the mid-
perforation depth (DB) was identical to that between the 
phoenix gauge and the memory gauge.  In the “aqueous” 
case, the fl uid density between the memory gauge and 
the mid-perforation was considered to be the same as 
the water density.  Th e “gaseous” case assumed that the 
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Figure 11 – Estimated gas production from reservoir in 2007 winter test

Figure 12 – Estimated water production from reservoir in 2007 winter test
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fl uid between the memory gauge and the mid-perfora-
tion contained gas in accordance with the void ratio of 
gas, which could be calculated based simply on the gas 
and water rates. 

Hence the pressure gradients were inferred for the above 
3 cases as 

      11

      12

      13

where

      14

      15

and ~p, 
~
T and ~z stand for the average pressure, tempera-

ture and z-factor over the interval between mid perfora-
tion and phoenix gauge, respectively. 

Th e bottomhole pressure were then simply estimated in 
the above 3 cases as 

      16

Th e fl uid levels for calculating the amount of gas and 
water contained in the fl uid above mid perforation in 
the wellbore for the above 3 cases were estimated as 

      17

Gas Production Rate. 
Th e rate of the gas produced from the reservoir can be 
estimated as a combination of the gas produced to the 
surface and that accumulated in the top of the annulus.  
Although there should be a small time lag between the 
gas production from the well annulus) and that meas-
ured at the surface fl ow meters, such an eff ect was ig-
nored in this examination.  Th e gas production rate as 
well as the cumulative gas production for each time level 
was calculated as 

      18

      19

where 
~
T and ~z denote the average temperature and z-

factor over the interval between the liquid level and the 
surface. 

Water Production Rate. 
Th e water production from the reservoir was estimated 
at each time level, based on the rate of the liquid pro-
duced to the surface and the change in the liquid level, 
as 

      20

      21

Th e gas and water production rates thus estimated and 
smoothed by eliminating noises with Fourier/inverse 
Fourier transforms are presented in Figures 15 and 16 
respectively, along with the estimated and smoothed 
bottomhole pressure in the most likely case.  It is con-
fi rmed that the gas and water were produced continu-
ously from the reservoir throughout the test period.  Th e 
gas production rate ranged from 2000 to 3000 m3/d 
and the water production rate was 10-20 m3/d, while 
the bottomhole pressure was rather stable.  Th e total gas 
and water production throughout the test period are es-
timated at about 13000 m3 and 70 m3, respectively. 

Investigation on Test Performances 
Th e test performances are examined below.  Note that 
they are to be investigated in more detail, more rigor-
ously and more quantitatively, for instance by means of 
numerical simulation for reproducing test performances 
(Kurihara et al. 2008). 

2007 Winter Test. 
Sources of Produced Gas. 
As stated in the above, about 830 m3/d of gas and 20 m3/
d of water are estimated to have been produced during 
the 2007 winter test.  As the sources of this gas, 1) MH 
reservoir, 2) free gas layer located in the vicinity of the 
tested zone and 3) gas dissolved in the produced water 
are considered.  1) free gas layer, however, was not recog-
nized by the careful interpretation of well log data (Fujii 
T. et al. 2008).  Although 3) dissolved gas may have been 
contained in the produced water, the amount of the dis-
solved gas should have been very small judging from the 
methane solubility (about 3 m3/m3 for pure water at 10 
MPa and 10°C) and the total water produced (about 20 
m3).  Th erefore, most of the produced gas should have 
been provided by the dissociation of MH. 

Furthermore, the MH is inferred to have been dissociat-
ed not in the wellbore but in the reservoir by depressuri-
zation, taking account of the volume of sand and hence 
MH particles invading into the wellbore.  Th is may be 
also suggested by the locus of the bottomhole pressure 
and temperature measured at the memory gauge, which 
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must be almost identical to the reservoir pressure and 
temperature during the period of the stable production.  
As depicted in Figure 17, these pressure and temperature 
moved along the 3-phase equilibrium curve during the 
stable production period, which reveals the dissociation 
of MH in the reservoir by depressurization. 

Causes of Pump Trouble. 
As discussed in the above, during some pumping pe-
riods pump effi  ciency was considerably low.  Since the 
gas volume in the wellbore must have been very small 
before the fi rst plug-off  of the pump, the possibility of 
the plug-off  of the pump by gas bubbles is very low.  It 
is obvious that the pump was plugged by the sand grains 
produced from the reservoir.  In addition, MH particles 
that intruded into the wellbore may have been plugged 
the pump with sand grains.  Th e pumping effi  ciency was 
recovered during the shut-in of the pump, probably be-
cause MH was dissociated during the shut-in and fl uid 
fl ow paths were re- established. 

Eff ect of Sand Production. 
Since the target MH reservoir has suffi  ciently high ini-
tial temperature and eff ective permeability to water, it 
was forecasted that the dissociation of MH could be 
induced by reducing the reservoir pressure below the 3-
phase equilibrium pressure (Kurihara et al. 2005c).  In 
fact, far more gas production was observed than previ-
ously predicted.  Sand production during the test may 
have created relatively high permeability conduits (e.g., 
wormholes) resulting in signifi cantly enhanced forma-
tion permeability near the wellbore, promoting higher 
than expected rates of gas production as illustrated in 
Figure 18. 

Th e dissociation and production of MH with inten-

tional sand production may be eff ective.  As a matter of 
fact, similar method called “Cold Heavy Oil Production 
with Sand (CHOPS)” is widely applied to recover heavy 
oil from unconsolidated sand reservoirs with extremely 
low initial eff ective permeability like MH reservoirs.  Al-
though this method is worth investigating further, care-
ful studies are necessary because characteristics of heavy 
oil, especially viscosity for lifting sand grains through 
tubing, are diff erent from those of methane and water. 

Area of Investigation. 
In accordance with the examination through the pre-
liminary history matching simulation, the area of MH 
dissociation was estimated at about 7-10 m from the 
wellbore in the lateral direction and at about 4 m above 
and below the perforation interval in the vertical direc-
tion (Kurihara et al. 2008).  On the other hand, the 
interpretation results of the cased hole log such as Reser-
voir Saturation Tool (RST), Accelerator Porosity Sonde 
(APS) and Sonic Scanner suggested the selective disso-
ciation of MH almost limited to the perforation inter-
val.  Furthermore, the increase in RST sigma and APSC 
(near/array corrected sandstone porosity) suggested that 
MH and sand grains had been replaced with formation 
water or borehole fl uid creating high permeability con-
duits during the test (Fujii T. et al. 2008). 

Effi  ciency of Depressurization. 
Th e net heating value of produced gas was calculated 
based on the estimated gas production rate.  On the 
other hand, the energy spent for running the pump was 
calculated from the consumed electric power assum-
ing 40% of effi  ciency for the power generation.  Th is 
calculation revealed that the total energy produced was 
about 10 times greater than that consumed for pump-
ing. It is true that the energy other than that consumed 
for pumping was spent during the test.  Even though 
other energy spent is taken into consideration, the pro-
duced energy is considered to be superior to the con-
sumed energy, which suggests the practical applicability 
of the depressurization method to MH reservoirs like 
Zone A reservoir with relatively high initial temperature 
and permeability. 

2008 Winter Test. 
Trend of Gas Production Performances. 
As shown in Figure 19, in the Stage-1, the rapid increase 
in the gas production was observed followed by the rapid 
decrease and the stable gas production.  Th e gas produc-
tion rate then declined.  It is inferred that some regions 
(Region A) in the vicinity of the well have high per-
meability associated with wormholes, high permeability 
conduits, etc. resulting from the sand production in-

Figure 13 – Radial model representation of wellbore for estimat-
ing pumping and water production rates in 2007 winter test 
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duced in the 2007 winter test.  Th e rapid increase in the 
gas production is speculated to have been accomplished 
by the instantaneous MH dissociation and the produc-
tion from this Region A.  Since the extent of the Region 
A is limited, the gas production is considered to have 
rapidly declined.  Th en the MH located in the portions 
that maintained the original conditions (i.e., Region B 
of no permeability improvement) or MH located in the 
transition zones between the Regions A and B may have 
started to be dissociated and produced.  Th e almost con-
stant gas production rate may have been achieved due 
probably to the balance between the decrease in the gas 
production from the Region A and the increase in the 
gas production from the transition zones and/or Region 
B.  Th e gas production rate may have started to decline 
as the gas production from the Region A and the transi-
tion zones became close to zero. 

In spite of the further reduction of the bottomhole 
pressure by about 2 MPa in the Stage-2, only a small 
increase in the gas production was observed.  It is sus-
pected that the well suff ered from the skin eff ect caused 
probably by the fi ne migration that increased as a 
function of time and/or fl uid velocity (time/velocity de-
pendent skin eff ect) and that some wormholes and/or 
high permeability conduits were collapsed and/or de-
formed by the compaction, which suppressed the in-
crease in the gas production rate.  Since the area of the 
MH dissociation was extended in a certain magnitude 
beyond the Region A, the gas production rate became 
stable refl ecting the continuous dissociation of MH in 
the Region B after the dissociation of most MH in the 
Region A. Th erefore, the stable gas production of 2000-
3000 m3/d and water production of 10-20 m3/d may 
suggest the inherent potential of gas and water produc-
tion from the Region B that was not stimulated by sand 
production. 

In the Stage-3, the gas production rate again rapidly in-
creased probably by breaking down some skins and/or 
by forming new high permeability conduits.  Th is high 
gas rate, however, did not last for a long period because 
the area of the high permeability newly stimulated was 
limited.  Th e gas production rate became stable refl ecting 
the dissociation and production of MH in the Region B.  
In the last stage of the test, gas production slightly in-
creased, which may suggest the expansion of the area of 
MH dissociation in the Region B. 

Mechanism of MH Dissociation. 
It is obvious that the MH was dissociated and produced 
by reducing the bottomhole pressure and hence the res-
ervoir pressure below the 3-phase equilibrium pressure.  
Th e locus of the bottomhole pressure and temperature 
measured at the memory gauge, which is expected to be 
almost identical to the reservoir pressure and tempera-
ture, moved along the 3-phase equilibrium curves with 
diff erent water salinity, suggesting the reduction of the 
reservoir temperature associated with the endothermic 
MH dissociation reaction and the reduction of water 
salinity caused by the dilution of formation water with 
pure water generated by MH dissociation (Yamamoto 
et al. 2010). 

