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Kurzfassung

Die voranschreitende Entwicklung der Multiphasentedogie macht den Einsatz von
Multiphasen-Pumpen zu einem wichtigen Bestandtédlev Produktionsszenarien in der
Kohlenwasserstoffindustrie. Im Rahmen eines Fonsgbprojektes wurde eine Multiphasen-
Pumpe im weitgehend ausgeforderten SauergasfeldnRiaick (Hauptdolomit) in Nord-West
Deutschland installiert. Die vorliegende wissenfttiche Untersuchung thematisiert erstmals
den erhéhten Ausbeutefaktor, der durch den Einslaiz Multiphasentechnologie in einer

Gaslagerstatte mit 40 Jahren Produktionsgeschéchielt werden kann.

Die Multiphasen-Pumpe wurde in den Jahren 2002006 in der Forderung aus dem 30 Meter
machtigen geklifteten Hauptdolomit im Zechstein r@e eingesetzt. Das erstellte duale
Porositats- /Permeabilitats-Simulationsmodell ebtimsgesamt 332.280 Zellen. Auf Basis der
Daten wurde ein Wert von initiales Volumen von 26 10 m3 (Vn) Gas fur das
Hauptkompartment geschétzt, wohingegen sich unterw®hdung der Materialbilanz P/Z
Analyse ein Wert von nur 1,9 x i3 (Vn) ergab. AnschlieRend wurden dynamische
Reservoirsimulationen vorgenommen, um ein moglighsizises Ergebnis fur das "History
Matching" und die Produktionsprognosen zu erzieBeim "History Matching” wurden die
wesentlichen Parameter so lange geandert, bis sice Ubereinstimmung mit den

Produktionsdaten ergab.

Im Anschluss daran wurde eine Produktionsprognasehdefihrt, die mehrere Szenarien
umfasste, um den Einfluss der Multiphasentechnel@gif die Bohrung RB_Z10a sowie das
Gesamtkompartment fir verschiedene Produktionsgemiozu untersuchen. Die Ergebnisse
bestatigen, dass der Einsatz der Multiphasen-Puigre 2004 bis 2006 die Produktion
beschleunigte und die Gasausbeute aus dem Hauptiti@idhohte. Das Ergebnis der Simulation
ergab fur den kontinuierlichen Einsatz der Multigéia-Pumpe insgesamt 17,37 X $07 Gas,
was einer Steigerung von +5,33 % im Vergleich Aiuall produzierten Gasmenge (16,49 X 10
Snt) entspricht. Die Prognose bei Verwendung des kativeellen Produktionssystems ergab
ein kumuliertes Gasvolumen von lediglich 5,2 ¥ 8B, was einer Reduktion von -68,3 % im
Vergleich zur aktuellen Produktion entspricht. Reognosen fir einen friheren Einsatz der
Multiphasen-Pumpe als 2004 zeigen eine moglichedliirhg der Gesamtgasausbeute flr
RB_Z10a (bis zu +3,77 %) und das Gesamtkompartrti@atzu +2,5 %). Zusatzlich wurde
ersichtlich, dass durch den Einsatz der Multiphtesgmologie eine Beschleunigung der

Produktion moglich ist.



Neben der generellen Erhéhung des Ausbeutefakimdsder Beschleunigung der Produktion
konnten durch das intensive Studium der Produktiates weitere Auswirkungen des Einsatzes
der Multiphasen-Pumpe beobachtet werden: 1) dievdationellen Gasproduktionsraten der
Bohrung RB_Z10a wahrend der Einschlie3zeiten deltiphasen-Pumpe wurden im Vergleich

zur vorangehenden Produktionsphase (2002-2003esset; 2) es wurde ein positiver Effekt
auf die Produktion der benachbarten Bohrung OT_éttideckt. Die Multiphasen-Pumpe war in

der Lage, Reservoirinhaltsstoffe aus dem gesamtenpiartment zu den Bohrungen im Scheitel
der Gasfeldstruktur zu férdern. Durch die Entfeiguudes Wassers aus den Kluften und die

Verbesserung der relativen Permeabilitat fir das r@sultierte eine erhdhte Gasrate.



Abstract

Multiphase pumping technology has evolved to becamatical component in many production
schemes. A multiphase pump (MPP) field site tes eanducted in Ritenbrock sour gas field, a
mature carbonate reservoir (Hauptdolomit) in nevistern Germany. First time this scientific
study investigated an optimized recovery effect awhiresulted from the deployment of
multiphase pumping technology on an existing sas geservoir with 40 years of production

history.

The Hauptdolomit reservoir represents a fractui@drdite of the Permian Zechstein (Ca2) with
a thickness of about 30 meters. A static model withx 39 x 60/60 grid cells was constructed
and interactively improved by reservoir dynamicadalhe final dual porosity/permeability
simulation model contains 332,280 cells in totd&)1, 519 of which are active cells. The dual
porosity/permeability model was constructed basedwailable reservoir properties, fluids data,
and production history data. The volume of gasaltytin place (GIIP) estimated on the basis of
the reservoir and fluid data totalled 2.5 X’ &% (Vn) in the main compartment, whereas the
calculated GIIP from material balance P/Z plot veasund 1.9 x 10m3 (Vn). Subsequently,
dynamic simulations were performed for the purpofaistory match and production forecast.
The history matching process was performed by nibnwehanging the most influential
parameters in matching production data until theirdd output was observed. The accurate
adjustment of history match parameters, in combnawith the presence of a tight zone, faults
and flow barriers, ensured an excellent historycindbr most of the gas producers. After the
completion of the history matching process, a petida forecast that comprised various forecast
scenarios was carried out in order to investigate impact of the MPP operation on well
RB_Z10a and the entire compartment performancah®production period from 2004 to 2006.
A second production forecast scenario was perfororethe assumption that the MPP facility

would utilize prior to 2004.

The study results confirmed that the use of mutgghpumping technology from 2004 to 2006
resulted in optimized gas recovery for the Hauptduol reservoir. A positive impact on field
economics is confirmed through numerical simulatignimproved gas recovery and production
acceleration. Two forecast scenarios were carrnigdar the production period 01/2004-03/2006
using either continuous deployment of the MPP itgcibr the conventional compression
production system. The MPP forecast simulation Ite&u the production period 01/2004-
03/2006 was a total of 17.37 x®18n?, representing an increase of +5.33 % over therwelof

gas actually produced which was 16.49 R $&7. In contrast, the forecast simulation result of
W,



the conventional compression production systentferproduction period 01/2004-03/2006 was
a cumulative gas volume of 5.2 x®18nT which represents a reduction of -68.3 % compaved t
actual production. Based on the forecast resudis pgoducer RB_Z10a would come to the end of
its production life in 09/2004 i.e., 9 months latérthe conventional compression production
system was used continuously after 01/2004. Theckst results of the assumption that the MPP
facility would utilize prior to 2004 show an imprement in the ultimate gas recovery of
RB_Z10a and the entire compartment of up to +3.7arkb +2.5 %, respectively, if the MPP
facility was operational prior to 2004. Additiongllproduction acceleration would be possible

l.e., it may lead to a significant saving in openatcosts.

Decline curve analysis techniques were used touat@land verify reserves, also the forecast
simulation results of the analytical models to benpared with numerical reservoir simulation

results. However, using all available methods piilvide a comprehensive understanding and a
greater degree of confidence if all techniquesagdbecline curve analysis confirmed the results

and conclusions obtained from the numerical sinmat

Intensive analysis of production history data idfesd the following observable effects as results
of the MPP test operations in RB_Z10a: 1) the cahwaal compression gas production rates of
RB_Z10a during the down-time of the MPP between2004 and 03/2006 were increased
compared with the previous production phase (200232 2) RB_Z10a well operational
availability was evaluated for the production pds@002 — 2007 based on actual well operation
hours, and RB_Z10a turned out to be more effic{88t%) during MPP operations compared to
the prior production period (88 %). 3) A positiveoguction response was detected in the
performance of the neighbouring well (OT_Z02), whiacated 1.5 km in the structure crest. The
MPP facility was able to pull out the reservoiriflsl from the entire compartment towards the
crest structure wells by creating a bigger presdifference between the drainage areas and the
crest structure area. Removing the water fromrthetdres (flow conduits) enhanced the gas rate,

i.e., it improved the relative permeability of thas.
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CHAPTER I: Introduction

Due to the challenges in finding new reserves aedtirrent high prices of hydrocarbons, the oil
and gas industry has made efforts to increaseatieeof recovery in mature fields. Sweeping the
greatest possible quantity of the hydrocarbondanepin the reservoir is a key objective in order
to improve the recovery factor. The use of enharmkgas recovery (EOR/EGR) techniques can
boost recovery rates. Also, multiphase pumpingrteldyy is an evolving EOR/EGR option for

many fields worldwide in different production schesn

In view of the increasing global demand for fo$séls during the next decades, it is the task of
the oil and gas exploration and production industrydevelop innovative and cost effective
technologies to substantially increase the rateecbvery from today’s average of 35% to over
50% for oil and from about 70% to over 80% ultimegeovery for gas (Ruckheim et al., 2005).
Mature fields are oil and/or gas fields reaching ¢ind of their productive life. Typically, mature
fields have been producing for more than 30 yeadsae located in certain geographical areas
for different historical and geopolitical reasofi$iese fields accounted for over 70 % of the
world’s oil and gas production (Lisigurski et &@Q06). Mature fields possess the advantage of an

existing infrastructure, providing the least expeasneans to increase reserves and production.

Despite the emergence of fields requiring new tetdgical advances, the most powerful growth
driver for the oil industry is the development afsbore and offshore resources. Experts believe
that conventional fields still contain around 1libn barrels of oil, for original oil in place &.5
trillion barrels (International Energy Agency, 2Q00Most of these fields, which have historically
supplied the global oil market, are mature in otherds their output is declining. Mature oil and
gas fields worldwide have a typical problem relai@the following conditions, e.g.: limited data
quantity and quality, depleted reservoir with ahhigater cut, sand/scale problems, small fields in
different area, and mostly having an old infrasuee. However, mature fields have strengths
such as high asset value, committed gas marketstlyranshore fields, and the fields are still
under primary recovery. Moreover, there are somexpilored deep zones, shallow prospects,
adjacent areas surrounding the existing fields.cddenve tried to recover more oil from the
existing fields with a new revitalization concept.field revitalization could be remodelling
(geology and/or reservoir), infill or step-out dny, reopening, re-perforation, water shut-off,
stimulation (acidizing, fracturing), optimizing ditial lift, developing new production
technologies or combinations of these wellboretegjias (Aprilian et al., 2006). Although
EOR/EGR techniques malge implemented at any stage of oil/gas field dgwelent, they

continue to hold great potential for mature fieldechniques such as air or steam injection,
1



injection of miscible or non-miscible gas, gravityection of gas designed to dislodge oil from
the tops of reservoirs, or addition of polymersrtgction water, are capable of extending the
economic life of reservoirs. These techniques estemuring the 1980s, and are the focus of
renewed interest today. Applying EOR/EGR (enhammédas recovery) techniques to mature
fields is a multidisciplinary process which mustegrate the constraints associated with the
existing installations. To this end, a methodolegyl screening tool which reflect not only the
reservoir aspects but the well and production cairgs specific to each field, now permit rapid
selection of the type of EOR/EGR technique besteduto each particular fieldmproving
recovery of the mature oil and gas fields is onéhefbest places to look for additional reserves.
As artificial lift options are limited, as is these for subsea wells, it is quickly discovered that
recoveries drop to among the lowest in the indutoglay, selection of an artificial lift technique
plays an increasingly important role in determinialjimate recovery. In addition to the
challenges posed by subsea/deepwater producti@mnuentional reservoirs also require new
ideas to improve recovery. For example, steam ¢ipesa used to produce from heavy-oil
reservoirs require down hole and surface pumpsperate at temperatures well beyond our
experience base. Unconventional gas reservoirsh @& coalbed methane and ultralow-
permeability sand/shale, also present unique aigdle In these cases, operating companies must
solve problems associated with lifting liquids be tsurface i.e., liquid loadin(&cott, 2007)

Multiphase pumping systenmare considered a development option for many disldridwide.
Multiphase pumping provides unique opportunities Hoost recovery and minimize the
complexity and cost of surface facilities. Now tkéshnology is being applied for compressing
fluid with very high gas content of gas volume frac (GVF) > 99 % (Scott, 2007). The
challenge is to select the best candidates to takeadvantage of this novel technology.
Multiphase pumping is a quickly evolving technolothat has gained acceptance as a best

practice in fields around the world.