In the Stages-2 and -3, however, the temperature was 
higher than the 3-phase equilibrium temperature.  For 
example in the Stage-2, the bottomhole temperature 
ranged from about 8.5 to 9.5°C, which is equivalent 
to the 3-phase equilibrium temperature (with 2% sa-
line water) corresponding to the pressure of about 7 
MPa.  Th e bottomhole pressure, however, was meas-
ured at about 5-6 MPa.  Th e diff erence between the 3-
phase equilibrium pressure and the measured pressure 
may indicate the presence of the delta-p-skin of more 
than 1 MPa in this stage.  Th at is, the reservoir pressure 

Figure 14 – Bottomhole pressure and temperature simulated by radial model for 2007 winter test
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Figure 15 – Estimated/smoothed gas production rate from reservoir along with estimated/smoothed bottomhole pressure in 2008 
winter test

Figure 16 – Estimated/smoothed water production rate from reservoir along with estimated/smoothed

Peer Reviewed Paper

www.saudiarabiaoilandgas.com               |               SA O&G Issue 18

47



may have been higher than the bottomhole pressure by 
more than 1 MPa due to the skin eff ect as discussed in 
the above.  At the end of the Stage-3, the temperature 
of the bottomhole fl uid increased up to 12.5°C, which 
may suggest the reverse circulation of the fl uids in the 
wellbore. 

Area of Investigation. 
Since the test duration was much longer and the pro-
duced gas was much more compared with those in the 
2007 winter test, the area of MH dissociation should 
have been much more extensive than 7-10 m from the 
wellbore that was estimated as an area of MH dissocia-
tion during the 2007 winter test.  Although the simple 
calculation based on the produced gas volume suggested 
that the area of MH dissociation during the 2008 winter 
test was about 10-15 m from the wellbore, further inves-
tigation as well as history matching simulation should 
be necessary for more rigorous clarifi cation. 

Effi  ciency of Depressurization. 
Th e net heating value of produced gas and the energy 
spent for running the pump with 40% of effi  ciency 
for power generation were calculated as in the case of 
the 2007 winter test.  Th ese calculations revealed that 
the total energy produced was about 30 times greater 
than that consumed for pumping, which is much bet-
ter than that of the 2007 winter test, due probably to 
more stable and sustainable gas production.  Th e 2008 
production test manifested that high energy effi  ciency 
was expected for the MH dissociation and production 
by depressurization once stable gas production could be 
established. 

Comparison with Conventional Gas Reservoir Perform-
ances. 
A simple calculation indicates that the gas production 
rate with the constant bottomhole pressure of 5 MPa 
from a conventional gas reservoir with an absolute per-
meability of 0.2 mD rapidly decreases soon after the 
start of the production and continues to decrease gradu-
ally.  On the other hand, gas production rate observed 
during the Stage-2 with the constant bottomhole pres-
sure of about 5 MPa was kept at a constant level or even 
increased for about 2 days.  Th is gas production rate 
performance observed in the 2008 winter test must sug-
gest the continuous dissociation of MH, expansion of 
MH dissociation area and hence the promise of the gas 
production from a MH reservoir. 

Conclusions 
Th e MH production tests were conducted using the de-
pressurization method in the JOGMEC/NRCan/Aurora 
Mallik production program in April 2007 and in March 
2008.  By analyzing various data such as wellhead/bot-
tomhole pressure, temperature, and gas/water fl ow rates 
acquired during these tests, the following are clarifi ed 
and speculated. 

(1) In the 2007 winter test, a certain amount of gas and 
water were produced from a 12 m perforation interval 
in Zone A MH reservoir at the Mallik site in Canada, 
by reducing the bottomhole pressure down to about 7 
MPa.  Th e produced gas, however, was not directly deliv-
ered to the surface via the tubing, but was accumulated 
at the top of the casing because of the irregular (on-off ) 
pumping operations due probably to the excessive sand 

Figure 17 – Bottomhole pressure and temperature locus during 2007 winter test bottomhole pressure in 2008 winter test
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production.  Hence, the test performances, including 
the gas and water production rates, were examined as 
below based on the monitored data. 

• Gas and water production rates during the fi rst few 
hours of testing were negligibly small. 
• When the bottomhole pressure was reduced from 11 
MPa to 7.2-7.5 MPa, 1000-2000 m3/d of sustainable 
gas production and 10-70 m3/d of continuous water 
production were achieved. 
• Instantaneous gas production of about 8000 m3/d was 
observed when the bottomhole pressure was decreased 
to 6.9 MPa. 
• Total gas and water production throughout the test 
period are estimated at about 830 m3 and 20 m3, respec-
tively. 

• During periods of pump shut-down, some of the wa-
ter injected into the lower water disposal zone reversed-
fl owed upwards towards the test interval increasing the 
wellbore temperature. 
• Sand production during testing may have created rela-
tively high permeability conduits (e.g., wormholes) re-
sulting in signifi cantly enhanced formation permeability 
near the wellbore, promoting higher than expected rates 
of gas production. 
• Th e area of MH dissociation is estimated at about 7-10 
m from the well in the lateral direction. 

(2) In the 2008 winter test targeting the same reservoir 
interval, much larger and longer gas production was 
attained with a stepwise reduction of the bottomhole 
pressure down to about 4.5 MPa, preventing sands from 

Figure 18 – Anticipated effect of sand production on MH dissociation area

Figure 19 – Examination on gas and water production rates from reservoir in 2008 winter test
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fl owing into the wellbore by the screen.  Since both the 
gas and water could be delivered to the surface, the test 
performances were analyzed based mainly on the meas-
ured gas and water production rates and on the bottom-
hole data as follows. 

• Th e sustainable gas production was accomplished for 
about 6 days.  Th e stable gas production of 2000-3000 
m3/d and water production of 10-20 m3/d may suggest 
the inherent potential of gas and water production from 
the reservoir. 
• Total gas and water production throughout the test 
period are estimated at about 13000 m3 and 70 m3, re-
spectively. 
• During the production, the well may have suff ered 
from the skin eff ect caused probably by the fi ne migra-
tion and/or by collapse/deformation of high permeabil-
ity conduits that had been created in the 2007 winter 
test. 
• Th e area of MH dissociation is estimated at about 10-
15 m from the well in the lateral direction and at about 
4 m above and below the perforation interval in the ver-
tical direction. 
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Nomenclature 
A = cross sectional area, L2 
D = depth, L 
g = gravity acceleration, L/t2 
k = absolute permeability, L2 
p = pressure, M/Lt2 
q = production rate, L3/t 
Q = cumulative production, L3 
S = phase saturation 
t = time, t 
T = temperature, T 
V = volume content 

W = water volume in annulus, L3 
z = gas deviation (compressibility) factor 
� = pressure gradient, M/L2t2 
� = phase density, M/L3 
� = porosity 
� = void ratio 
 
Superscript 
~ = average 
 
Subscript 
an = annulus 
B = mid-perforation interval 
ch = casing head 
e = eff ective 
f  = fl uid 
– fv  = for calculation of fl uid (gas and water) volumes 
g = gas phase 
h = methane hydrate phase 
il  = imaginary liquid 
(i)  = (i)th time level 
l = liquid phase 
m = memory gauge 
– NMR  = NMR log 
ph = phoenix gauge 
s = standard condition 
sh = shale 
– surface  = measured at surface 
t = total 
w = water phase 
wp = pumped water 
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On behalf of the Ministry of Petroleum and Mineral Resources, King Fahd Uni-
versity of Petroleum & Minerals, and King Abdulaziz City for Science and Tech-
nology, I was honored to present the 2nd Saudi Meeting on Oil and Gas Explora-
tion and Production Technologies (OGEP 2010). Th e theme of the meeting was 
“Academia – Petroleum Industry: Synergy for a Better Tomorrow”. King Fahd 
University of Petroleum & Minerals was selected to host the meeting to emphasize 
the importance of such synergy and create an integral workplace capable of over-
coming all the challenges that face the petroleum industry through research and 
studies and development of the workforce capable to run the petroleum industry 
in the Kingdom at the highest international industry standards. 

Th e meeting this year focused its eff ort to enhance the integration between academia 
and industry. Th is was clearly refl ected in the technical program. Two sessions were 

allocated to address the integration between academia and industry in supplying the future workforce and partner-
ing technologies. Th is was also evident in the composition of the speakers, refl ecting a mix between academia and 
industry. In addition a session was held for young professionals and another for student paper contest to emphasize 
the importance of workforce development in the R&D area. Seven workshops were prepared to share the industry 
know-how among the participants. 

Th e meeting focused on the challenges that face the industry through a wide range of discussions where international 
experience and potential solutions were shared with participants. Currently the Industry attempts to meet some of 
the ever increasing energy demand by developing gas resources accumulated in challenging reservoirs both techni-
cally and commercially. One session discussed tight gas reservoirs. An invited speaker presented the Japanese eff ort 
to develop the methane hydrates. 

Speakers discussed the latest know-how to overcome the challenges that face the industry in all aspects of explora-
tion, development and production. Th is was addressed in the plenary session by a group of leaders in academia and 
industry. 

Th e rest of the sessions and the poster sessions discussed some critical energy related issues.  

I would like to express my appreciation to the sponsors of the meeting and all the committee members who worked 
diligently to organize this event.

Th e Supervisory Committee 
Mr. Yahya Shinawi 

Ministry of Petroleum and Mineral Resources
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Th e 2nd Saudi Meeting on Oil and Gas Exploration and Production Technologies (OGEP 2010) at King Fahd 
University of Petroleum & Minerals (KFUPM) was organized by the Ministry of Petroleum and Mineral Resources, 
KFUPM, and King Abdulaziz City for Science and Technology (KACST) under the theme “Academia – Petroleum 
Industry: Synergy for a Better Tomorrow”. 

Th e meeting came at a time when oil and gas are recognized as increasingly important energy resources. Th e objective 
of this conference was to explore future technologies in oil and gas exploration and production technologies through 
applied studies and fundamental research to achieve knowledge and innovation partnerships between universities 
and the industry, and to contribute to an accelerated growth of the oil and gas industry on a national and global 
level. 

OGEP 2010 featured more than 130 scientifi c papers and gave the opportunity to a group of experts and profession-
als in academic and industrial sectors to exchange views on emerging technologies in the exploration and production 
of oil and gas. Th e meeting was accompanied by an exhibition covering the latest developments and technologies of 
oil and gas exploration and production. Th e technical program covered a broad range of topics relevant to academia 
and industry, including business relationships between academia and industry, human resources, exploration, pro-
duction, drilling, reservoir engineering and management, health, safety & environment, economics and energy 
policy. 

Th e meeting included special workshops, short courses, young professional sessions, and student papers contest. Th e 
organizing committee made great eff ort to prepare for the meeting and to provide opportunities for success to all.

We would like to thank the organizers of the OGEP 2010 for their eff ort in preparation and coordination. Also, we 
would like to thank the keynote speakers who enriched the meeting with their experience. Our thanks and appre-
ciations are extended to the companies that sponsored this meeting, and to the companies that participated in the 
exhibition. We sincerely thank all the participants in the meeting and panel discussions.  Finally, we hope the 2nd 
Saudi Meeting on Oil and Gas Exploration and Production Technologies (OGEP 2010) achieved its goals to benefi t 
the national economy. 

Th e Organizing Committee 
Dr. Sahel Abdul Jauwad  

Vice Rector for Graduate Studies & Scientifi c Research  
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Dear OGEP 2010 Participants & Delegates, 

Th e 2nd Saudi Meeting on Oil and Gas Exploration and Production Technologies (OGEP 2010) was held at King 
Fahd University of Petroleum & Minerals during December 18-20, 2010 under the auspices of His Excellency Ali 
Naimi, the Saudi Arabia Minister of Petroleum and Mineral Resources. 

Th e meeting was designed to provide a forum to discuss a broad range of topics relevant to academia and E&P prac-
tices including academia and industry business relationships, human resources, exploration, production, drilling, 
completion, reservoir, simulation, health, safety & environment, and economics and energy. 

Th e theme of the meeting was “Academia – Petroleum Industry: Synergy for a Better Tomorrow.” Th e theme was 
selected to focus on enhancing the collaboration between the academia and industry in research and development 
and preparing a competent workforce of the future. 

Th e OGEP 2010 included an executive plenary session, technical sessions, poster sessions, invited speakers, panel 
discussions, workshops, student paper contest, young professionals session, and an exhibition covering the latest 
advances in oil and gas exploration and production technologies. 

I would like to express my great gratitude to the keynote and invited speakers, authors, and panelists for their par-
ticipation and eff orts in preparing their papers, presentations, and posters. Special appreciation goes to members of 
the supervisory, technical, and organizing committees for their dedicated eff orts and unlimited support to develop 
such program. 

Technical Committee 
Dr. Abdulrahman Saleh Al-Jarri, 

Saudi Aramco

OGEP II Review
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Saudi Aramco’s operations span the globe and the energy 
industry. Th e world leader in crude oil production, Sau-
di Aramco also owns and operates an extensive network 
of refi ning and distribution facilities, and is responsible 
for the gas processing and transportation installations 
that fuel Saudi Arabia’s industrial sector. An array of 

international subsidiaries and joint ventures, including 
one of the world’s largest and newest fl eet of supertank-
ers, deliver crude oil and refi ned products to customers 
worldwide 

http://www.aramco.com

Saudi Aramco

Saudi Arabian Chevron (SAC) operates on behalf of the 
Kingdom of Saudi Arabia the Kingdom’s 50 percent un-
divided interest in the petroleum resources of the 5,000 
square kilometer onshore area of the Partitioned Zone 
(PZ) between the Kingdom and the State of Kuwait.   

SAC works with the Kuwait Gulf Oil Company 
(KGOC), the operator for Kuwait’s equal interest in 
the area, through Joint Operations (JO).  Staff ed and 
funded equally by SAC and KGOC, JO explores for, 
develops and produces oil in the onshore PZ.  It operates 
four major fi elds that produce mainly heavy crude from 
ten reservoirs. 

SAC independently operates a storage and marine ex-
port facility at Mina Saud, where its head offi  ce and resi-
dential camp are located.  Employee manpower of SAC’s 
historically 90% Saudi workforce at year-end 2009 ex-
ceeded 800.  In addition to developing the human and 
natural resources of the onshore PZ, the business unit 
also identifi es and develops new business opportunities 
in the PZ and the Kingdom. 

SAC is committed to contributing to the citizens of the 
Kingdom through capacity building, sustainability, and 
technology transfer.  Competency development is at the 

Saudi Arabian Chevron

core of SAC’s approach, and employees average more 
than 90 hours per year of in-house training, along with 
outside training, Company scholarships, and develop-
mental assignments.   

SAC supports a wide range of community development 
and support, environmental, cultural and heritage pro-
grams.  For example, it was a founder of the Saudi Petro-
leum Services Polytechnic (SPSP) in Dammam, KSA, 
and continues to play an active role in further devel-
oping and underwriting theinstitution.  SPSP enables 
Saudi high school graduates to develop the necessary 
technical and vocational skills to become certifi ed oil 
fi eld support services technicians.   

SAC is the primary entity of the Saudi Arabia/Parti-
tioned Zone Strategic Business Unit of Chevron Europe, 
Eurasia and Middle East Exploration and Production, 
one of the four upstream units of Chevron Corporation.  
Chevron is one of the world’s leading integrated ener-
gy companies, with subsidiaries that conduct business 
across the globe.  More information about Chevron is 
available at 

www.chevron.com 
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Th is Valley is envisioned to be the Middle East’s most 
prestigious research and technology development nucle-
us with comprehensive business support. Th e Valley is 
being set to provide infrastructure for R&D to fl ourish 
in the Kingdom. 

Flourishing landscaped surroundings of Dhahran Tech-
no-Valley will create the ideal ambience and environ-
ment where innovations transform into successful busi-
ness ventures. It is expected that outstanding services 
plus recreational activities will add to the vibrancy and 
networking amongst tenants in the Valley Community. 
Academia support from KFUPM is a commitment that 
can be counted upon. Other leading technological and 
scientifi c institutions in the area will also be fully utilized. 
Dhahran Techno-Valley is destined to gather national 
and international research centers in one location. 

Interaction between world-class researchers in an easily 
accessible facility will be promoted. Infrastructure for the 
state-of-the-art specialized and sophisticated equipment 
and test facilities will be provided. It will also house a 
business incubator that serves to nurture promising new 
technical and IT companies. Th ese companies would 
create new jobs and serve the existing business and in-
dustries. Th e Techno-Valley will be a vehicle for promot-
ing inter-disciplinary interaction among researchers and 
businesses to tackle the emerging challenges of our soci-
etal and technical issues. 

Dhahran Techno-Valley 
Th e Schlumberger research center is the fi rst fully opera-
tional center at the valley. 

Additionally, the DTV is also enjoying very strong col-
laborative relationships with giant national companies 
such as Saudi Aramco, SABIC and SEC; and interna-
tional companies such as Nippon, Intel, Ciba and JCCP. 
We are also looking forward to see these relationships 
develop to a strong alliance and true partnership in the 
near future resulting in more centers being built in the 
Valley.  

As part of its strategic plan, KFUPM views the com-
mercialization of its developed technologies as crucial 
in today’s economic climate. It has one of the most ro-
bust commercialization strategies of any university and 
is pro-active in licensing. One of the examples is the 
joint KFUPM, Saudi Aramco and Nippon endeavor in 
developing a refi ning technology that is licensable and 
targeted for commercialization. 

We welcome you to explore the far reaching possibilities 
in working together with us. 

Let us venture into this endeavor together which we call 
“a local mission with a global vision”. 

http://dtv.kfupm.edu.sa/index.htm 

King Abdulaziz City for Science and Technology 
(KACST) is an independent scientifi c organization ad-
ministratively reporting to the Prime Minister. KACST 
is both the Saudi Arabian national science agency and 
its national laboratories. Th e science agency function in-
volves science and technology policy making, data col-

King Abdulaziz City for Science and 
Technology (KACST)

lection, funding of external research, and services such 
as the patent offi  ce. KACST has currently over 2500 
employees 

http://www.kacst.edu.sa

64



OGEP II Exhibitors

King Abdulaziz University carries the name of the estab-
lisher of Saudi Arabia – God bless him. Th is university 
was established in 1387H/1967G as a national univer-
sity aimed at spreading higher education in the western 
area of Saudi Arabia. Th is dream has come true through 
the continuous eff orts of the loyal citizens of this coun-
try. Th e members of the initiating committee had the 
chance to meet King Faisal Bin Abdulaziz – God bless 
him – and His Majesty showed all support for this idea. 
Th e establishing committee was formed headed by King 
Faisal- God bless him and his highness the Minister of 
Education at that time Sheikh Hasan Bin Abdullah Al 
Al- Sheikh. 

Th e university began in (1388h-1968g) by inaugurat-
ing the preparation study program with a few students 
(68 male and 30 female students), the following year 
the university inaugurated its fi rst college (the College of 
Economics and Management)and a year later the college 
of Arts and Human Sciences was established. 

After the honored resolution of the Council of Minis-
ters in (1394h-1974g) to include the university in the 
government, the national university was changed into 
a government university and a decision was issued at 
the same time to include the College of Shareah and 
the College of Higher Education already established in 
1369h-1949g in Mekka in King Abdulaziz University. 
Th ese two colleges followed Omm Al-Qora University 
after it was established. 

Th e adoption by the government of this young university 
and its continuous support had a great eff ect on chang-
ing King Abdulaziz University to a modern university 
with male and female students numbering 82,152. Th e 
university also occupies a distinguished place among 
higher education institutions in the Kingdom. 

King Abdulaziz University includes two separate cam-
puses according to Islamic regulations, one for males 
and another for females. Each of these campuses is pro-
vided with all cultural, recreational and athletic facili-
ties, in addition to a big library equipped with the most 

King Abdulaziz University

up-to-date technology to serve students and the teach-
ing staff . 

Within four decades, the university became one of the 
outstanding higher education institutions at local and 
international level. Th is university off ers educational 
programs for preparing graduates to do jobs that cope 
with the changing needs of the community. 

Once established, the university included branches for 
other universities like Teeba University in Al-Madina 
Al-Monawarah, which became an independent univer-
sity in (1424h – 2003g),  Tabouk University and Jasan 
University, which also became independent universities, 
the North Borders University and Araar and Rafha col-
leges. 

Th e university has witnessed much development in qual-
ity and quantity since it was established and has become 
one of the most distinguished universities in terms of 
the number of students, the number of scientifi c and 
theoretical fi elds of study and the exclusiveness of cer-
tain specializations such as Seas Sciences, Geology, Nu-
clear Engineering, Medical Engineering, Meteorology 
and Aviation and Mineralization. 

King Abdulaziz University is considered a pioneer in of-
fering higher education to Saudi women – the female 
and male sections were inaugurated in the same year. 