1.1 Objectives of the Study

The main objectives of this scientific study wetg:to investigate the Hauptdolomit reservoir
performance during the multiphase pump facility rafiens, applying: numerical reservoir
simulation and decline curve analysis; 2) to ev@lusnd compare the RB_Z10a performance
through various production phases during, priorata after the MPP phase, including the
conventional compression within the MPP phase basedctual production history data; 3) to
identify the possible effects on the productionfpenance of the neighbouring well (OT_Z02)

and the ultimate recovery of the entire compartndaeming the MPP operations.



1.2 Methods of Investigation

To implement the goals, three software package® witized, Eclipse from Schlumberger,
PROSPER, PVTp, MBAL programs from Petroleum Expkttsand FAST.RTAY from Fekete
Associates Inc. Verification of the gas initialptace using MBAL and FAST RTA' programs
was the first step. Second, the production dedun@e analysis was performed to gain a better
understanding of the individual well performancésdi decline curve analysis used to gain some
information about the reservoir and fracture systenfiorecast the production base on actual data
and finally the results to be compared with Eclipsenerical simulation results. Third, numerical
reservoir simulation (Fig. 1.1) consisting of thegess stages of initialization, history match and

forecast was conducted.

Geological Model History Match

Reservoir Simulation

P:
correlation

Fluid Mode!

Relative

Fig. 1.1: Reservoir simulation workflow

The numerical reservoir simulation included theldi@ing steps: 1) review of all available
engineering data to ensure that an adequate r@ésdeagxription and production history data is

available; 2) development of a detailed fluid, flaamd well models using PVTp, Eclips,



PROSPER programs; 3) a black oil, dual porosity ukor was used to simulate the
Hauptdolomit reservoir; 4) perform a history mating the dynamic data to acquire reasonable
match; 5) run production forecast cases. The iategr of multiphase pump functionality was

achieved by setting the reduced flowing wellheagspures in Eclipse program.



1.3 Literature Review

In the following paragraphs, there is a literatswevey about the gas field’s problems as well the

multiphase pumping technology and the naturallgtined reservoirs.
1.3.1 Mature Gas Fields: Production Problems

Over the last decade, the oil and gas industryrtdpam the need of replenishing reserves
through exploration activities, has put increasiéores into the development of a variety of new

technologies to unlock reserves in mature fields.

Gas wells problems may be categorized as limitediystion rate, high water production, and
mechanical failures. However, high water producteomore difficult to handle in producing gas
wells. Generally, limited gas producing rate mayabeesult of (1) low reservoir pressure; (2)
extreme low reservoir permeability; (3) formatioantage; (4) well bore or tubing plugging; (5)
excessive back pressure on formation; (7) liquatling; (8) mechanical problems (Allen et al.,
1982).

Low Reservoir Pressure

If reservoir pressure measurements have been @¢ameon a routine basis, reservoir pressure
history should be well documented. The next stdp onsider the dominant reservoir drives in

a particular reservoir and how these drive meclasiare associated with the real or apparent

well problem being investigated (Allen et al., 1982

Low Reservoir Permeability

Low reservoir permeability may be the overall cletegstics of a reservoir, or it may be limited
to a specific area. If low permeability has beeavpd as a cause of limited production, this
problem should be considered along with other pbbssicauses of low productivity.
Characteristically, in a low permeability reseryoirell productivity declines rapidly as fluids
near the wellbore are produced (Allen et al., 19829vailable geological and reservoir data do
not readily prove low reservoir permeability, pratan tests and pressure build-up tests may aid

in differentiating between low permeability andrf@tion damage.

Formation Damage
Formation damage may be defined as any impairnfemelb productivity due to plugging within
the wellbore, in perforations, in formation poredjagent to the wellbore, or in fractures

communicating with the wellbore. Formation damaggy be determined by production tests,
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pressure build-up and drawdown tests, comparisdh wffset wells, and careful analysis of
production history, including prior completion, wowrer, and well servicing operations (Bennion
et al., 2000). A large majority of production pkais with low permeability gas reservoirs,
including fines migration, retrograde condensatepdut and solids precipitation are all
associated with large pressure drops or flowrates@ated with the low permeability nature of

the reservoir (Bennion et al., 2000).

Back Pressure on Formation

Excessive back pressure can appreciably lower pmodurates in wells producing from a
reservoir near pressure depletion. Excessive foomdiack pressure may be due to limited or
plugged perforation; partially plugged wellborebing, or flowline; subsurface or surface
chokes; undersized gas-oil separator, flowlinebjniyy or casing; or excessive back-pressure
setting on casing head gas gathering system, gas+oil separator (Allen et al., 1982).

Liquid Loading on Gas Wells

As gas fields become mature worldwide, signifigaraduction losses are increasingly caused by
liquid loading. Liquid loading of gas production Ngereduces deliverability of gas wells (Guo et
al., 2005). The reservoir energy is insufficientttansport liquid particles to the surface, liquid
falls back and build up a hydrostatic column in walbore that balance-out with the reservoir
pressure, killing the well and leaving significaaserves behind. An increasingly large number
of producing gas wells are maturing. New probleha &rise at tail-end production phase of the
wells must be resolved, which will impact the todégbnomics of their production. When a gas
well’s driving force, i.e., reservoir pressure dsses, gas production rate also decreases and a
change in flow regime can take place (Guo et &l052. Decrease in reservoir pressure can lead
to additional fluid influx caused by condensationam aquifer getting active (Werner et al.,
2007).

A typical gas well production profile can be seerfFigure 1.2, where the onset of liquid loading,
which is the onset of erratic gas production. Sgvereasures can be taken to reduce the liquid
loading problem in gas production wells. Using deratubing or creating a lower wellhead
pressure sometimes can prolong mist flow. The ldagies wells can be unloaded by gas lifting
or pumping the liquids out of the wellbore. Foamthg liquid water can enable the gas to lift
water from the well. Heating the wellbore can prévendensation (Guo et al., 2005). The major
challenge however, is to find a suitable artificiding technology, as most artificial lifting

technologies work well with liquid, but cannot héaftee gas.
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Fig. 1.2: Production profile of a typical gas well(production rate vs. time), showing two decline
trends of the gas rate before and after the onsef bquid loading (after Werner et al., 2007).

Multiphase Pumps Solve Liquid Loading

The most common development in maturing gas wsllseduced bottom hole pressure and
increased production of liquids, predominantly watédbandoning a mature well was once an
option, but with higher gas prices, producers aokihg at new technologies such as multiphase
pumping technology as options to maintain econohféte-life production. Olson (2006) defined
the multiphase pumping technology as one of theacbtool to solve the liquid loading problem.
The successful selection of a multiphase pump @nventional gas wells depends on flow
conditions, gas volume, and liquid flow, wheth@wilis water and/or hydrocarbons, temperature,
presence of hydrogen sulphide and carbon dioxidggsg and slug regime, inlet pressure, and

required pressure boost (Olson et al., 2006).

1.3.2 Multiphase Pumping Technology

Multiphase pumping is fast becoming a standard amapt of the modern oil and gas production
system and is being utilized to improve efficieratipwing longer production from the wells and
better recovery factors, to provide cost saving apdrational flexibility in applications. This
section considers the multiphase pumping technosbatys, types, advantages and examples of
applications worldwide. Following it's emergencerh research labs a decades ago, multiphase
pumping has become a viable solution to a wide raurob field development plans. While the
technology is seen to be particularly beneficialremote locations such as the deep water
offshore fields in the Gulf of Mexico, pumps alsavie been deployed to a number of onshore
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locations ranging from Alaskan North Slope to Cdbignand from West Africa to the Middle
East (Scott et al., 2002). Multiphase productiostems require the transportation of a mixture of
oil, water and gas, often for many miles from theduction well to a distant processing facility.
This represents a significant departure from cotioeal production operations in which fluids
are separated before being pumped and compressegjthseparate pipelines. By eliminating
this equipment, the cost of a multiphase pumpirggjifi is about 70 % that of a conventional
facility (Dal Porto, 1996) and significantly greateavings can be realized if the need for an

offshore structure is eliminated altogether.

1.3.2.1 Types of Multiphase Pumping Technologies

A variety of single phase pump technologies havenbapplied in oil and gas production
operations (Scott, 2003). While most pump technekgan tolerate trace amounts of gas in the
liquid stream, only a few can handle the higher galsime fractions (GVF) found in today’s
oilfield. Figure 1.3 illustrates the establishedl @ommercial multiphase pump technologies that

have been applied in pumping multiphase fluids.

Positive Displacement Rotodynamic Other
H Twin-Screw < Helico-Axial - "Poseidon Type"
B Progressing Cavity (PCP) 5 Side Channel
H Piston — Multi-Stage Centrifugal - "ESP Type"
i Diaphram
B Gear
- Vane

Fig. 1.3: Different types of multiphase pumping telknologies which are currently
used worldwide (after Scott et al., 2004).

The positive displacement twin-screw, PCP and pigpomp have emerged as successful
multiphase pumping technologies in addition tohk&coaxial-rotodynamic pump (Scott, 2004).

Each of these technologies has developed a rangeptitations that are best suited to its unique
capabilities and to meet specific requirementsuifédl.4 shows that the number of multiphase

pump installations has increased rapidly over s pears (Scott et al., 2002).
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Fig. 1.4: Worldwide usage of various types of mulghase pumps until 2002. The twin-screw
multiphase pump however, is by far the most populam use (after Scott, 2002).

Positive Displacement Pumps

The type of multiphase pump that has been testdldeirHauptdolomit sour gas reservoir was a
twin-screw pump from Bornemann, therefore it isiobg to describe the positive displacement
technique multiphase pumps in detail. Positive ldsgment pumps operate on the principle that
a definite amount of fluid is transferred throudie ppump based on the volume created by the
pumping chamber and the speed at which this volism@oved. The amount of differential
pressure that develops in the pump is a functiothefresistance to flow downstream of the
pump, that is, the pressure losses that must becawe to deliver the fluid to a set pressure
downstream of the pump (Scott et al., 2002). Fer@ositive displacement pump, the interaction

between the pump and the adjacent pipeline segrdetgsmines pump performance.

Twin-Screw Pumps

The twin-screw pump is by far the most popular pbkse pump in use and is manufactured by
Bornemann (Fig. 1.5). Twin-screw pumps are paraiduleffective in handling high gas volume
fraction (GVF) and fluctuating inlet conditions. 8e pumps remain functional even at GVF of
more than 95 % and with recirculation systems cenction at 100 % GVF for short periods of

time (Scott et al., 2002). Figure 1.5 gives a sctenview of a twin-screw pump.