Th e University not only has its regular student program, 
but it also has an external program to make it easy for 
all students to get a higher education. It also established 
the Deanship of Distant Teaching to cope with develop-
ments in learning and teaching technology.  

Th e Minister of Higher Education presides over the 
University Council, which includes in its membership 
HE the Director of the university, the Deputies of the 
university, the deans of colleges and the independent 
deanships 

http://www.kau.edu.sa
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Vision and Mission 

Vision
KAUST will be a globally renowned graduate research 
university that makes signifi cant contributions to sci-
entifi c and technological advancement, and will play a 
crucial role in the development of Saudi Arabia and the 
world. 

By 2020, KAUST will be characterized by:  

1. Cutting-edge, basic and goal-oriented research in sci-
ence and technology comparable to that of the world’s 
top 10 science and technology universities, the success 
of which will be demonstrated by 

• publications in Science, Nature, and other prestigious 
professional journals;  
• a signifi cant number of scientifi c discoveries and tech-
nological innovations; 
• a high average citation index (ISI) among KAUST fac-
ulty.  

2. A focus on research and academic activities in areas 
where KAUST can be exceptional by global standards. 
Th e focus will be on impact rather than quantity, and 
KAUST will have Research Centers that are recognized 
as world leaders in their fi elds.  

3. Graduates who are highly trained and skilled and will 
have the capabilities and drive to be leaders in education 
and business.  

4. Research and commercialization activities that demon-
strably contribute to the diversifi cation and strengthen-
ing of the Saudi economy, as measured by job creation, 
and new industry development and growth in GDP per 
capita.  

5. A diversifi ed and sustainable revenue base that sup-
ports both its operating and capital requirements.  

Mission 
KAUST advances science and technology through bold 
and collaborative research. It educates scientifi c and 
technological leaders, catalyzes the diversifi cation of the 

King Abdullah University of Science and 
Technology (KAUST)

Saudi economy and addresses challenges of regional and 
global signifi cance, thereby serving the Kingdom, the 
region and the world. 

Research and education, as well as their transformative 
potential, are central to KAUST’s mission. KAUST has 
a three-part mission:  

• Research at KAUST – both basic and goal-oriented 
– is dedicated to advancing science and technology of 
regional and global impact. Research excellence inspires 
teaching and the training of future leaders in science and 
technology.  
• Research and education at KAUST energize innova-
tion and enterprise to support knowledge-based eco-
nomic diversifi cation.  
• Th rough the synergy of science and technology, and 
innovation and enterprise, KAUST is a catalyst for 
transforming people’s lives.  

Values 
Members of the University community are committed 
to the values of achievement, passion, inspiration, diver-
sity, openness and integrity. At all times, KAUST com-
munity members need to behave in ways that uphold 
these values, both as individuals and as representatives 
of the University.  

• Achievement: Determination to advance science and 
engineering for the welfare of all mankind.  
• Passion: Pursuit of the KAUST mission with enthusi-
asm and confi dence and seeking individuals who share 
that passion.  
• Inspiration: Commitment to stimulate inspiration and 
celebrate those with the ability to inspire others.  
• Diversity: Collaboration among scientists, researchers, 
and students from diff erent disciplines, nationalities, 
and cultural backgrounds.  
• Openness: Openness which allows students and fac-
ulty to think clearly, study freely, and examine complex 
problems though the clear light of reason  
• Integrity: Commitment to uphold the highest stand-
ards of moral, ethical, and professional conduct. 
• Citizenship: Be a good neighbor and strive to make 
apositive impact on the University’s surroundings 

http://www.kaust.edu.sa
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KFUPM is an institution of higher learning committed 
to: 

a. Preparing professionals empowered with the knowl-
edge, skills, values and confi dence to take a leadership 
role in the development of the Kingdom in the fi elds 
of science, engineering, environmental design and busi-
ness.  

b. Producing research that contributes to the knowledge 

King Fahd University of Petroleum and
Minerals (KFUPM)

and sustainable development of the Kingdom and re-
gion by providing innovative solutions to identifi ed eco-
nomic and technical problems and opportunities.  

c. Providing a stimulating campus environment for the 
welfare of its students, faculty and staff , and off ering 
outstanding professional services and out-reach pro-
grams to the society at large. 

http://www.kfupm.edu.sa

Establishing Saudi Arabia’s fi rst university was a re-
sponse to the educational and professional needs of a 
young nation. Abdulaziz Al-Saud, proclaimed the King 
in 1932, began laying the foundations for modernizing 
his country and establishing an educational system. In 
1953, Saud, the eldest son of Abdulaziz, acceded to the 
throne upon his father’s death. He would soon institute 
the Council of Ministers and establish the Ministry of 
Education. 

Prince Fahd, who would eventually become the Saudi 
King himself, assumed the offi  ce of the fi rst Minister of 
Education, and following the fi rst session of the Council 
of Ministers, he announced, “We will shortly establish 
the fi rst Saudi University, this is a foregone conclusion. 
Th is university will be one of the most prominent houses 
of culture and sciences and will be worthy of our coun-
try where the light of Islamic faith and civilization has 
emanated.” Th e Kingdom’s fi rst institute of higher edu-
cation, King Saud University, was subsequently opened 
in Riyadh in 1957.  

Prince Fahd was committed to promoting higher educa-

King Saud University (KSU)
tion, and once said, “I am interested, before anything 
else, in supporting higher and vocational education in 
this country in order to add a new and illustrious chap-
ter to our glorious history. 

“Establishing a Saudi university with all its colleges, in-
stitutes and laboratories, built according to the highest 
of standards, is my immediate concern.”  

In 1957, according to the dictates of Royal Decree No. 
17, Prince Fahd announced the founding of King Saud 
University, established in order to, “Disseminate and 
promote knowledge in Our Kingdom for widening 
the base of scientifi c and literary study, and for keeping 
abreast with other nations in the arts and sciences and 
for contributing with them discovery and invention”, 
in addition to “reviving Islamic civilization and articu-
lating its benefi ts and glories, along with its ambitions 
to nurture the young virtuously and to guarantee their 
healthy minds and ethics.” 

www.ksu.edu.sa
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Th e Ministry of Petroleum and Minerals – DMMR 
– currently has nearly 500 staff  serving mainly in the 
following three divisions:  

• Offi  ce of the Deputy Minister for Mineral Resources. 

• Offi  ce of the Assistant Deputy Minister for Finance 
and Administration. 

• Offi  ce of the Assistant Deputy Minister for mining 
Investment. 

Principal activities of the DMMR involve implementa-
tion of the Mining Code and promotion and licensing of 
mining development, mining investment, supervision, 
fee collection, safety, and environmental protection.

Before 1999 when the Saudi Geological Survey was 
established, the DMMR produced geologic maps and 
other information of importance in minerals explora-
tion, and conducted numerous exploration programs.  
For example, in 1987 the DMMR carried out a gold 
exploration program that led to signifi cant discoveries at 
Al Hajar, Hamdah, Ad Duwayah and Zalim. Base metals 
and industrial minerals occurrences were also discovered.  
In 1993, DMMR published the Saudi Arabian Atlas of 
Industrial Minerals and in 1994 the Mineral Resources 
of Saudi Arabia reference books. Recently, DMMR has 
compiled a comprehensive database on the geology and 
mineral resources of the Kingdom. In 2002 a compre-
hensive strategy for mineral development in Saudi Ara-
bia was adopted to attract private sector investment in 
minerals projects.

The Ministry of Petroleum and Minerals

Schlumberger is the leading oilfi eld services provider, 
trusted to deliver superior results and improved E&P 
performance for oil and gas companies around the 
world. Th rough our well site operations and in our 
research and engineering facilities, we are working to 

Schlumberger

develop products, services and solutions that optimize 
customer performance in a safe and environmentally 
sound manner 

http://www.slb.com/
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South Rub Al-Khali Company Limited (SRAK) is a 
50/50 incorporated Joint Venture between Shell & Sau-
di Aramco. SRAK was formed on 17 December 2003 
and commenced operations on 26 January 2004.  

Business objectives: 

• To explore for, and commercially develop, non-as-
sociated gas, condensate and natural gas liquids in the 
awarded Contract Areas under the terms of the Up-
stream Project Agreement (UPA). 

• To build a sustainable long-term business in the king-
dom through the development of business relationships 
with key stakeholders. 

Accomplishments during the First Exploration Period 
(January 2004 to July 2010): 

• Completion of one of the largest high-resolution air-
borne gravity surveys in the world (144,055 km).  

• Acquiring circa 24,864 km of 2D seismic data, 759 
km2 of 3D seismic data and 6000 km of Low Frequency 
data.  

• Th e new data acquired and processed by SRAK pro-
vided a better understanding of the geological aspects 
and, thus, more success opportunities. 

• Completion of the drilling of 7 exploration wells. 

• Successful testing of Kidan-6 well. Gas fl owed from 
this well at 90 mmscfd.  

SRAK has entered into the Second Exploration period 
starting from 26 July 2010. 

South Rub Al-Khali Company Limited (SRAK)
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OGEP II Opening Ceremony

Khalid Sultan, Abdulrahman AlAbdul Karim, Yahya Shinawi and Sahel Abdul Jauwad at the opening ceremony.

Dr. Abdulrahman Saleh Al-Jarri, Saudi Aramco. Mr. Yahya Shinawi. 
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OGEP II Opening Ceremony

Khalid Buraik, Saudi Aramco.

Director General MOPM Abdulrahman AlAbdul Karim.Dr. Sahel Abdul Jauwad, Vice Rector for Graduate Studies & 
Scientific Research.

Dr Abdulaziz Al Majed.
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OGEP II Awards

Khalid Sultan, Amin Nasser, Saudi Aramco, and Abdulrahman 
AlAbdul Karim.

Khalid Sultan and Mohammed Al Marri, Saudi Arabian Chevron.

Sherif Foda, Schlumberger, and Abdulrahman AlAbdul Karim.

Khalid Sultan and Abdulrahman AlAbdul Karim.

Khalid Sultan and Yahya Kamal, SRAK.

Khalid Sultan and Wajid Rasheed.
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OGEP II Awards

Khalid Buhairan and Dr. Sahel Abdul Jauwad.

Samer Ashgar and Mr. Yahya Shinawi.Yahya Shinawi and Tariq Alkhalifah. 

Salam Al Salamy and Dr. Sahel Abdul Jauwad.  

Sara Khattab and Yahya Shinawi. Sidqi Bukhamseen and Dr. Sahel Abdul Jauwad. 
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OGEP II Exhibition

Dr Abdulaziz Al Majed leads a walkabout of the exhibition with OGEP II dignitaries. 
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OGEP II Exhibition

Dignitaries visit the Saudi Arabia Oil and Gas stand.
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OGEP II Speakers

Abdul Hameed Al Rushaid.

Salam Al Salamy.

Ashraf Tahini.

GaneshThakur.

Ford Brett.

Abdullah Al Naim.

Nigel Middleton. 

Andrew Gould.

Mark Weichold.
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OGEP II Speakers

Abdulaziz Ibn Laboun gives a presentation on the stratigraphy of the KSA.

Sami Al Nuaim, Saudi Aramco. Emad El Rafie, Saudi Aramco.
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Towards Green Computing Using
Diskless High Performance Clusters 

By Khaled Salah, KFUPM, Raed Al Shaikh, Saudi Aramco, and Mohamad Sindi, Saudi Aramco. 

This paper was prepared for presentation at the 2nd Saudi Meeting on Oil and Natural Gas Exploration and Production Technologies (OGEP 
2010) held at the King Fahd University of Petroleum & Minerals (KFUPM) Campus in Dhahran, Kingdom of Saudi Arabia, December 18-20, 
2010.

Abstract 
In recent years, signifi cant research has been conducted 
to boost the performance and increase the reliability of 
high performance computing (HPC) clusters.  Such 
clusters are being used by Saudi Aramco’s Exploration 
Computer Center (ECC) for oil reservoir simulations 
and exploration. As the number of compute nodes in 
modern HPC clusters continues to grow, it is critical to 
design clusters with low power consumption and low 
failure rate. In particular, it is widely known that the 
internal disk drives of compute nodes (in the case of dis-
kfull clusters) are a major source of failures.  In addition, 
these diskfull HPC clusters tend to require more power 
and cooling requirements compared to diskless clusters. 
Our growing needs for the latest and most effi  cient high 
performance computing solutions in Saudi Aramco has 
given us the opportunity to implement and evaluate the 
diskless concept for HPC Linux clusters. In this paper, 
we propose and implement a large-scale Infi niband-based 
diskless HPC cluster. Th e paper presents the cluster con-
fi guration and evaluates its performance using various 
High Performance LINPACK (HPL) benchmarks. Th e 
performance is measured in terms of the overall effi  cien-
cy, speed in Giga-Floating Point Operations per Second 
(GFLOPS), and HPL execution time. We also measure 
temperature and power consumption. We compare the 
performance measurements of our diskless cluster to its 
diskfull counterpart.  For our measurement and com-
parison, we consider three cluster sizes of 32, 64, and 
126 compute nodes. 

Introduction 
Ever since the petroleum industry started using oil res-
ervoir simulations in the oil and gas industry, some of 
its biggest challenges have been the delivery of high per-

formance computational power for such simulations. To-
day, our exploration computer center in Saudi Aramco is 
home for thousands of Linux clustered nodes with some 
of the latest technologies in the HPC industry, such as 
Intel’s Nehalem processors, along with some of the latest 
interconnectivity technologies, such as Infi niband and 
Myrinet. By utilizing these combinations, our Explora-
tion Computer Center (ECC) is able to process more 
data than ever before, thereby supporting our company’s 
strategy to stabilize the energy supply to the world for 
many years to come. At the same time, we have been 
witnessing a growing interest and research in improv-
ing the performance and reliability of the high perform-
ance computing components and infrastructure; power 
and cooling have become a major issue in designing 
High Performance Computing (HPC) solutions. Green 
Top500 [1] was established primarily to address this con-
cern. For all those reasons, many HPC providers and 
HPC centers are striving to attain all these goals with 
the least amount of side-eff ects possible. One of these 
attempts is researching the diskless HPC systems. 

Diskless HPC clusters consist of compute nodes with 
no local disks. Instead, the compute nodes get their OS 
image during boot-up by using a centrally located device 
(or disk node) over a local LAN. In some designs, an in-
ternal network (e.g. 1 Gbps Ethernet) is used to provide 
not only inter-processor communications (IPC) among 
compute nodes, but also a medium for booting and 
fi le transmission. In other advanced designs, the IPC 
communication is carried out on a separate extremely 
high-speed interconnect technology such as Infi niband 
or Myrinet. Each diskless compute node boots through 
the NIC’s boot ROM with a small bootstrap, and then 
uses either protocols such as BOOTP, DHCP, or NIC’s 
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Preboot Execution Environment (PXE) to get the OS 
image from a remote machine.  Typically, a broadcast 
BOOTP request is fi rst sent to a DHCP server to obtain 
an IP address. Th en, the compute node sends a request 
to the TFTP server to get the boot image, point to the 
OS image, and start the booting process. During boot-
ing, all the necessary system fi les get transmitted through 
the network. Th e compute node completes the bootup 
when the remote fi le system is mounted as root fi le sys-
tem (NFS_ROOT). 

Th ere is a number of obvious advantages to diskless 
clusters. First, the cost per cluster node becomes lower. 
Nowadays, the average cost of a server-level disk is about 
$200 [2]. Th is translates to $102,400 for a 512 nodes 
cluster. Second, diskless clusters have smaller footprints, 
i.e, lower power and cooling requirements. Th ird, cluster 
confi guration and setup are consistent. In a diskfull clus-
ter, system administrators spend considerable amount of 
time in developing and running script to ensure identi-
cal installations of OS images and fi les for all individual 
cluster nodes.  In diskless cluster, since all nodes bootup 
over a network from a centralized disk server, identical 
OS images and installation fi les are ensured, thereby 
achieving system and fi le consistency across all compute 
nodes.  

Th e real advantage to diskless clusters, however, is the 
reduced maintenance, or downtimes. With diskless sys-
tems, all mechanical parts – apart from the internal fans 
– are eliminated. For example, the mean time between 
failures (MTBF) of an internal disk is reported to be 
300,000 hours, or 34 years of continuous operation [3]. 
Th us, if there is a cluster of 100 nodes, 3 to 4 disks will 
be replaced every year. If there is a cluster with 12,000 
nodes, then on average, a disk fails every 25 hours, or 
around every day. 

Discussion 
To perform our diskless vs. diskfull benchmark evalu-
ation, a DELL cluster of PowerEdge M610 Blade 

Servers was used. Th e cluster consisted of 126 nodes 
with dual sockets and Intel QuadCore X5570 
(Nehalem) 2.93GHz processors. Th e operating sys-
tem running on the nodes was RedHat Enterprise 
Linux Server 5.3 with the 2.6.18-128.el5 kernel. Each 
node was equipped with an Infi niband Host Channel 
Adapter (HCA) supporting 4x Double Data Rate (DDR) 
connections with the speed of 16Gbps, and 1Gbps Eth-
ernet connection. Th e Infi niband connection was used 
for the actual inter-process communication while the 
Ethernet connection was mainly used for the OS im-
age boot-up and remote access. Each node also had 12 
GB (6 x 2GB) DDR3 1333MHz of memory, therefore, 
the total amount of memory the system had was around 
1.5TB. 

A disk node in the cluster was sharing a Linux ext3 fi le 
system as a network fi le system (NFS) among the 126 
nodes of the cluster. Th is fi le system contained the home 
directory of the test user that was launching the High 
Performance LINPACK (HPL) [4] benchmarks as well 
as the HPL binary, Intel compilers, Intel Math Kernel 
Libraries (MKL), and Intel MPI libraries. Th is helped 
in providing shared access to all of the 126 nodes of the 
cluster instead of having to propagate multiple copies 
of these items to all of the nodes. Th e disk node was 
also hosting the NFS_ROOT fi le system containing the 
operating system that will be shared among the disk-
less clients via network.  All nodes had SSH trust keys 
between them so no password was needed for access. In 
addition to the 126 nodes, one management node was 
used to monitor and maintain the cluster and two sub-
net managers for the Infi niband interconnect network 
were available in an active/passive setup to manage the 
Infi niband network. 

To measure and compare performance, we used “LIN-
PACK” benchmark. LINPACK is one of the standard 
benchmarking tools for HPC and is a collection of For-
tran subroutines that analyze and solve linear equations 
and linear least-squares problems. 
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Tuning the input fi le parameters for HPL can be a chal-
lenging task. For each cluster size that we were evaluat-
ing, a diff erent tuned HPL input fi le had to be gener-
ated. We used the Top500 HPL Calculator tool to aid 
us in fi nding the tuned parameters for the various cluster 
sizes we were evaluating [5]. 

All measurements reported were the average readings of 
three runs. Th e performance is measured and compared 
for both diskless and diskfull clusters while varying the 
cluster size. We study and measure the performance in 
terms of HPL effi  ciency, GFLOPS, HPL runtime and 
IO node disk and network utilizations. We also ex-
amined the disk swapping eff ect on the diskless high 
performance cluster. LINPACK effi  ciency is obtained 
by dividing the theoretical peak speed (Rpeak) by the 
maximal LINPACK speed achieved (Rmax). As Fig. 1 
and 2 illustrate, the diskless cluster provided comparable 
effi  ciency to the diskfull and slightly outperformed the 
diskfull in terms of execution speed. 

Summary/Conclusion 
Diskless HPC clusters are becoming a compelling alter-
native with greater benefi ts when compared to diskfull 
clusters, particularly in terms of reducing power con-
sumption and failure rate. In this paper, we have present-
ed a design and a confi guration of a state-of- the-art dis-
kless cluster using Infi niband-interconnect technology.  
Our cluster consisted of 126 compute nodes equipped 
with quad-core processors. We measured and evaluated 
the performance of such a cluster in terms of key met-
rics which include overall effi  ciency, execution speed 
(in GFLOPS), and execution time. We also measured 
temperature and power consumption. Th ese measure-
ments of diskless cluster were compared to its respective 
diskfull cluster, considering three cluster sizes of 32, 64, 
and 126 compute nodes. Our results show that diskless 
clusters yield comparable performance to diskfull clus-
ters, and in some cases outperform the diskfull. In terms 
of power consumption, diskless clusters clearly win with 
power saving of at least 3 Watts per node.  

On the other hand, diskless clusters have shortcom-

ings. For one, diskless clusters require ample of RAM. 
It was demonstrated that if compute nodes are forced 
to perform disk swapping by decreasing their available 
memory, the compute nodes will freeze.  Another obvi-
ous shortcoming is that the disk node in a diskless clus-
ter can be a single point of failure.  However, these two 
shortcomings can be alleviated by increasing the RAM of 
compute nodes and by having more reliable disk nodes 
that use advanced network storage technologies such as 
NAS and RAID technology. 