The multiphase mixture enters one end of the punapig split into two flow streams that feed
into inlets situated on the opposite side of thenpua design that equalizes stresses associated
with slugging. The flow then passes through a clexntreated by the dependent on the pitch
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and diameter of the screws and rotational speegl (Eb). As the gas is compressed, a small
amount of liquid will slip back through the smalpgs between the screws and the containment

chamber wall resulting in a reduced volumestiiciency (Scott et al., 2002).

Multiphase flow into pump

Flow is driven
outwirds by the
i sceews, raising
the pressure of the

wiall fluids

Counter-rotating
inter-meshad - o —
SCTEWS

BEARINGS &
TIMING GEARS

Flow aut fram pump
at higher pressure

AXIAL
BEARINGS

Fig. 1.5: Schematic view of the twin-screw pump, slwn also the twin-screw pump elements and how thevin-
screw pump works (after Bornemann, BP).

Twin-screw pumps are most often used in heavypplieations, but are gaining acceptance for
offshore and conventional oil/gas developments. [&hge volume capacity of these pumps tends
to push them toward multi-well/cluster applicatiof&cently a number of models have been
presented to describe the performance of twin-sereitiphase pumps. Tablel.1 illustrates the
various models that have been published. Theseghebl models represent a significant advance
over the proprietary manufacturer models used (Bewela et al., 2003). These new models
allow examination of the assumptions used in theeldgment of the pump performance

predictions and allow for the comparison of pumpsppsed by various manufacturers.
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Table 1.1: Multiphase twin-screw pumps models (afteScott et al., 2004)

Developer Funded Year Capabilites = Comments
U. of Erlangen Letter & Wincek Leistritz 1993 |mechanistic requires detailed
geometry and
solution algorithm
poorly defined
JNOC Egashira, Shoda, JNOC 1996 |empirical correlations for slip
Tochikawa and may not extend to
Furukawa other pumps
Texas A&M University  [Martin & Scott BP, ChevronTexaco, 2003 |mechanistic uses easy to obtain
Marathon combine slip
concept
Flowserve Prang & Cooper Flowserve 2004 |mechanistic requires detailed
geometry
U. of Hannover Rausch, Vauth, Bornemann / German 2004 |thermodynamic |neglects slip and
Brandt & Mewes Federal Ministry for requires detailed
Education & Research geometry

Figure 1.6 shows the worldwide distribution of tvéicrew multiphase pumps.
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Fig. 1.6: Distribution of twin-screw pumps worldwide. It is shown that up to 2002, the applications in
Venezuela heavy oil fields was 30% of the total nuber of twin-screw pumps (after Scott, 2002).

The twin-screw pump, which has been tested in Ruiitek sour gas field, has the following

characteristics:

+  Pump type: UW-MPC
« Capacity: < 1400 Sm3/hr

« Gas volume fraction (GVF): 96 — 99.9%

+ Inlet pressure: 0.5 — 20 barg

+ Discharge pressure: < 40 barg

« Temperature: 40 °C
« Speed: variable rpm
« Shaft power: 700 kW
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1.3.2.2 Comparison of Multiphase Pump Technology Tpes

Pump technologies can be compared in a number y§.\Wde number of possible comparisons
increases dramatically for multiphase pumps agtheence of an additional phase introduces a

new dimension for comparison.

Operational Ranges

Figure 1.7 shows a very general comparison basetiepressure boost and flow rates for the
primary multiphase technologies. It should be ndted the limits shown on the plot are taken
directly from pump manufacturers (Scott et al., £00n some cases other manufacturers have

been able to exceed the operational limits shown.

2500

Piston Technology
2000 /

1500

AP (psi)

oo I\ J PCP Technology

Twin Screw Technology
Helico-Axial Technology
500 / '
.;'s.i_

o : : : ‘ .
o] 100,000 200,000 300,000 400,000 500,000 600,000

Qy (bbl/iday)

Fig. 1.7: Operational envelopes for commercial muiphase pumps. It should be noted that
manufactures have combine up to six pumps in paral to increase the volume capacity and have
combine two pumps in series to increase the pressboost provided (after Scott et al., 2004).
Figure 1.8 illustrates the range of multiphase pwppeds and horsepower for each of the
multiphase technologies. Comparisons of the vanump technologies can also be made based
on parameters such as GVF and liquid viscogipplication specific issues such as their ability
to handle sand or slugging or their size, shape \wagjht can also serve as a basis for

comparison (Scott et al., 2004).
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Fig. 1.8: Multiphase pumps speed, power ranges. Aaaling to the ranges in the figure, twin-
screw pump is the best choose for onshore and offsie applications (Scott et al., 2004).

1.3.2.3 Multiphase Pumping Technology Advantages

Multiphase pumps have been available for a few dkesfor onshore and topside applications
in the upstream petroleum industry. However, thelpers of field installations have been
limited. Most of these applications are still colesed pilot applications in the field in order
to demonstrate the technology. The main advantafasultiphase pumping technology
include the following: 1) the possibility to redutiee wellhead pressure in order to increase
the hydrocarbon flowrate and simultaneously inaetiee discharge pressure to boost the
fluids to central host (Fig. 1.9); 2) to acceleréite production rate, and improve field
development economics i.e., leads to a significgrgration cost saving (Fig. 1.10); 3) to
enable production of low energy fields; 4) to proellow & medium pressure wells into a
high pressure manifold/ separator; 5) to segregadduction scheme of medium and low
pressure wells by using MPP; 6) to allow longersaabtiebacks by boosting the flowing
wellhead pressure; 7) to boost remote fields t@xsting or central host and eliminate the
need for surface facilities in the field. Facilgi@eduction leads to reduce investment in
equipment, reduction in maintenance costs and ezbugperation costs. Figure 1.11
illustrates the benefits of a subsea twin screwtiphaise pump installation in comparison to a
satellite platform with conventional separationiliies; 8) to reduce likelihood of liquid
slugging; 9) to eliminate the need for other cormgetechnologies - gas lift, or water
injection. This leads to a significant cost savafgapproximately 30% of total costs; 10) an
environmental advantage with the possibility touss the footprint of production plant and

gas emission for marginal / satellite fields;

13



»

Mu“ "bh Boosted production

34NSSIHd

Natural production MPP diff.

pressure
o nce
gystem 1eSE2

production

FLOW FROM WELL ' »

Fig. 1.9: The potential of the multiphase pump. Theeduction in the flowing tubing head pressure
(inlet) by the pump resulted in increase of produdgbn and the increase in the discharge flowing
head pressure (outlet) boost the production to a reote host platform (after Elde, 2005).
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Fig. 1.10: Production acceleration and cash flow. file production acceleration (red line) leads to
improve the field economics by increasing the hydmarbon flowrates and saving costs of longer
operation times.

11) to reduce unstable flow regimes in multiphaggelmes due to higher superficial
velocities; 12) to eliminate gas flaring (gas enaiss) and recover gas by boosting the

unprocessed well stream to a separation plant.
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Fig. 1.11: Schematic of subsea production using ntighase pumping. In the case of the subsea
fields, conventional production system which congisof surface facilities to process the well
fluids and boost them using two pipelines to the tsb platform, if the multiphase pump is used
only one pipeline is needed to boost the unprocesdseell fluids as mixture of oil, water and gas
to the host platform (after Scott, 2002).

1.3.2.4 Worldwide Multiphase Pump Technology Appliation

The oil and gas industry has successfully appliedtiphase pumping technology to solve a
variety of operational problems. In the followingcions examples of applications are discussed.
These applications have been provided as caseribsstdhis section describes several of the

major multiphase pump installations operating adbtine world.

Onshore Heavy Oil Applications

Utilization of multiphase pumps in on-shore heavyapplications has been the most common
form. Engineers have had the opportunity to comgare/entional production operations with
the modern multiphase production approach. In maseés the multiphase approach was found to
provide upfront capital cost savings that could lbeerage across many production sites.
Applications in Venezuela and Indonesia are amegbiest documented (Uvwo, 2004; Scott,
2004).
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Conventional Onshore Oil and Gas Applications

Use of multiphase pumps in conventional oil and gpsrations also has an established track
record. The applications tend to involve only ongitiphase pump and tend to address specific
operational issues. The Priobskoye field is an gtaroase. The multiphase pumps are installed
in the part of the Priobskoye field extended onribbt bank of the river Ob in western Siberia.

The climate is rough (temperatures range from -65t¢ +35 °C). The area is swampy and

difficult to access, being in the flood plain ofethiver Ob and environmentally sensitive. For

these reasons and also because of a significahtsagig, the multiphase pump option was

selected by the operator (Pershukov et al., 2001).

Offshore & Subsea Applications

Multiphase pumping has been utilized to addressersgévinteresting offshore operational

challenges. Multiphase pumping represents the oplymercial form of subsea processing
techniques and represents the most basic type lmdeauprocessing and hence the most
achievable. A twin-screw pump was selected to baosbmbined gas/liquid flow stream for

Freeport (McMoRan Exploration Co.) after the losme of their single-phase export pipelines.

Table 1.2: Status of subsea multiphase pumping pregts (after Scott et al., 2004)

Pump Subsea Product Pump
Technology | Integrator Designation Manufacturer Operator Year Field Status
Framo SMUBS Framo Shell 1004 Draugon T pump
Framo ELSMUBS Framo Staoil 1997 Lufeng 5 pumps
Framo ELSMUBS Framo ExxonMobil 1999 Topacio 2 pumps
Framo ELSMUBS Framo Hess 2002 Ceiba 2 pumps
Framo FDS Framo Hess 2003 Ceiba 5 pumps
Framo FSS Framo Santos 2004 Mutineer/Exeter 2 pumps
Framo FDS Framo BP new project | W. of Shetland 2 pumps considered
Technip HYDRAJELECTRA Sulzer & IFP NIA 2004 N/A concepfual
Sonsub DMBS GE/Nuovo Pignone | Agip 1997 offshore ltaly WA
Curtiss Wright SBMS-500 Leistritz Petrobras | 1996-present Marlim
3rd onshore qualification
Aker/Kvaerner SMPM Bornemann Demo 2000 | 2001-2002 K-Lab Tested w/ condensate
methane
Aker/Kvaerner SMPM Bornemann CNRL 2004 Balmoral
schedule for 4Q installation
Bornemann uw Bornemann Wintershall 2004 onshore sour gas
field in Germany onshore pressurized
testing as part of German
MPA research program
Subsea? MPSP 1500 Flowserve Total new project W, Africa conceptual
Oceaneering N/A CAN-K NIA new project N/A conceptual -
adapting downhole high
pressure technology
Hydril NIA Hydril NIA new project NIA !
conceptual - adapting
m subsea mudlift technology

In addition, an offshore application of a twin sgreump was for BP (British Petroleum) in
Trinidad (Scott et al., 2004). Multiphase pumps e#so be used in conjunction with the other
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types of subsea processing schemes. Subsea maéiplanping has established an impressive
track record. A recent example of multiphase puapydication in subsea is the King Field in the
Gulf of Mexico, originally came into production @001 through two subsea wells and is 90
kilometres from shore. BP is recovering more odinfrone of this deepwater field through an
ambitious subsea pumping project, opening up neporpnities for both the company and the
wider industry. The multiphase pumps have beentbapproduction from the BP-operated King
Field and are expected to recover 20 % more oinftbe reservoir, extending the field's
producing life and delivering many millions of bals of additional oil (BP Publications). Table
1.2 shows a list of various subsea multiphase ppnogects completed, underway or in the

conceptual stage.