As a future study, we plan to expand the size of the In-
fi niband diskless cluster to include 512 compute nodes, 
and then investigate its performance. We also plan to 
evaluate diskless cluster performance when using other 
popular benchmarks such as the Intel MPI Benchmarks 
(IMB) [6] which gives more insight on MPI behavior and 
performance. We are also considering measuring the per-
formance of diskless clusters when using 10 Gbps Ether-
net for IPC communication instead of Infi niband. 
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Integration of Production and Image Logging 
in Horizontal Wells for Accurate Evaluation 
and Well Performance
By Leak-Wah Ong, A. R. Al-Belowi, Razally M. Ali (Saudi Aramco), Arash Soleimani, Shauket Malik, 
Adnan Basyouni and Murat Zaybek (Schlumberger)

Integration of production and image logging in hori-
zontal wells will accurately evaluate well performance 
and enhance completion design. Due to the existence 
of multi phase complex fl ow regimes in horizontal wells, 
advanced multi spinners and sensors tools are required 
for accurate fl uid entry determinations. Th ese entry in-
tervals need to be studied for better understanding with 
integration of image log.  

In this paper, several comprehensive fi eld examples are 
presented with the integration of production and image 
logging as well as all available open hole logs in hori-

zontal wells for better understanding of reservoir charac-
terization in a highly layered, giant carbonate reservoir. 
As more horizontal wells are drilled and completed with 
infl ow control devices, better understanding of reservoir 
characterization becomes necessary for completion de-
sign along with shut off . Th e examples show the identi-
fi cation of the oil and water entry intervals and the de-
tailed evaluation of those intervals with image and open 
hole logs. It has been observed that certain geological  
features can dominate the fl ow and provide useful infor-
mation. In addition, examples are also presented with 
shut off  including well performance.   

OGEP II Abstract

North Ghawar Producing Department has some 
ongoing eff orts concentrating on optimization the 
chemical consumption in NGPD facilities. One of 
these eff orts is developing the automated demulsi-
fi er injection system. Th e developed system has ad-
vanced control system such that the optimum dosage 
rate is calculated and adjusted automatically by the 
developed control system without the need of hu-
man interface. Th e advanced automated demulsifi er 
injection system takes in consideration the variation 
of the following parameters: voltage level in both De-
hydrator and Desalter Traps, formation water out of 

Demulsifi er Optimization Using
Advanced Controller (ADC)
By Bandar J. Al-Qahtani, Saudi Aramco.

Dehydrator Trap, the temperature of High Pressure 
Production Trap (HPPT) and the BS&W of the oil 
output. It has strategy that consists of four Modes 
and six bands. Th e new advanced automated chemi-
cal control systems have been developed and imple-
mented in the most of NGPD GOSPs and they have 
resulted in tremendous reduction of the chemical 
consumption while they are maintaining the oil prod-
uct specifi cations. Th e presentation considers mainly 
the advanced automated demulsifi er injection system. 
It will show the overview setup, factors, parameters, 
strategy of the control system and the advantages.
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On a Nonlinear Programming-Based 
Transmission Expansion Planning  

By Zakariya Mahmoud Al-Hamouz, and Ali Sadiq Al-Faraj. 

This paper was prepared for presentation at the 2nd Saudi Meeting on Oil and Natural Gas Exploration and Production Technologies (OGEP 
2010) held at the King Fahd University of Petroleum & Minerals (KFUPM) Campus in Dhahran, Kingdom of Saudi Arabia, December 18-20, 
2010.

Abstract 
A modifi ed formulation of the transmission expansion 
planning (TEP) problem is proposed by including the 
corona term. Consequently, the objective function in-
cludes the costs of investment, ohmic loss and corona, 
which reveals a highly nonlinear function. Hence, non-
linear programming optimization techniques are used to 
solve such a problem. 

Th e new formulation has been applied to the well-
known Garver’s 6-bus system. It has been found that for 
a range of tariff s of kWh, the total cost of the expanded 
network (when including the corona power loss) is less 
than that when excluding this new term. 

Comparison with previously reported work is also in-
cluded. 

Introduction 
Th e general form of the TEP can be stated as follows, 
given 

(1) the load-generation pattern at a target year, 
(2) the existing network confi guration, 
(3) all possible routes (length and right of way), and 
(4) line types 

Th e planner has to estimate the most economic network 
which feeds the loads with the required degree of quality 
and realizes a pre-specifi ed reliability level.  

Th e optimization techniques, such as linear program-
ming, quadratic programming and nonlinear program-
ming, in addition to heuristic techniques have been 

adopted by many investigators in solving the problem. 

New optimization techniques, like simulated annealing, 
genetic algorithm and Tabu search, received great atten-
tion of researchers for handling large TEP problems. 

In the present work, a new term (corona) has been added 
to the TEP problem. Th is results in a nonlinear objective 
function which is solved by a nonlinear programming 
subroutine. Th e eff ect of corona on the TEP process and 
its cost has been investigated. 

Discussion 
I. Mathematical Formulation 
Th e new formulation proposed in this paper can be writ-
ten mathematically as: 

Minimize: 

∑ cost of investment + ∑ cost of ohmic loss + ∑ cost of 
corona 

Subject to: 

1) Power balance at each bus. 
2) Kirchoff ’s voltage law on each closed basic loop. 
3) Line fl ow, conductor radius, & spacing constraints. 

II. Method of Solution 
Th e ohmic loss on all lines and the corona loss on the 
new lines are considered in addition to the capital in-
vestment of the new lines. Th e optimization technique 
used here is the nonlinear programming MATLAB sub-
routine. Th e steps of solution are as follows: 
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Step (1) 
Formulate the system, where the objective function in-
cludes the costs of investment and corona loss of new 
lines and the cost of ohmic loss of all lines. 

Step (2) 
Use the nonlinear programming MATLAB-based sub-
routine to obtain the power fl ows on the existing lines 
and overloaded routes. 

Step (3) 
Search for the maximum-overload route and add a line 
there, and if the maximum overload is still on that route, 
another line will be added. If the maximum overload 
becomes on another route, a line will be added there 
and the process continues until the maximum overload 
becomes again on one of those routes previously having 
a maximum overload in this iteration. At this time, step 
four takes place. 

Step (4) 
Reformulate the problem taking into consideration the 
new line additions made in the third step. Th e process 
continues until no overload exists and fi nally a DC load 
fl ow is made [7]. 

III. Application of the Proposed Transmission Ex-
pansion Planning Method 
Th e proposed method is applied to the Garver’s system 
shown in Fig. 1. 

IV. Results and Discussion 
In the following subsection, the detailed process of ex-
pansion is presented when corona power loss is includ-
ed. Th e same process applies for the case when corona 
is excluded. 

A minimization of the objective function subject to the 
specifi ed constraints has been done using the nonlinear 
programming. Th e power fl ows obtained in the fi rst it-
eration are given in table 3. It is clear that the 6-2 route 
has the maximum overload. Th erefore, a line is added 
(with a 100-MW capacity) to this route. After this ad-
dition, the maximum overload is now shifted to the 6-4 
path. Hence, a line is added to this path. As a result, 
the overload is back on the 6-2 path, which has been 
encountered before in this iteration. Th erefore, the line 
addition is stopped and the objective function and con-
straints are reformulated taking into account that the 
two added lines are now existing ones. 

Th e power fl ows of the second iteration are shown in 
table 4. It can be seen that the maximum overload is 
carried by the route 6-2. A line is added to this route.  
Consequently, a line in each path is added to paths 6-
4, 3-5 and 6-3 respectively. After these additions, the 
maximum overload is back on the route 6-2. Th erefore, 
line addition in this iteration is terminated and refor-
mulation of the objective function and constraints is 
prepared to obtain a new set of power fl ows. 
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Th is process of adding new lines and minimizing the 
objective function subject to the specifi ed constraints is 
repeated until no overload exists. Fig. 2 shows the power 
fl ows and the number of added lines on the fi nal ex-
panded network. 

Table 5 shows the total expansion cost. Th e second and 
third columns represent the total expansion cost for dif-
ferent tariff s in cent/kWh when corona is not included, 
while column four represents the total expansion cost 
when corona is included. 

As it can be seen from this table, the total cost is larger 
in the corona case when the tariff  is 1 cent/kWh. On 
the other hand, the total cost will be smaller when 
including corona at a tariff  of 2 cent/kWh or higher. 
For example, when the tariff  is 4 cent/kWh, a saving of 
15.64 million dollars can be achieved in the life time of 
the network when compared to the present expansion 
when corona loss is not included. Th erefore, it is worth 
including the corona power loss term in the expansion 
process. 

Summary/Conclusion 
A modifi ed formulation of the objective function for 
TEP is proposed. A new term has been included which 
is the corona loss. Th e eff ect of this new formulation on 
the expansion process has been investigated. Compari-
son with previously reported expansion of the Garver’s 
system is presented. It has been shown that including 
the corona power loss term leads to more economical 
expanded network, i.e., the total cost of investment, 
ohmic power loss and corona power loss is less for a cer-
tain range of tariff s of cent/kWh. 
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Dhahran Techno Valley – the Hub 
of Oil and Gas Research Centers
By Dr. Amjad A. Shaikh, Dhahran Techno Valley Assistant Professor (Dept. of Chemical Engineering), 
King Fahd University of Petroleum & Minerals, Dhahran,   Saudi Arabia – 31261

Dhahran Techno Valley was established at the dawn of 
this decade. Th e inspiration of the establishment lies 
in the national agenda of economic development. Th e 
Kingdom envisions evolving its economic development 
which is based on resource to knowledge based.  

In order for this evolution to proceed certain conditions 
are required to be met. For a knowledge based society, 
the creation of organizations or institutions which can 
deliver knowledge to that society is one such rquirement. 
Th e early decades of the 1960s and 1970s saw the estab-
lishment of universities in the Kingdom. Th e number of 
universities has now grown to 26, two of which boast to 
be in the top 400 of world rankings. Historically, uni-
versities are at the forefront in training and knowledge 
dissemination.  It is now widely accepted that besides 
knowledge dissemination, universities can also play a vi-
tal role in the economic development of the region. Th is 
new role is popularly described as the third mission of 
the universities.  

World class universities such as MIT, Stanford, 
Cambridge and Oxford, to name but a few, have dem-
onstrated how successfully universities can contribute to 
the economic wellbeing of the region. Th is is achieved 
because the universities have worked closely with 
industries to improve knowledge spillovers, and this has 
been supported eff ectively by the government, which 
acted as a policy maker, thus providing the necessary 
tools to encourage the development of the local region. 
Th is unique relationship between industry, university 
and government is termed as the triple helix model 
of economic development. Th e success of world-class 
universities shows that the adaptation of this model is 
crucial in bringing regional economic growth. In or-
der to manage this new-found responsibility eff ect-
ively, universities have set up new entities such as tech-
nology transfer offi  ces, innovation centers, science parks, 
etc. 

Th e establishment of Dhahran Techno Valley is part of 

Dhahran Techno Valley

World class universities such as MIT, Stanford, 
Cambridge and Oxford, to name but a

few, have demonstrated how successfully
universities can contribute to the economic 

wellbeing of the region.
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Dhahran Techno Valley

this big picture. It constitutes several entities, such as 
King Abdullah Science Park (KASP), Innovation Center 
(IC), Consultancy & Liaison Offi  ce and Business Incu-
bation. Th ese entities work integrally to protect knowl-
edge creation, facilitate industry collaboration, encour-
age entrepreneurship, support innovation and enhance 
knowledge transfer from/to the university. 

Th e King Abdullah Science Park at Dhahran Techno Val-
ley hosts a number of multinational companies. Among 
these are such giants among oilfi eld service companies as 
Schlumberger, Halliburton, Baker Hughes and Weath-
erford. Th ese companies have shown great interest and 
commitment by signing agreements to establish world-
class research centers. Th is has made KASP the only 
science park in the world with such a large concentra-
tion of top oil fi eld service companies. It is not surpris-
ing for many that it is located beside the world’s number 
#1 oil company, Saudi Aramco, and the Middle East’s 
best university, King Fahd University of Petroleum and 
Minerals.  

Th e presence of these companies will lead to quality in-
teraction with the university, which will translate into 
joint collaborative research, student training and recruit-
ment, availing top quality researchers and faculty work-
ing on innovative solutions, access to library resources 

and testing facilities, etc. Such an interaction will create 
an ecosystem in which the companies and the university 
benefi t from each other’s presence.  

Since its inception, Dhahran Techno Valley has achieved 
considerable success. Th is success is measured on the ba-
sis of its outcomes. Typical indicators used to measure 
these outcomes are the number of technology companies 
established, the number of research centers established, 
the number of patents issued and fi led, the number of 
disclosures received and the number of businesses incu-
bated, as shown in Table 1. 

Several of the patents issued are the result of the col-
laborative research between the university and industry. 
Th e Innovation Center at DTV will be launching sev-
eral programs on an innovation framework whereby it 
will consider which patents to bring into the commer-
cialization pipeline.  Th e end product of this commer-
cialization process will either result in a new technology 
licence or a new technology based fi rm.   

Th e future looks very promising for DhahranTechno 
Valley, with the presence of four oil service giants and 
it is yet to see what synergy is created and how this will 
translate into the wider agenda of economic develop-
ment.  
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Picky Refi neries
Refi neries are designed and confi gured to handle a 
specifi c basket of crude, with a distinct preference for 
sweet and light. Over time, meeting this specifi c de-
mand becomes diffi  cult as production from original 
fi elds serving the refi nery declines and new sources and 
new types of crude must be found to keep the refi n-

ery going. Oil companies have several options to keep 
production steady. Th ey can fi nd crude through the 
drill-bit, by acquiring competitors or by buying bar-
rels. Only the last two allow some degree of control, 
but no guarantee of crude blends. Heavy oil from areas 
such as Canada and Venezuela, for example, cannot be 
refi ned at most refi neries. 

Refi ning

Th e downstream process of refi ning is an essential step in adding 
value to crude oil and creating diff erent products made from 

oil and gas. An understanding of how such products are used in 
hydrocarbon applications is the basis of the supply and demand 
equation which ultimately defi nes exits from the Hydrocarbon 

Highway. 

www.hydrocarbonhighway.com 
www.eprasheed.com

“There have been many books concerning the oil industry. Most are technical, some 
historical (e.g. the Prize) and some about the money side. There are few, if  any, about 

the oil industry that the non-technical person will appreciate and gain real insight 
from. Wajid Rasheed in this book, The Hydrocarbon Highway, has made a lovely 

pen sketch of  the oil industry in its entirety. The book begins with the geology of  oil 
and gas formation and continues with the technical aspects of  E & P, distribution, 

refining and marketing which are written in clear language. In particular, the process 
of  oil recovery is outlined simply and with useful examples. There is a short history 

of  how the oil companies have got to where they are, and finally a discussion 
concerning the exits—alternative energy. This is all neatly bundled into 14 chapters 

with many beautiful photographs and a helpful glossary. The book is intended to give 
an overture to the industry without bogging the reader down. I enjoyed the journey 

along the highway.”

“I found the book excellent because it provides a balanced and realistic view of  the 
oil industry and oil as an important source of  energy for the world. It also provides 

accurate information which is required by the industry and the wider public. Recently, 
I read several books about oil which portrayed it as a quickly vanishing energy source.  

It seems that many existing books predict a doomsday scenario for the world as a 
result of  the misperceived energy shortage, which I believe is greatly exaggerated 

and somewhat sensational. Therefore the book bridges the existing gap of  accurate 
information about oil as a necessary source of  energy for the foreseeable future. The 
Hydrocarbon Highway should also help inform public opinion about the oil industry 
and our energy future. It looks at the oil industry in an up-to-date and integrated view 

and considers the most important factors affecting it.”

Professor Richard Dawe of the University of West Indies, Trinidad and Tobago

Dr AbdulAziz Al Majed, the Director of the Centre for Petroleum and Minerals 
at the Research Institute at King Fahd University of Petroleum and Minerals

ISBN 978-0-9561915-0-2
Price UK £29.95 US $39.95

“A crash course in Oil and Energy. The Hydrocarbon Highway is a much-needed 
resource, outlining the real energy challenges we face and potential solutions.”

Steven A. Holditch, SPE, Department Head  of Petroleum Engineering, 
Texas A&M University
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By Wajid Rasheed
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PdVSA (the Venezuelan National Oil Company 
[NOC]) was able to enter the US refi ning and distri-
bution market as can be noted by the many ‘CITGO 
– Cities Services’ gas stations in the South. Th e spread 
of refi ning options enabled PdVSA to swap and trade 
crudes so that its own refi neries could function more 
effi  ciently. Th is is because its heavy oil could only be re-
fi ned at a single location. PdVSA’s purchase of CITGO 
basically ‘guaranteed’ a market for Venezuelan crudes 
through its swaps and trades. 

Th e bulk of global refi neries are found mainly in con-
suming rather than producing countries which in-
volves the costly transportation of crude or unrefi ned 
hydrocarbons1. Th is is a paradox because it would be 
far more effi  cient and far less costly to refi ne products 
near the source and transport the more valuable refi ned 
products to their various markets. It would also provide 
valuable jobs for producing countries. In addition, po-
sitioning refi neries in densely populated consumer na-
tions is problematic because of environmental concerns 
and the ‘nimby’ (‘not in my back yard’) factor.  

Hydrocarbons*, as we have seen in Chapter 3: 
What’s in a Wet Barrel?, are made up of diff erent ar-
rangements of volatile hydrogen and carbon com-
pounds held together by weak Van der Waals 
forces. Variations in the strength and number of inter-
molecular bonds, along with impurities, determine 
the viscosity and the melting and boiling points of 
most hydrocarbon compounds2. Th e stronger these 
forces and bonds, the heavier or more viscous the oil 
will be. As viscosity increases, more kinetic energy is 
needed to overcome the intermolecular forces hold-
ing the hydrogen and carbon together. For this rea-
son, heavy oil is also less fl ammable as its compounds 

are less volatile, again due to increased intermolecu-
lar forces. Th e reverse also applies with much weak-
er forces hold together gas. Illustrating this are the 
two extremes of the hydrocarbon scale: methane gas 
(CH4) and asphaltene (C80H162+)3. 

Homologous Series 
In Chapter 3, we also saw that certain hydrocarbon 
compounds share the same general molecular formula. 
Th ey form part of the homologous series as seen in 
Table 1. Alkanes (or paraffi  ns) are saturated hydrocar-
bons that form the basis of most crude oil and natural 
gas. Th ey have single bonds and are described by the 
general formula (CnH2n+2)4.   

Alkanes  cover the spectrum of petroleum from meth-
ane, ethane, propane, butane (aerosol propellants) and 
pentane to octane (gasoline), nonane (diesel and avia-
tion fuel), hexadecane (fuel oil) and tetracontane (lu-
bricating oil). Hydrocarbons that contain 35 or more 
carbon atoms are generally classed as bitumen, asphalt 
and tar. By far the most important end use of alkanes 
is combustion as fuel to provide heat and electric or 
motive power. In most cases, complete oxidation is 
not achieved, and varying amounts of incompletely 
oxidised fragments, carbon monoxide, and elemental 
carbons are produced5.  

Alkenes
Alkenes are unsaturated hydrocarbons. Th ey have a 
double carbon bond and are characterised by the for-
mula CnH2. Th e simplest alkene is ethene (C2H4) and 
it is often created by the steam cracking of Liquefi ed 
Petroleum Gas (LPG), ethane and light naphtha. 

Ethylenes are used extensively as feedstock in many 

Table 1 - Homologous Series

Where n represents the number of  carbon atoms present.
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industrial products. Th ey form the basis of plastics 
(polyethylene, polypropylene, polystyrene and poly-
vinylchloride or PVC) and industrial alcohol (etha-
nol). Alkenes themselves can also be produced by the 
dehydration of alcohol – see the production of etha-
nol in Chapter 13: Renewable Energy. 

Alkenes are not found in crude oil and are one of 
the most valuable types of organic molecules in the 
chemical industry6.  

Cracking involves heating some of the less used frac-
tions to a high temperature vapour and passing them 
over a suitable hot catalyst. Th e main products from 
cracking alkanes from oil are smaller alkanes (e.g. for 
petrol or diesel) and alkenes (e.g. for plastics). 

Arenes
Arenes (or aromatics) are also unsaturated hydrocar-
bons, but they are characterised by a cyclic arrangement 
of six carbon atoms, the simplest of which is benzene 

(C6H6). Aromatics give rise to various pharmaceuti-
cal products, solvents and paints such as paracetamol 
(C6H4) and toluene (C6H5-CH3)7. 