1.3.3 Naturally Fractured Reservoirs

Naturally fractured reservoirs have increasinglyngd attention in the past two decades.
Fractured petroleum reservoirs represent over 28f #he world’s oil and gas reserves, but they
are among the most complicated class of resertmipsoduce efficiently (Cuong et al., 2009). It
is undeniable that reservoir characterization, Mimgeand simulation of naturally fractured
reservoirs present unique challenges that diffeaenthem from conventional, single porosity
reservoirs. Not only do the intrinsic charactecistof the fractures, as well as the matrix, have to
be characterized, but the interaction between mairid fractures must also be modelled
accurately. Many reservoirs, initially classified a&lassical matrix reservoirs, have been
reclassified as fractured reservoirs during advdrstages of development carrying significant

losses on recoverable reserves.

Naturally fractured reservoirs are heterogeneousysomedia where the openings (fissures and
fractures) vary in size. Fractures and openingdaaje size form vugs and interconnected
channels, whereas the fine cracks form block systehich are the main body of the reservoir
(Fig. 1.12).

The porous blocks store most of the fluid in theergoir, and are often of low permeability,
whereas the fractures have a low storage capauityhagh permeability. Most of the fluid flow
will occur through the fractures with the blockstiag as fluid sources. Even though the
volumetric average permeability in a dual porosiygtem is low, such systems often exhibit an
effective permeability which is higher than thedlanatrix permeability, and behave differently

from ordinary homogeneous media.
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Fig. 1.12: Idealization of a fractured reservoir (dial porosity system). The actual
reservoir is idealized to create model reservoir fiothe purpose of reservoir simulation
(after Warren and Root, 1963).

Identifying the fractured nature of a reservoiraat early time stage is critical for an adequate
reservoir management to maximize the economic beméflson (2001) defined fracture as a
naturally macroscopic planar discontinuity in radilte to deformation or physical diagenesis.
Fractures can be produced by brittle or ductileufai The characteristics of fractures also differ
depending on the creation process. Fractures can gasitive or negative effects on fluid flow.
Naturally fractured reservoirs are those reserwehiere fractures have any influence on reservoir
performance. Nelson (2001) stressed the importamcellect information that allows identifying

a reservoir as fractured in early stages of devetoyi. The solution is derived in the Laplace
transform domain because it is considered a n&uraictured inner reservoir. The results are
then numerically inverted to the time domain usihg algorithm proposed by Stehfest (1970).
The models differ in the way the matrix/fractureidl transfer is handled. Warren and Root
(1963) considered pseudo-steady-state matrix/fradtuid transfer. The flow details within the
matrix are not considered, and the matrix is tceatea time-dependent source term that feeds the
fracture with strength dependent on the fractuessure. The model presented by Kazemi (1969)

considers transient flow in both matrix blocks radtures.

Barenblatt et al., (1960) introduced the conceptl@él porosity systems to quantify flow in
naturally fractured reservoirs. According to thimncept, a fractured reservoir consists of two
interacting, overlapping continua: a low perme#piland high storativity matrix, high
permeability and low storativity fracture. FluicbWs from the matrix into the fractures and the
fractures feed the fluid to the well. Numerous s&adchave been conducted on the basis of the
above concept. For dual-porosity idealization emdepresent the naturally fractured reservoir,

Warren and Root (1963); Kazemi 1969 assumed theersyas an idealized system formed by
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identical rock-matrix blocks, separated by an agthmally fractures and that assumption was

used to simulate the naturally fractured porousesygFig. 1.12).

Dual Porosity Models

Dual porosity models refer to those models whichiehtavo media of different properties. The
first is a fracture system that contains verydifilid (low storage capacity) and has most of the
fluid transmissibility. The second system is thetnmasystem which has high storage capacity
and low fluid transmissibility. These models ar@bthetical models that are used to characterize
naturally fractured reservoirs. There are many ¢haasbsity models that are based on the same
idea which is two porosity systems. The modelsediffom each other in two main things: the
relation between the matrix and the fracture’s fleygtems and the shape of the building blocks
of the matrix. The basic difference between duabpity models is the type of interporosity flow,
i.e. the type of the flow between the matrix bloeksl the fracture system. There are two main
types of interporosity flow. The first type is psedsteady-state interporosity flow in which the
flow from the matrix blocks to the fracture systesrassumed to be in the pseudo-steady-state.
The second type of interporosity flow is the transitype(Sageev et al., 1985). The transient

interporosity flow assumes that the flow in the mxas governed by the transient flow theory.

Characterizing Dual Porosity Models

Dual porosity models are characterized by the upashmeters that are used to characterize
homogeneous reservoirs in addition to two morerpatars 4 and«). The usual parameters are
permeability k, porosity,¢@ formation thicknesd, fluid viscosity,x, formation volume factoB,

and total compressibility;. The interporosity flow coefficient (matrix fracticoupling factor),

A, determines the interrelation between matrix bdoekd the fracture system. Highvalue
means the fluid easily moves from the matrix to fitseture system. The opposite is also true.
The storativity ratio,«, determines how much fluid is stored (exists) hie fracture system
compared to the total fluid in the reservoir (matand fractures). These two parametdrand

are usually calculated from pressure transientyarsg[Sageev et al., 1985). Their relations to the

reservoir parameters are given by:

Where a is a geometric factor that depends on the shafieeahatrix blocks and has dimensions

of length. The subscripten andf refer to matrix and fracture systems, respectively
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1.3.3.1 Classification of Naturally Fractured Reseroirs

Based on Hubbert's and Willis's work (1955), Nels¢R001) proposed the following
classification of fractured reservoirs based ondkient the fractures have altered the reservoir
matrix porosity and permeability (Fig. 1.13):

» Fractures provide the essential reservoir por@sity permeability

» Fractures provide the essential reservoir permigabil

» Fractures assist permeability in an already prddeceservoir

» Fractures provide no additional porosity or perniléglout create significant reservoir

anisotropy (barriers).

In type 1 reservoirs, fractures provide the esaéngiservoir storage capacity and permeability.
Typical type 1 naturally fractured reservoirs dre Amal field in Libya, Edison field California,
and pre-Cambrian basement reservoirs in EasternaQfiiiab et al., 2006). All these fields are
characterised by high fracture density. In typ@afurally fractured reservoirs, fractures provide
the essential permeability, and the matrix provithesessential porosity, such as in the Monterey
fields of California, the Spraberry reservoirs oé¥WTexas, and Agha Jari and Haft Kel oil fields
of Iran (Tiab, et al., 2006). In type 3 naturaligctured reservoirs, the matrix has an already
good primary permeability. As shown in Figure 1.1 effect of fractures is of paramount
importance for type 1 reservoirs, decreases fae &and so on. In the same way, the importance
of proper characterization of porosity and permiggihanges with reservoir type. The fractures
add to the reservoir permeability and can resutioinsiderable high flow rates, such as in Kirkuk
field of Iraq, Gachsaran field of Iran, and DukHeaid of Qatar. Nelson (2001) includes Hassi
Messaoud (HMD) field in this list. While indeed theare several low permeability zones in
HMD that are fissured, in most zones however thielemce of fissures is not clear or it is

unproven (Nelson, 2001).

Naturally fractured carbonate reservoirs are geo#dgformations characterized by a
heterogeneous distribution of porosity and permgpk{Chilingarian et al., 1996). A common
scenario is low porosity and permeability matrixodkds surrounded by a tortuous, high

permeability fracture network. With the matrix bkscacting as the hydrocarbon source, the
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overall fluid flow of the reservoir is strongly dapdent on the fluid flow properties of the

fracture network.
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Fig. 1.13: Plot of fracture porosity and permeabiliy percentage for the four
fractured reservoir types (after Nelson, 2001).

1.3.3.2 Fractures Properties

According to Nelson (2001), the relevant propertiefractured reservoirs are: fracture porosity,
fracture permeability, fluid saturations within dtares and expected recovery factor. Two major
factors that govern permeability and porosity aetfures are fracture width and spacing. Fracture
width is the distance between the two parallel aue$ that represent the fracture. Fracture
spacing is the average distance between paralgllardy spaced fractures. Two significant

fracture properties are described below: the fraghorosity and fracture permeability.

Fracture Porosity

Fracture porosity is a percentage of void spadeactures compared to the total volume of the
system. As can be noticed from the expressionturagoorosity is very scale-dependent. The
value of fracture porosity can be 100 % in a paléiclocation of reservoir, but the value for the
whole reservoir is generally less than 1 %. Acawgdio Nelson(2001), fracture porosity is
always less than 2 %; in most reservoirs is lean th% with a general value of less than 0.5 %.
An exception to these rules of thumb is vuggy tnee$ where porosity can vary from 0 to a very
large value. The importance of fracture porosityaservoir performance depends on the type of

fractured reservoir. If the fracture system prosi@d® essential porosity and permeability to the
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reservoir, then fracture porosity is a critical graeter to be determined in early stages of
development. As contribution of matrix porositytt® whole system increases, the relevance of
fracture porosity decreases. Fracture porosityes af the fracture properties that are difficult to
determine. The common sources of fracture porasstymation are: 1) core data analysis; 2)

porosity/permeability correlation; 3) Lab deterntioas; 4) Logs; and 5) well test.

Fracture Permeability

Permeability defines the ability of porous mediumttansmit fluids. The presence of open
fractures has a great impact in reservoir flow capaTherefore, fracture permeability is an
important factor that determines reservoir quaditgl productivity. Darcy’s equation that is used
to model fluid flow through porous media can notused to represent flow through fractures.
Thus, parallel plate theory was developed to mdided flow in fractures. The parallel plate
model is based on fracture width and spacing cdag@felson2001). Fractures do not always
improve fluid flow in a reservoir. In some caseartjally or total filled fractures can act as flow
barriers. The effect of fractures on permeabiliépends on several factors such as morphology,
orientation, and others. Fracture width and pernfigalare difficult to determine from direct
sources such as core data or laboratory test. d2daeand well test analysis are the most common
source of fracture permeability information. Thachure permeability of the Hauptdolomit was

determined by manually adjusting until the produtiiata was matched.
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CHAPTER II: Ritenbrock Gas Field

The Ritenbrock sour gas field is located in thetiN@Yest of Germany (Fig. 2.1). The field was
discovered in 1959/1960 and developed in the ykdlewing. The gas field consists of two
different formations, the Main Dolomite or Hauptaaiit within the Zechstein strata (Richter-
Bernburg 1959) and the Rotliegend strata.

Hamburg  Schwerin

Poland

Potsdam
" Magdeburg

Netherlands

Fig. 2.1: Location map of the Rutenbrock gas fieldafter W.E.G Der Wirtschaftsverband Erddl- und
Erdgasgewinnung e. V).

The Hauptdolomit consists of dolomite from the L&ermian age, and the Rotliegend of
sandstone from the Early Permian. The Rotliegesdrmir is situated beneath the Hauptdolomit

reservoir. The main focus of this study is the Heafpmit reservoir.

2.1 Geological Setting

The Zechstein is a complex of evaporates and catbancks from the Late Permian age which
underlies a substantial area of the North Sea antdgh north-western Europe (Tayler, 1986).