Fractional Distillation
Refi neries will distill hydrocarbons into fractions ac-
cording to their volatility; the most commonly known 
is petroleum spirit or gasoline. Fuels obtained during 
the refi ning process are LPG, naphtha, kerosene, gas-
oil and fuel oil. Non-fuel products such as lubricants 
and asphalt (used in paving roads) can also be obtained 
during refi ning. After distillation, however, it is com-
mon for refi ned fractions not to match their commer-
cial demands. Automotive fractions such as petrol and 
diesel are in great demand so heavier fractions such as 
heavy naphtha, gas-oil or bitumen are subjected to sec-
ondary refi ning.

Cracking describes the process where heavier fractions 
are broken down to produce more of the lighter au-
tomotive fractions. Catalysts such as zeolite are com-

Figure 1 - The Fractional Distillation of Crude Oil and Gas (EPRasheed)
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monly used to accelerate the cracking process and vari-
ations in cracking confi gurations exist according to the 
feedstock and fi nal products required8.  

Derivatives such as perfumes and insecticides are also 
ultimately obtained from crude oil. Naphtha, gasoil, 
LPG and ethane are used as the raw material or feed-
stock in many petrochemical processes. Th ere are more 
than 4,000 diff erent petrochemical products, but those 
which are considered as basic products include ethylene, 
propylene, butadiene, benzene, ammonia and metha-
nol. Th e main groups of petrochemical end-products 
include plastics, synthetic fi bres, synthetic rubbers, de-
tergents, chemical fertilisers, solvents, paints, protec-
tive coatings and pharmaceuticals. 

Less Coke Please
Transportation and industry are the largest consum-
ers of crude oil, specifi cally light distillates. Heavier 
fuel oils and ‘solid coke’ are not as desirable as their 
lighter counterparts. Heavy oils such as bitumen and 

asphalt are often used in construction, road paving 
and in electrical power generation where they compete 
with coal. Heavier crudes or bottoms (residues) may 
be ‘cracked’ in order to form lighter crude. Th is, how-
ever, requires more capital investment and more energy 
to be expended in the refi ning process. Consequently, 
this reduces the value of heavier crude. Additionally, 
impurities such as heavy metals or sulphur will further 
reduce the value of the crude as it becomes more ex-
pensive to refi ne9. 

Th e crude blend, with its many diff erent chemicals, 
must be separated and treated. Th is blend is dis-
tilled into ‘fractions’ using ‘heat and height columns’. 
Temperatures can reach 350°C (662°F) in this process. 
Th is vaporises the hydrocarbons which subsequently 
rise to diff erent ‘heights’ within a vertical column. Th e 
hydrocarbons cool down and become liquid again and 
are separated into fractions.

Th e solid residue remaining from the refi nement of pe-
troleum by the ‘cracking’ process is also a form of coke. 
Petroleum coke has many uses besides being a fuel, 
such as the manufacture of dry cells, electrodes, etc. 
Gas works that manufacture synthetic gas also produce 
coke as an end product called ‘gas house coke’10. 

Fluid coking is a process by which heavy residual crude 
is converted into lighter products such as naphtha, ker-
osene, heating oil, and hydrocarbon gases. Th e ‘fl uid’ 
term refers to the fact that coke particles are in a con-
tinuous system rather than in batches. 

Clearly, a refi nery’s confi guration will depend on the 
crude varietals it will process. In turn, this determines 
its confi guration, processes and equipment. Th e list be-
low gives an overview of standard refi nery equipment:

• Desalter unit which washes out salt from the crude 
oil before it goes into the atmospheric distillation unit
• Atmospheric distiller or fractionating column
• Vacuum distiller which further distills the residual 
bottoms after atmospheric distillation
• Naphtha hydrotreater  
• Alkylation equipment
• Catalytic reformer  which contains a catalyst that is 
used to convert the naphtha-boiling range molecules 
into higher octane reformates (reformer products)
• Distillate hydrotreater unit which de-sulphurises dis-
tillate (diesel) after atmospheric distillation
• Fluid Catalytic Cracking (FCC) Unit which upgrades 
heavier fractions into lighter, more valuable products
• Hydrocracker unit which upgrades heavier fractions 
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into lighter, more valuable products 
• Coking unit which processes asphalt into gasoline 
and diesel fuel, leaving coke as a residual product
• Steam reforming unit which produces hydrogen for 
the hydrotreaters or hydrocracker
• Liquefi ed gas storage units 
• Storage tanks for crude oil and fi nished products, and
• Utility units such as cooling towers for circulating 
cooling water, boiler plants for steam generation, and 
wastewater collection and treating systems.

Refi ning Effi ciencies
Certain analysts and companies use ‘product produced 
per barrel indices’ and refi ning effi  ciencies as Key 
Performance Indicators (KPIs) of refi neries. With so 
many variables, however, it is hard to make like-for-
like comparisons. In addition, some companies may be 
acting as equity transfer advisors, and therefore, would 
have a vested interest in transacting a refi ning asset. 
Refi ning and marketing can off er margins; for exam-
ple, in the US you can acquire stock in downstream 
companies (Enron was a bad example, but Premcor 
and Valero are good examples) that make healthy 
profi ts. Th is US fondness for investing in specialised 
parts of the oil and gas chain is catching on elsewhere. 
Several existing Russian and Eastern European refi ner-
ies were groomed for private equity deals (and perhaps 
even Initial Purchase Off erings [IPOs]) which shows 
the confi dence some people now have in refi ning mar-
gins)11 . 

Th ose profi ts, however, have not stacked up suffi  ciently 
to motivate investment in new refi neries. Undoubtedly, 
one of the key contributors to heightened and more 
sensitive oil prices is the lack of refi ning capacity. Not 
a single new oil refi nery has been built in the US since 
1976 with existing plants working close to capacity. 
Th is is largely due to onerous government restrictions 
and permitting requirements as well as the aforemen-
tioned ‘nimby’ factor. As seen in 2005, hurricanes can 
shut down refi neries causing prices to sky-rocket. As 
long as there is a continuing shortage of refi ning capac-
ity, prices will continue to act this way. Refi ning is a 
continuous process, and should not be stopped once it 
has begun; however, even the most effi  cient plants must 
shut down for maintenance or for a product change 
periodically. By coincidence, if two or more refi neries 
go offl  ine at once for maintenance or a ‘turnaround’, it 
can cause a localised shortage that precipitates a price 
spike. Refi neries try to mitigate periodic supply short-
ages by overproducing into storage facilities that can 
serve as a supply buff er during short offl  ine periods (see 
Chapter 12: Paper Barrels—Oil and Gas Markets)12. 

Supply Side Discussion
Today’s bottlenecks of minimal spare capacity are not 
caused by a peak in production or because of a lack of 
reserves; we have seen that there are plenty of oppor-
tunities (see Chapter 2: Peak Oil and Medieval Maps). 
Th e problem lies with refi ning capacity and invento-
ries. We have noted that most current global refi ning 
capacity is geared toward sweet and light. Th at refi ning 
profi le is not well suited to handling the increasing vol-
umes of sour and heavy crude coming onto the mar-
ket13. Building new refi neries to handle sour and heavy 
crudes seems obvious enough given the characteristics 
of tough-to-produce reserves. So why aren’t oil compa-
nies queuing up to build new refi neries? 

Part of the hesitancy is explained by the bull market 
from 2004 up to 2008 where the highest average uti-
lisation was 86%. Surely, however, utilisation (and 
profi tability) for new build refi neries would be even 
higher given their up-to-date confi guration for sour 
and heavy? Even though the answer is probably yes, 
the explanation for the reluctance in building new 
refi neries lies with market uncertainties of future de-
mand rather than profi tability, social ‘nimby’ attitudes 
against refi neries and the tendency for refi neries to be 
built in large consuming countries. 

If a refi nery project begins today, it takes between fi ve 
to seven years before it is operational. At that time, 
there is no idea of where the market will be. Industry 
does not look favourably on idle capacity and private 
companies are loathe to idling14. 

Th is is because shareholders want healthy returns yet 
refi ning margins are notoriously diffi  cult to get right 
for new builds, which do not make huge profi ts, and 
still there is the real risk of idling. Spare refi ning ca-
pacity, however, is precisely what the market needs to 
insulate it from knee-jerk reactions and maintain stable 
prices. Th at responsibility has fallen in the main part to 
Saudi Arabia, which has for years sought to provide a 
soft landing mechanism by maintaining excess produc-
tion capacity, the so called supply cushion15. 

Ultimately, this is in the exporters’ best interests be-
cause a prolonged period of depressed prices not only 
means a loss of windfall profi ts but giving oil away on 
the cheap. It can mean having the value of your most 
valuable resource mercilessly halved or cut even fur-
ther. To illustrate, take Saudi Aramco, for example. 
Saudi Arabia’s reserves are calculated at a high value 
of US $18.48 trillion at an oil price of US $70 (x 264 
billion), US $13.20 trillion at an oil price US $50 and 
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US $6.60 trillion at US $25. A sobering exercise, no 
doubt, but it is also worth mentioning that exporting 
countries are highly dependent on cashfl ow from oil 
revenues to keep their economies afl oat16. 

Th at means NOCs must also keep a cash cushion when 
low prices swing back. Otherwise, exporters will sim-
ply have to pump higher volumes at lower prices to 
make up for lost revenues, if at all. Th at is a defi nite 
no-no in today’s climate of resource sovereignty and 
maximising wealth.

A loss in short-term earnings and a wipe-out of the 
value of a fi nite set of reserves is not something export-
ers would be keen to see happen. Th at is why the Saudi 
Arabians are often called ‘the voice of reason’. Th ey 
want to keep markets and prices stable. Th ey keep an 
eye on US inventories and check production forecasts 
accordingly. For exporters, an ideal rate of global eco-
nomic growth is approximately one to two percent. In 
short, a stable scenario is one where economies grow at 
a manageable rate and sustain energy demand at mod-
erate levels. Any shortfall in petroleum supply can be 
picked up by E & P technology gains, frontiers and 
growing renewables which are attractive at that price 
range. Lower prices and investment is pulled back.

Th is is a real uncertainty and much depends on how the 
industry will react in the next few years to say, 2011. 
Will it pull back investment as it appears is happening 
already? If so, this may simply delay the eventual sup-
ply side crunch due to a lack of new refi ning capacity. 
Th is could create a super spike in future oil prices. A 
concerted eff ort needs to be made to avoid this.

Th ere is a ‘paper’ spanner in the works, however. We 
now need to consider what role the trading of paper 
barrels, such as oil futures, has on market volatility.  
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