The most important reservoir rocks in this area asmdstones, which occur from the
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Carboniferous into the Tertiary period. Carbona&tgervoirs are of important in Upper Permian,
Upper Jurassic, and in Eocene times (Warren, 200@).Zechstein basin stretches from northern
Britain, across the North Sea through The Nethdda®enmark, Germany and Poland to the
edge of the Hercynian massifs (Harz, Rhenish MasgifBohemian mountains). During the Late
Permian, an area of approximately 600,006 kirmorthern Europe was covered by the waters of
the epicontinental Zechstein Sea (Fig. 2.2). Tteewgas relatively shallow; its maximum basin

centre depth is estimated to have been 300 met¢he iearly mesohaline stage, prior to complete

isolation and evaporations (Brongersma-Sanders)197
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Fig. 2.2: Facies distribution in the southern Zechsgin basin. In the Figure, the solid black line
represents the location of the Variscan Thrust Frofj MNSH: Mid-North Sea High; RFH:
Ringkobing-Fyn High; SB: Silverpit Basin; LBM: Lond on-Brabant Massif; RM: Rhenish
Massif; NGB: North Germany Basin; PT: Polish Trough. (after Geluk, 2000).
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The basin was subdivided into two main east-wesnted basins, called the Northern and
Southern Permian Basins, which were separated dggaence of palaeo-highs, the Mid-North
Sea and Ringkobing-Fyn Highs. During the Late Ramnthis part of northern Europe lay at a
palaeolatitude of 25° N, within the Pangaean sugengent. This coupled with restricted and at
times marine-fed seepage supply of seawater frenBtireal Ocean to the North and the Tethys
Ocean to the Southeast, resulting in the deposdfoa thick sequence of bedded sulphate and
halite evaporates, along with minor volumes ofebittsalts (Warren, 2006). Prior to the onset of
marine-fed seepage, the basin accumulated tertigensediments known as the
Rotliegend/Wiessliegend Formation, in an arid auerial playa/eolian/Wadi setting in a subsea
level depression, created by the final stages ef ariscan Orogency (Carboniferous-Early

Permian) (Warren, 2006). At that time, the regicaswharacterized by the development of pull-
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apart rift basins that evolved into passive margmnshe Middle Permian to Triassic period. This
time frame encompasses the main stages of bassidsmioe and is characterised by arid
widespread evaporate deposition, including Zechstgaporites in the Late Permian, followed
by Muschelkalk salts in the Middle Triassic, andulder salts in the Late Triassic (Fig. 2.3). The
Mesozoic age of NW Europe was also characterisednigping metasomatic and hydrothermal
activity, as evident from multiphase, cross-cuttimgtraformational veinlets. The following
Rhaetian through the Lower Cretaceous period wakeday intensive faulting, rifting, and the
initiation of large scale halokinesis through mwfhthe basin, sourced by the Zechstein halites
(Warren, 2006).

The Zechstein encompassed the last 5-7 millionsy@arthe Permian (Fig. 2.3). Most well
intersections and sequence stratigraphic interjpweta have been carried out in the Southern
Permian basin (Warren, 2006). This region is assediwith onshore hydrocarbon discoveries in
the Zechstein of The Netherlands and Northern Geymand is also a region where halite and
potash salts have been mined for centuries. A Batenian fill in the Southern Zechstein Basin
constitutes a classic basin wide deposit, with utitbasinal transitions from an evaporate
platform around the basin edge into a deeper-wadatre dominated by laminitic shales (Fig.
2.3).

Traditionally, the Zechstein Group is divided by mineralogy into evaporate cycles that reflect
progressive evaporation from less saline to molaesaalts. This method defines four main
evaporates cycles (Z1-Z4) and rudimentary fifth aixth cycles (Fig. 2.3). Figure 2.3 shows the
classic Zechstein cycles (Z1-Z6) as published bgistenger et al., (1996a). An ideal Zechstein
cycle starts with transgressive, non-evaporitiafsh followed by carbonates, and culminates in
thick evaporates. Since most of the classic fomnaboundaries are chosen because they are
maximum flooding surfaces (at base Z1: Copperstiakeupferschiefer Member; base Z3: Grey
Salt Clay member; base Z4: Red Salt Clay memUdeeg)lithostratigraphy of the Zechstein Group
closely approaches that of units broken out usimgdoncepts of genetic sequence stratigraphy
(Warren, 2006). In the classic terminology, fourimaycles (Z1-Werra Series, Z2-Stassfurt
Series; Z3-Leine Series and Z4-Aller Series) ardimmentary fifth and sixth cycles are then
precipitated (Fig. 2.3). The deposition of the Ha@fomit reservoir rock took place during the
Zechstein 2 cycle (Stassfurt-Carbonate, Ca2) inSbathern Permian basin (Fig. 2.4). The
Hauptdolomit reservoir is approximately 30 metéisk and consists of fine-grained grainstones,
packstones and mudstones.
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Zechstein
German Zechstein Lithostratigraphy Sequence
Tucker, 1991
A6 Friesland Anhydrite
Friesland z6
riestan T6 Friesland Clay
252 Ma
Na5 Ohre Salt
ZS7
Z5 A5 Ohre Anhydrite
Ohre
T5 Ohre Clay
Na4 Aller Salt
Aller Z4 Ad Pegmatite Anhydrite
ZS6
253 Ma T4 Red Salt Clay
Na3 Leine Salt
% ZS5
= A3 Main Anhydrite
S :
o Leine Z3
o Ca3 Platy Dolomite
[}
© T3 Gray salt clay
—
254.5Ma 754
Na2 Stassfurt Salt
Stassfurt A2 Basal Anhydrite
Z2
ca2 Stassfurt Carbonate
256 Ma (Hauptdolomit) 753
Al Werra Anhydrite
Cal Zechstein Limestone ZS2
Werra Z1 T1 Kupferschiefer ZS1
T1Ca Mutterfloze Carbonate
258 Ma Z1C Zechstein Conglom,
: Rotliegendes/Late
Early Permian gen
Carboniferous

Fig. 2.3: Lithostratigraphy of the Zechstein seriesn Germany (after Strohmenger et al. 1996a). Tucke(1991)
published an earlier alternative to the classic Zdtstein stratigraphy based on what he interpreted ashird
sequence ZS1-7S7.

The shelf facies of the Hauptdolomit has providethmercial oil and gas reservoirs in Poland,

Eastern and North-Western Germany, and The Netids]aprincipally from oncolithic and

26



oolitic beds in the barrier facies, from local hégbn the fore-barrier and in the back-barrier

lagoon.

W g BlEsles ing TN Geluk, 2007

Fig. 2.4: Facies distribution of the Hauptdolomit eservoir (after Geluk, 2007). The Stassfurt-
Carbonate developed in the study area in a slopedges with transition to basin facies towards the
North.
The Hauptdolomit reservoir consists of five compemts, separated by faults with an offset of
up to several hundred meters (Fig. 2.5). Well RB)Zlwhere the multiphase pump has been

tested, is located at the crest of the structute@mMmain compartment.

2.2 Hauptdolomit Reservoir: Reserves and Producedégerves

The Hauptdolomit reservoir initially contained 306% 10 m® (Vn), calculated using material
balance. Until 10/2009 in excess of 2.778.1 % af (Vn) have been produced, representing a
recovery factor of 77.8 %. Table 2.1 shows theigdmlly in place (GlIP) and the cumulative
gas volume produced from each compartment up tQ0DQ/ The calculated GIIP of the
compartments and in particular the main compartmame verified using different methods and
tools such as P/Z plot, MBAL program from PetroleBmperts and FAST.RTA! from Fekete
Association Inc.
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Fig. 2.5: Perspective view of the 3D Hauptdolomitampartmentalized structure which consists of five eparate
compartments by big faults, also shown the locatiof the gas producers in different compartments, té
pressure distribution.

Table 2.1: Hauptdolomit gas initial in place and poduced reserves

Calculated Cum. Gas
Gas Producers GlIP, Prod. 10/2009,| Recovery, %
Mio m? Mio. m?
. RB_Z10a, RB_Z09,

Main Compartment RB_Z05, OT 702 1930 1655.2 85.76
Compartment 2 RB_Z06, RB_Z06a 950 792 83.4
Compartment 3 RB_Z013 90 49.4 54.9
Compartment 4 RB_Z011 120 38.2 31.6
Compartment 5 RB_Z08, RB_Z08a 480 243.3 50.6

Sum 3570 2778.1 77.8

2.3 Hauptdolomit Reservoir: Production History

Production at the Hauptdolomit reservoir started9@1 (Fig. 2.6) and continued at a number of
wells up to 2010. Twelve wells were drilled on teegucture and ten wells have been in

production at the Hauptdolomit reservoir. Only 4llsjencluding RB_Z10a have been produced
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at the main compartment. The field cumulative gaslpction (Fig. 2.6) shows that after 25 years
of production, the field was approaching the tatll ®f the production phase with a steep decline
in production rates.
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Fig.2.6: Hauptdolomit reservoir production history (reservoir cumulative gas “FGPT” &

production rate “FGPR” vs. time). The red curve isthe field gas rate which was strongly declined

after 1996, blue curve represent the cumulative fld gas production.
The ratio of produced water to produced gas (W@R)ained more or less around 10 L/1000 m
of gas for approximately 25 years and increasedifgigntly to about 300 L/1000 n This
increase was primarily due to the encroachmentatémtowards wells RB_Z08a, RB_Z06a, and
RB_Z05. Figure 2.7 shows that the decline in gaslgetion associated with an increase in WGR
is an indicator of the tail end production phase.

Well Production History

Production rates are available for gas and waten fiirst gas in 01/1971 to 10/2009. Monthly
production rates are available up to 1996 and daibduction rates from 1996 to 2009. A
summary of well production time, initial pressumdacumulative gas production from wells is
provided in Table 2.2. Static bottom hole and wedlth pressure surveys were taken from the
wells. Static pressure measurements have been tedve reference depth (3400 mNN in the

main compartment).

Various initial static bottom hole pressures webbsavved between 434 and 446 bar which give
an indication of the communication between the cammpents through faults. Technical and

mechanical failures as well as pipe collapse catisedbandonment of some wells which were
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replaced by implementing new deviated wells, eRB, Z06a and RB_Z08a, to continue gas
production from these regions. The cumulative gesdyction of two well (OT_Z02 and
RB_Z06a) was smaller compared with the other gadslymers because these wells started gas

production at later production stage.
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Fig. 2.7: Hauptdolomit observed water gas ratio “FWGR” vs. time. In the figure, the increase of
water gas ratio (blue curve) caused the decline the field gas rate (red curve).

Table 2.2: Well production data

Observed Cumulative
Well Name Production Period Initial Press. bar | Production, 10/2009,
Mio. Sm®
RB_Z10a 1975 - 2009 438 929
RB_Z05 1976 — 2002 438 440
RB_Z09 1973 — 1998 435.5 100
OT_Zz02 1994 - 2009 190 183.7
RB_Z06 1971 - 1985 446 720
RB_Z06a 1995 - 1997 121 72
RB_Z13 1978 - 1992 442 49
RB 711 1976 - 1980 434 38
RB_Z08 1973 - 1975 442.3 146
RB_Z08a 1993 - 2009 365.9 97.36
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The focus of this scientific study was the main paniment, where the MPP facility has been
tested at well RB_Z10a. A detailed descriptionhes tmain compartment well production history
therefore follows. The production from this compaght comes from wells RB_Z10a, RB_Z09,
RB_Z05 and OT_Z02. Production began from RB_Z09973. The peak of gas production was
achieved in 1981, reaching 500000°&tay followed a steep decline which began in 199§.(
2.8). The cumulative production of this compartmiert.655.2 x 1dm?® (Vn) to 10/2009, i.e. an
85.76 % recovery factor. The MPP production phass fwvom 01/2004 to 03/2006. The gas
production from producer RB_Z10a began in 01/19%%&lls RB_Z05 and OT_Z02 started
production in 05/1976 and 12/1994 respectively (EA®). For many reasons, such as water
encroachment to the wells and a higishbercentage, gas production from RB_Z09 and RB_Z05

was interrupted from the early 80's until 1987.
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Fig. 2.8: Main compartment observed gas productiomate “FGPR” vs. time. The gas production
trend at later stage from 1996 forward was an indiation of tail-end production phase.

RB_Z10a and RB_Z05 were recompleted in 02/1981 G986 respectively. After the MPP
production phase (2004 — 2006), RB_Z10a has be@mrniiitently productive at steadily
decreasing rates. Figure 2.4Bows that in 1999 water production from RB_Z05tsthto rise

as a result of the water encroachment (weak influx)

The production history of the gas producers whicbated in the other compartments are
provided in Appendix 1. The calculated GIIP of cartment 2 (well RB_Z06 and RB_Z06a)
was originally about 950 x 2an® (Vn). Cumulative gas production w@82 x 16 Snt, i.e. an

83.4 % recovery factor was achieved. Well RB_Z0&ean stream in 01/1971 and the deviated
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well RB_Z06a some 26 years later. RB_Z06 proveaketa prolific producer, reaching its peak of
500000 Sriday in 01/1978, 7 years after coming on streare Bupipe failures RB_Z06 was
shut-down in 05/1985. RB_Z06a came on stream irb H9@l was abandoned in 1998 because of

high water production.
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Fig. 2.9: Observed gas rates “WGPRH” from the maincompartment’s wells (RB_Z10a, RB_Z05,
RB_Z09 and OT_Z02). RB_Z10a was the main gas prodec with a cumulative production of
around 50% of the main compartment reserves.
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Fig. 2.10: Observed water production “WWPRH" (RB_Z05). The well was production for years
with 1 - 2 m* day and suddenly in 1999 increase the water prodtion rate to 8 -10 ni/day which
was interpreted as water breakthrough or water encoachment towards the well RB_Z05 (the
nearest to the gas water contact (GWC)).
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Compartment 3 and 4 are to be found at the eastetrof the main compartment. Compartment
3 contains only one well, RB_Z13. RB_Z13 was prashecirom 1978 to 1992 and abandoned in
1992 because of water encroachment towards théavellRB_Z13 was recompleted in 09/1992
in order to block the lower perforation interval poevent water encroachment and improve
production, but it was not successful. In compartin?e only one well, RB_Z11, was drilled. It
was producing for a few years from 1975 to 198@erafvhich RB_Z11 was watered out and
shut-down in 1980. Wells RB_Z13 and RB_Z11 had vecy factors of 54.9% and 31.6%
respectively. Compartment 5 is located to the veéghe main compartment. The production
from this compartment came from just one gas ViR, Z08, between 1973 and 1975. The well
was shut-down in 1975 because of a pipe collaps#982, a new deviated well, RB_Z08a, was
drilled on the site of RB_Z08. Production from REB)&a started in 1993.
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CHAPTER lll: Verification of the Initial Gas in Pla ce

With sufficient production, material balance teaiugs offer a largely independent alternative
method of estimating the original hydrocarbon iragal to supplement direct volumetric
calculation. A material balance of a pool’s histegn also help to identify the drive mechanism
and the expected recovery factor range, since rdiffedrive mechanisms display different
pressure behaviours for the same cumulative pramucFigure 3.1 presents the different

standard P/Z curve trends that result from diffedive mechanisms.

Diminishing Pressure Support
-Overpressured Reservoir
-Maturally Fractured Reservoir
: ~ |

'\\\‘; . Pressure Support
-Strong Water Drive

P/Z

Gas Support
~Conftribution from Connected
Tight Gas Reservair
-Adsorbed Gas from Coals
~-Response from Injected Gas

-
Lo
-
-

Volumetric Reservoir

Cumulative Production

Fig. 3.1: Gas reservoir P/Z material balance diagratics. Different drive mechanisms show
different decline trends of P/Z curve (after Feketg

Material balance calculations are commonly useahtwer reservoir development questions, but
the technique can also help with the interpretatadnreservoir geometry. Geological and
geophysical mapping will give an indication of aop® shape and orientation, but typically the
confidence in the in place volume is not high. Gamsely, material balance can reveal a great
deal about the volume of a reservoir but nothingualits shape or orientation. The combination
of the two often greatly improves the understanding interpretation of the pool parameters.
Material balance uses actual reservoir performalata, and is therefore generally accepted as
the most accurate procedure for estimating origgaal in place. But a minimum of 10 to 20% of
the in place volume must be produced before thersufficient data to identify a trend and
reliably extrapolate the original in place volunheaugh material balance (Mireault et al., 2008).
This is the case in this study. Also, the matdyadhnce procedure describes the expansion of oll,
gas, water, and rock over time as a pool is exgdoitWhen fluid is removed from a reservoir,

reservoir pressure tends to decrease, and themmmdiuids expand to fill the original space.
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From the geological model’s static data (the resierand fluid data), a volume of 2.5 x %193
(Vn) was identified as total volume of gas iniyaih place (GIIP) in the main compartment
whereas the GIIP calculated from material balan@ ot was approximately 1.910 x A3
(Vn). The P/Z plot in figure 3.2 shows that, theimeompartment is a volumetrically closed

system.

400

Main Compartment — P/Z plot

300

plZ (bar)
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0
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Gp (Mio. m* (Vn))
1GIP=1.910 Mio. m? (Vn)
Bezugsteufe -3.400 mNN ERb5Z ARb9Z ®Rh10Z ¢0tZ 2|
Fig. 3.2: Main compartment GIIP estimation (P/Z meaurements vs. observed cumulative gas
production “GP”). The pressure measurements “P/Z” were taken from the wellbores (RB_Z10a,
RB_Z05, RB_Z09 and OT_Z02). The P/Z curve trend remsented a volumetric (closed)
compartment.

MBAL (material balance tool) program from Petroletixperts software was used to verify the
calculated GIIP based on pressure measurements.LMBadvides a better understanding of the
reservoir behaviour prior to dynamic simulation antas the following capabilities: 1) history
matching to determine initial hydrocarbon in placel main drive mechanisms; 2) comparison
simulations which compare accuracy of model to potidn history; 3) production of a single
tank model and a multiple tank model which offene fpossibility of connecting the tanks
through transmissibility. The drive mechanisms h&#e=n evaluated and the possible flow
communication between the compartments has beesstigated. Because the Hauptdolomit
reservoir has a compartmentalized structure, aipheltank model was constructed to understand
the reservoir behaviour, evaluate the reservouredmechanisms and the communication between
the various regions. Figure 3.4 describes the plaltank models and shows the gas producers
which belong to each compartment. Each individwsthpartment is considered a separate tank
with the possibility of communication with the oth@nks by introducing transmissibility. The

data required for the modelling of tanks, includihg initial pressure, temperature, porosity,
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connate water saturation, GIIP, rock compressyilitelative permeability function, and

production history, was entered into MBAL.
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Bh/BZ, BIa
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RE_Z10a Trans04
EB_208=
Bbldz
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Fig. 3.4: Hauptdolomit reservoir multiple tank modd using MBAL program. Five tanks model
represent the various compartments which associatedith a transmissibility option to test the
communication between them during the history matciprocess.
History match runs were carried out to obtain tlesthmatch of static pressure measurements
against simulated data. An excellent match of measpressure vs. cumulative production was

observed in four compartments (1, 2, 3 and 4) (Fi).

Initial Gas in Place — Main Compartment

Reservoir pressure

Reservoir Pressure [(BARa)
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Tater Compressikilicy Use corr (1/kbar)
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Gas in Place 1.90469e+3 [(m3Vn}

Produstion Start 05/07/1969 (date m/d ¥y}

Fig. 3.5: Main compartment pressure measurements [@ck marks) vs. simulated (red curve). The pressure
decline trend confirmed that it is a volumetric conpartment. The reservoir and fluids data are shown
bottom of the figure.
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The GIIP of the main compartment was calculatedaraund 1.96 x 10om® (Vn). Several
transmissibility values were introduced to examammmunication between the regions, but
simulation results which used no communicationsouph the faults were excellent.
Combinations of two types of drive mechanisms veating in compartments 1, 2, 3 and 4: fluid
expansion and pore volume compressibility. Fluighasion is the main drive mechanism,
representing more than 95 % (Fig. 3.6). The medspressure trend in RB_Z08, showing a
distinct pressure decline, indicates that an amltili energy source such as an aquifer supported

the reservoir pressure after the abandonment oZR8in 1975.

Fluid Expansion
PV Compressibility

Fluid Expansion

0z/24/1970 06/15/1979 10/03/1988 01/2z2/1998 0s5/14/2007

Time (date m/d/y)

Fig. 3.6: Drive mechanisms vs. production historyime. Fluid expansion (dark blue) and pore volume
compressibility (red) are the drive mechanisms aatig in the main compartment. The fluid expansion washe
dominant drive mechanisms. The pore volume compretslity drive mechanism was disappeared as the
reservoir pressure declined.

Figure 3.7 demonstrates the mismatch between tksspre measurements and simulated
modeling (red trend line). The production histoatadshows a typical declining trend in pressure
at the initiation of production from RB_Z08, whiclould be a sign of weak aquifer. Fetkovich
semi-steady state aquifer was used to match tlesyme trend, and the aquifer system used was a
bottom drive aquifer. The estimated aquifer volimé&70 x 16 m® water. Figure 3.8 shows the
match obtained by introducing an aquifer. Figur® 8hows the percentage of the relative
contribution of drive mechanisms in compartmentAs. the beginning of production, the
dominant drive mechanism was fluids expansion, evigter the bottom drive water influx

becomes the dominant drive mechanism.
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Fig. 3.7: Reservoir pressure measurements (black ms) vs. simulated (red curve). No match was obseed

without introducing an aquifer (compartment 5). The reservoir and fluids data of the compartment are Bown
bottom of the figure.
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Fig. 3.8: Reservoir pressure measurements (black mes) vs. simulated (green curve). A perfect matclof the
production history was achieved by introducing an guifer (compartment 5). The red curve represents th
early production stage without introducing an aquifer.
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Fig. 3.9: Drive mechanisms vs. production history iine. Fluid expansion (dark blue), pore volume
compressibility (red) and water influx (light blue) are the drive mechanisms acting in the compartmeri. The
fluid expansion drive mechanism was the dominant athe beginning for a short production time then the

water influx became the dominant drive mechanism.
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CHAPTER IV: Decline Curve Analysis

Decline curve analysis is one of several technigisesl to estimate recoverable reserves and to
predict future production performance from routynedvailable production data. Various
techniques have been developed to accomplish dsls The techniques range from a simple
decline curve analysis to the use of sophisticatadtidimensional, multiphase reservoir
simulators. Whether a simple or sophisticated teglenis employed, the basic principle in
predicting production rates is first to compute thges and pressure measurements for a history

production time.

Decline curve analysis is a graphical procedurel fiseanalyzing declining production rates and
forecasting the future performance of oil and gasllav A curve fit of past production
performance is carried out using certain standarstes. This curve fit is then extrapolated to
predict potential future performance. Analyzing gneduction history and pressure data of a well
can be an effective way to estimate the well arsgmeir properties. Production data analysis
approaches have advanced significantly over thé¢ feas years, and while there are many
different methods published in the literature, ¢hex no single method that always vyields the
most reliable answer (Al-Reshedan et al., 2009)wéi@r, using all available methods in
combination will provide a comprehensive undersitag@nd a greater degree of confidence if all
techniques agree. Production data analysis beginsibhg methods for determining rate vs. time,
decline curve analysis and type curve matching. [Aeetwo techniques are used to determine
the characteristics of the reservoir and its fraegu FAST. RTA™, an advanced production
analysis package, was used to perform productialysis. The production decline analysis
includes a history match, and predictions stamnfi@l/2004. The objectives are to confirm the
calculated reserves, to estimate the recoveralderves, to predict the future production
performance of RB_Z10a with and without the uséi&fP facility, and to compare the results
with the conventional compression production systatso, the analysis includes a study of the
neighboring well OT_Z02, which was carried out hgpecting any production response. It thus
covers the entire compartment. Actual productiota,dfiowrates (gas and water) and flowing

wellhead pressure data were used for this purpose.

4.1 Arp Decline Curve Analysis

The basis of decline curve analysis is to match paxduction performance histories or trends
with a model, assuming that future production aorgs to follow past trends. These models can

be used to estimate original gas in place and égigr ultimate gas reserves at some future
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reservoir. They can also be used to determine alvemeint pressure, economic production rate,
or even the remaining productive life of a wellpAfL945)introduced the decline curve analysis
method in 1940s using mathematical equations terahe the rate of decline of well production
(Al-Reshedan et al., 2009). The method is a mathieat@quation with no actual physical basis
other than the fact that the equation shows amaglitrend. The function introduced by Arp is
characterized by three parameters: initial floweré&), initial decline rate (P), and decline
exponent (b). When b=0, the decline is exponefijiaWhen b=1, the decline is harmonic (lII).
When 0 < b <1, the decline is said to be hypechdl) (Al-Reshedan et al., 2009).
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Fig. 4.1: Arp decline curves: exponential, harmonicand hyperbolic, which have different shapes on
Cartesian, semi-log and log-log graphs (after Lyon2005).

Application of decline curve analysis techniqueg&s reservoirs is most appropriate when more
conventional volumetric or material balance methasnot accurate or when sufficient data are
not available to justify complex reservoir simubeti(Al-Reshedan et al., 2009). For example,
material balance methods require estimates oflgtadbishut-in bottom hole pressures; however,
in low permeability reservoirs, where long timeg aeeded for stabilization, accurate shut-in
bottom hole pressure data is not available. Eattigngpts at decline-curve analysis required
finding plotting techniques or functions which wddlnearize the production history. Because
linear functions are simple to manipulate mathecadlti or graphically, the future performance

could then be estimated fairly easily if it waswamed that the production trend remained linear
for the remaining life of the well or reservoir ¢Rleshedan et al., 2009). Most conventional

decline curve analyses are based on Arp empitateltime decline equation,
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(L+bDt)%
where,
=- 49t _ initial decline rate, days
dt/q(t)

Note that the units of gas flow rate, time, andiahidecline rate in Eg. 4.1 must be consistent.
Depending on the value of the decline exporeiq. 4.1 has three different forms. Because it is
an empirical method, it requires no knowledge skreoir or well parameters. However it has its
failings, the most important one being that it céetgdy ignores flow pressure data. As a result, it
can underestimate or overestimate reserves (A9g5; Fetkvoich, 1980; Blasingame, 1993).
Arp’s method is still being used primarily becawgats simplicity, and since it is an empirical

method, it does not need any reservoir or well patars.

4.2 Decline Type Curves

Type curve matching is essentially a graphical negpie for matching production data visually
using preplotted curves on a log-log paper. Typgesiare plots of theoretical solutions to flow
equations and can be generated for virtually amgl kif reservoir model for which a general
solution describing the flow behaviour is availabli@eoretical assumptions, model applicability
and data requirements limit each analysis techniiylagtar et al., 2003; Rushing et al., 2003). A
systematic approach to production data analysisgual the best methods available, enables the
analyst to obtain a full picture of what is going with regards to both reservoir and operations
(Mattar et al., 2003). Decline curve analysis teghes offer alternatives to volumetric and
material balance methods and history matching vasiervoir simulation for estimating original
gas in place and recoverable gas reserves. Ddglpgecurve analysis is a widely used method
for analyzing and predicting past and future penfamce of production wells, especially in low
permeability gas reservoirs. For fractured low peaibility gas wells, analysis of production data
is the more practical method, due to the long timeeessary to achieve pseudo radial flow
(Cramer et al., 2004). A number of techniques Hzaen developed by the petroleum industry for
evaluating well performance. Unfortunately, no &ngiethodology is perfect or capable of
handling all data and reservoirs. Fetkvoich (19Boduced the technique of decline curve
analysis by way of type curves. Fetkovich (19803 wee first to extend the concept of using type
curves to transient production. The Fetkovich methogy uses the same Arps depletion

techniques for the analysis of boundary dominated and constant pressure type curves for
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transient production. Wattenbarger (1987) intratba normalized time function that linearizes

the rate of decline against normalized time for gg®rvoirs producing at constant bottom hole
pressures during boundary dominated flow. The ¢aticun of the normalized times involves an

iterative process. In 1993, Blasingame & Palacidressed the issue of variable, non constant
bottom hole pressures in gas wells. They introdutad methods, which use a modified time

function for analyzing the performance of gas wellsey have also established a new algorithm,
along with the modified time function, to computasgn place, which together are capable of
modelling the behaviour of production data for shhe rate and/or variable pressure drop
conditions. Like normalized time, the calculatioh mseudo equivalent time is an iterative

process. In 1998, Agarwal introduced new type cairwehich represent advancement over the
Palacio & Blasingame type curves because a clelis@inction can be made between transient
and boundary dominated flow periods. Although decliurve analysis and type curve matching
of gas well decline curves are still used widelyeyt all require bottom hole pressure data.
Subjectivity of each either of these methods, aloambined with the need for pressure data,
calls for a new method which does not require presdata and eliminates the subjectivity of the

analysis. The primary differences between distuectype curves are described below.

Fetkovich decline type curve: Fetkovich presented a new set of type curves thi@nded the
Arps type curves into the transient flow regiong(F4.2). He recognized that Arp decline curve
analysis was applicable only during the time perdaen production was in boundary dominated
flow; i.e., during the depletion phase. This mehat the early production life of a well was not
analyzable by conventional decline curve methodsveMl producing at constant pressure will
follow one of these curves. One reason for the esgcof Fetkovich type-curves is that most oil
wells are produced under wide-open conditions, ae.the constant lowest possible pressure.
Combining the Fetkovich transient curves with thg Aecline curves, and blending them where
the two sets of curves meet; results in the Fethodecline type curves shown below (Fig. 4.2).
Fetkovich (1980) used analytical flow equationgémerate type curves for transient flow, and he
combined them with the Arp empirical decline cuegriations. Accordingly, the Fetkovich type
curves are made up of two regions which are blerded a continuous whole and thereby
encompass the entire production life from earlgesa(transient flow) to late stages (boundary
dominated flow).

Blasingame type curve: the production decline analysis techniques of Ang &etkovich are
limited insofar as they do not account for variaian bottom hole flowing pressure in the

transient regime or changing PVT properties witbereoir pressure in gas wells. Blasingame,
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(1993) however, has developed a production dedigthod that accounts for these phenomena.
This method uses a form of superposition time fioncthat only requires one depletion stem for
type curve matching, the harmonic stem. One impoddvantage of this method is that the type
curves used for matching are identical to thosel dise Fetkovich decline analysis, without the
empirical depletion stems. When the type curvespéoted using Blasingame’s superposition
time function the analytical exponential stem oé thetkovich type curve becomes harmonic
(FAST.RTA Manual).
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Fig. 4.2: Fetkovich log-log type curve (productiorrate vs. time). The early production life is identiied

as transient flow and the boundary-dominated flow wich is represented by the Arp decline types

(after Lee et al., 1996).
Agarwal-Gardner type curve: Agarwal and Gardner (1998) compiled and presengéed aecline
type curves for analyzing production data. Theithuds build upon the work of both Fetkovich
and Palacio-Blasingame, utilizing concepts of tlogivealence of constant rate and constant
pressure solutions. Agarwal and Gardner presenttgpes curves with dimensionless variables
based on the conventional well test definitions,opposed to the Fetkovich dimensionless
definitions used by Blasingame et al., (1993). Thtsp include primary and semi-log pressure
derivative plots (in inverse format for decline bs&). Moreover, they present their decline
curves in distinct formats in addition to the st@mbdnormalized rate vs. time plot. These include

the rate vs. cumulative and cumulative vs. timdymmaplots (FAST.RTA Manual).

Flowing Material Balance: The Flowing Material Balance technique uses theggle of
stabilized or pseudo-steady-state flow to evalteati# in-place fluid volumes. In a conventional

material-balance calculation, reservoir pressumnéasured or extrapolated based on stabilized
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shut-in pressures at the well. In a flowing sitoatithe average reservoir pressure clearly cannot
be measured. However, in a stabilized flow situgtibere is a very close connection between
well flowing pressures (which can be measured)thedaverage reservoir pressure. The diagram

below shows how these pressures are related (FAZTNRanual).

Normalized Pressure Integral (NPI): The Normalized Pressure Integral was initiallyeleped

by Blasingame in 1989T¢pe-Curve Analysis Using the Pressure IntegraliddtBlasingame et
al., 1989). The objective of the method was to gmea robust diagnostic method for drawdowns
that did not suffer from noise and data scatterisdgpical of the standard well test derivative.
The solution involves using a pressure integraveuass the base curve for noisy drawdown
analysis.

Transient Type curve Analysis. The transient type curve analysis technique isanoéw method

of data analysis. Rather, it provides an altereapigrspective that is ideal for the analysis of/ver
short (early) production periods, and/or the analgé very low permeability reservoirs. In the
Blasingame (1993), Agarwal-Gardner (1998) and Nfekentations, the type curves are scaled
such that there is convergence onto a single boynd@minated stem (unit slope). This is
achieved through the use of a dimensionless tina¢ i based on areapft or tg). One
consequence of this type of scaling is that thesenamerous transient stems. If a dimensionless
time based on well radiusjtis chosen instead, there will be a single trarisséem with a series

of boundary dominated curves.

Wattenbarger type curve Analysis. Long linear flows have been observed in many gaéswe

These wells are usually in very tight gas resesvaiith hydraulic fractures designed to extend to
or nearly to the drainage boundary of the well. M&fgtarger et al. (1998) presented new type
curves to analyze the production data of thesewgdls. Two features of modern analysis that
improve upon the traditional techniques are: 1ywadizing rates using flowing pressure, which

enables the effects of back pressure changes awdmmmodated in the reservoir analysis; 2)
handling the changing compressibility of gas wittegsure using pseudo-time, as the time
function enables the gas material balance to bellaédnrigorously as the reservoir pressure

decreases with time.

Type curve analysis is useful for estimating resgrgarameters such as permeability, skin and
original gas in place (OGIP). Furthermore, theramgortant diagnostic value in type curve
analysis. Some practical diagnostics include: ifigng skin damage; qualifying fracture
effectiveness; identifying a transition betweennsiant and boundary dominated flow;
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identifying liquid loading; identifying pressuremuort; characterizing over-pressured reservoirs;

identifying interference.

FAST.RTA™ is a decline analysis tool that analypesduction rates and flowing pressures.
Methods include traditional decline analysis, Fgi&b, Blasingame, Agarwal-Gardner, NPI,
Transient and Wattenbarger type curves, speciala®alysis and flowing material balance.
Reservoir models include volumetric and water driypes. Well models include horizontal,
vertical, and hydraulically fractured well typeAFT.RTA™ analyses production data, yielding
hydrocarbons in place (OIIP), expected ultimateovecy (EUR), drainage area, permeability,
skin and fractures half length and aquifer strengittallows the evaluation of infill potential,
characterization of the reservoir, and estimatibreserves with ease and efficiency. There are a
number of conventional analysis techniques incasar within the FAST.RTA™ and atesed
for production data analysis, including: 1) Arp lilee analysis (exponential, hyperbolic and
harmonic); 2) Fetkovich type curve analysis; 3) ddlgame type curve analysis; 4) Agarwal-
Gardner type curve analysis; 5) Normalized Pressutegral (NPI) type curves; 6) Flowing
Material Balance; 7) Wattenbarger; 8) AnalyticalNumerical Modelling. The analytical and
numerical modelling options allow you to create yown reservoir models, in order to either
confirm results from the conventional analysis teghes (Fetkovich, Blasingame, Agarwal-
Gardner, NPI), or to construct more complicatecemasir/well geometries which cannot be
handled by conventional analysis. FAST.RTA™ off#rs unique capacity to simulate pressure
from production history, or simulate rates and clative production from pressure history, or
both simultaneously. The non-linear regressiorvadlbistory matching, minimizing the error in
terms of pressures, rates and cumulative produciibe Analytical models are Radial, Fracture,

Horizontal, Water Drive, Composite and Multilayeservoir models.

After the achievement of history matching, a prdagucforecast for any analytical or numerical
model can be run based on anticipated producingspre. The productivity index’s sensitivity to
improvement can also be simulated. A review ofrditere on type-curve analysis of gas
reservoirs reveals that there is no specific atiarpaid to type curves of naturally fractured gas
reservoirs. Due to the double porosity behavioua inaturally fractured gas reservoir and the
importance of fracture and matrix compressibilitiése evaluation of type-curve analysis
components such as average reservoir pressurecomgressibility, pseudo-time, and pseudo
material balance time requires special attentidMarren and Root (1963) characterized the
naturally fractured porous medium in terms of twargmeters: storativity ratiop and
interporosity flow parameter (matrix-fracture-canp)) L. The paramete® is a dimensionless
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quantity relating the fluid capacitance of the fumes to that of the combined system. The
parametef. is proportional to the ratio of matrix permealiltb fracture permeability. Typical
values ofA range from 18 to 10° where low values of. indicate low fluid transfer between
matrix and fractures. A homogeneously distributetbpity is considered to be the limiting case
in the model. This happens when= 1 orA = wo. FAST.RTA™ is capable of analyzing the dual
porosity models by introducing the dual porositygmaeters, interporosity flow parameter and

storativity ratio.

4.3 Production Decline Analysis of Well RB_Z10a

The RB_Z10a production gas rates and well headifigvypressures were loaded into FAST.
RTA™. The real production data is shown in figur&,4while Table 4.1 shows fluid and

reservoir properties.

Table 4.1: Reservoir and fluid properties

Reservoir Parameters

Mame REB_Z10a zas Properties
Pool NW Germany G 0.650
Field Riutenbrock COe 3.80 %
Reserve Category Proven Ha2S 0.00 %
Fluid Type Gas Mo 14,00 %%
Status Producing
Water Properties
Wellhead p; 36618 kPa Cw 4.80Te-07 1/kPa
[T 0.44895 mPa.s
Depth (mpp) 3265.000 m Bu 1.044 m¥m3
Static (Tg) 25.0
Bottom Hole p; 44394 KPa Compressibility
cg 1.162e-06 1/kPa
Wellhead Max J0000 kKPa
Bottom Hole Max 41857 kPa Cr 1.297e-05 1/kPa
Tr 126.0 T
h 15000 m
Iy 0. 100 m
P 3.00 %
Sg 80.00 %
Sq 0.00 %%
S 20.00 %

Using FAST.RTA™, the observed tubing head presswvese converted to bottom hole
pressures at a depth of 3265m using the existisgspre loss correlations incorporated within
FAST.RTA™. The calculated pressure difference betwthe bottom hole flowing pressure and
the tubing head flowing pressure, by the existirgspure loss correlation, did not exceed 8 to 10
bar. To justify that, the pressure loss correlaibandle the flow stream as a single phase (gas)
while water was being there in the well flow coluasvapour or second phase. It was concluded
from the well modelling software Prosper that tlikedence between the flowing tubing head
and flowing bottom hole pressure at RB_Z10a musivéen 15 and 30 bar, particularly in the
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tail-end phase. An excess pressure drop of 30 laar therefore added to represent the water

content in the gas or the hydrostatic loss fronugpscted column of liquid at the bottom of the
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Fig. 4.3: Production history (RB_Z10a). Shown in tis figure are the flowing bottom hole pressures (lwwn
dots) which have been converted from the observedhing head pressures & observed production rates éd
curve) vs. time.

Results and Discussion

Figure 4.4 shows Arp exponential plot indicatingeres of approximately 1164 X167 and

expected gas recovery of 960 £10°. Arp decline analysis is an adequate techniquestionate

the reserves assuming that the bottom hole flownegsure is relatively constant with respect to
time, especially at the tail-end of the productptrase (2000 - 2004). The left side of Figure 4.4
demonstrates decline type and output parametelrsaiEUR (expected ultimate recovery), RR
(remaining reserves) and (OGIP) Reserves. Duriagytpe curve analysis, RB_Z10a is assumed
to be a hydraulically fractured well in the cendifea rectangular reservoir. In Wattenbarger type
curve analysis, the fractures are assumed to extetfte drainage boundary of the well or the

boundaries of the compartment.

Figure 4.5 and Appendix 2 show the production Injstasing various type curve techniques
including, Blasingame, Fetkovich, Agarwal and GamnNormalized Pressure Integral and
Wattenbarger. The data plotted in the Blasinganm pses Normalized rate integral and a
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derivative function to reduce the noise level. rritie Blasingame and Fetkovich type analysis
shown in figure 4.5 and Appendix 2, it is obviobsttthe production response consists of two

distinct flow periods, a transient production feWled by a pseudo-steady state (boundary

dominated).
Rate vs Time
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Fig. 4.4: Arp exponential plot (RB_Z10a): a semi Ig plot of rate vs. time and a Cartesian plot of ra vs. gas
cumulative. In the left-hand side of the figure arghe inputs and output parameters from Arp declineanalysis.
The outputs are the well reserves, expected ultimatrecovery and rest recoverable reserves.

Commonly, in this production response sequencetddrasient production followed by pseudo-
steady state, different types of reservoir infoioratan be obtained from each flow period. The
transient flow period can provide information oe fhermeability thickness product of the well’s

drainage volume, an estimate of the wellbore s&otdr, and an estimate of the drainage radius.
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The pseudo-steady state period can be used tafydém onset of interference and forecast a
production schedule and remaining reserves. FrarF#tkovich plot (Fig. 4.5), there are two
sets of curves that converge in the centre. Matckiata on the left side provides information
about the transient behaviour of the system wiikeright side provides information about the
boundary dominated behaviour of the reservoir (ke area). Furthermore, from the early
stages in the Blasingame plot (Appendix 2), theténae properties are estimated. Table 4.2 gives

a result summary of the various type curves match.

Name  RB_Z10a
Pool NW Germany
Field  Rutenbrock Fetkovich Typecurve Analysis
r Plot Options,
X Rate
T P<Cumulative Production
s
34 Use Normalized Data
2+ Time Re-initialization
Calculations
10 10000.0
T K 0.7827 mD
ST s 1114
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] b 0.000
S D. 8.62
EREPHE D 0.090
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Fig. 4.5: Fetkovich type curve matched with RB_Z10groduction history data. Two sets of data are
shown, the well observed gas rate (red dots) and Wwvebserved cumulative gas (blue dots) vs. time. Bh
production history data were fitted to one of the peplotted curves (red & blue curves). The results i@
in the right-hand side of the figure.

Table 4.2: RB_Z10a type curve analysis results frorthe application of various type curves.

Name RB_Z10a
Paol NW Germany
Field Riitenbrock Resu"s Summary
Fluid Type Gas
Status Producing

Results Summary
Filename: C:\Dokumente und Einstellungen\All Users\Desktop\Fekete Software\BHB Analysis\RB_Z10a _12_2003 mon+daily BHP_B&B_CC.rta

Well name: RB_Z10a monthyl data + flowing tubing head 11.1975-12.1995

E Tep 0GIP ~ Area EUR  Phar k § X D D, IWIP Pl My,
Analysis Types 2 o
¥ 108m? ha 106m®  kPa(a) mD m % 100m?  {m?d)/kPa
Traditional::Analysis 7/ 116433 1812.29 959.20 0.099 9.3
Fetkovich::Radial /0000 17425 182173 945.54 hrgzr  an 0.090 862
Blasingame::Fracture /1000 1808.23 2814.53 153419 20012  3.6359 2993
AG Rate vs. Time::Fracture /1 1395.88 217269 118433 14037 0.7700 2629.809
NPI:Fracture e 1466.04 228501 124555 15304  0.2579 2696.925
Wattenbarger::Dimensionless Channel /' 64 1497.39  2330.87 127046 15787  1.0000 2063.434
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The estimated parameters from various type cumesg@ite distinct, especially the reserves. The
variations in the result were due to: a) declineveuanalysis and the fact that type curve
matching of gas well decline curves requires olerdata from the wellbore (bottom hole
pressure) whereas the available pressure datalewsimg tubing head pressures. Accordingly,
there were uncertainties in the calculated bottoie pressure from tubing head pressures; b) the
complexity of the naturally fractured reservoiraisother possible cause, and thus the reservoir
complication of a naturally fractured reservoir manhbe handled by a conventional type curve
analysis.

RB_Z10a Analytical Model

Since there was a dissimilarity of the output fritra conventional analysis, such as the reserves
which were overestimated, there are other modebibgrnatives available in FAST.RTA™ for
such a complicated reservoir, for instance theytical models option. The analytical model
allows the creation of your own reservoir modelsjol cannot be handled by the conventional
analysis, which represent the actual reservoirvamdh can be matched with the historical data.
History is matched by creating a pressure matchaahdure forecast of rates at any specified
pressure. Three analytical models were selectgosed to be the best representative models of
RB_Z10a’s naturally fractured drainage area, thiatamodel, fracture model and composite
model. The dual porosity model option was usedmnduthe pressure history match process.
Matrix-fracture coupling factor of 1E-05 was usddhe storativity ratio was calculated using
Equation 4.2. The average matrix and fracture pibegswere assumed to be 2.5 % and 0.5%
respectively. The total compressibility of 1.2 é&* was evaluated by the existing correlation
within FAST.RTA™ software. The storativity value is 0.166.

w = () e, (4.2)
(p.C..h), + (9.C.h),

where,

a = storativity

¢1, 7= matrix & fracture porosity
C, = total compressibility

h= net pay thickness

The uncertainty parameters used to provide a matdhde initial reservoir pressure, reserves,
reservoir parameters, fluid properties, well datd dual porosity parameters. With the exception
of original gas in place, most of the required paaters were known either from reservoir and

fluids data, well tests or reservoir simulation omatesults. From the pressure match, the
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production history was categorised into three phasarly phase, middle phase and tail-end
phase which represent the production periods fr@%541980, 1981-1994 and 1995-2003
respectively. In the bottom of the figure thereaizoom-in of the tail-end production phase
pressure match. Figures 4.6 and Appendix 2 showith#éhe early and tail-end production
phases, a good pressure match was obtained withish@rical data, while a mismatch in the

middle production phase was observed.
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Fig. 4.6: RB_Z10a analytical radial model. A zoomn of the RB_Z10a’s tail-end production phase, also

shown a good pressure match between the pressure aserements and simulated pressure over the

production period from 1996 to 2003. In bottom of he figure are the reservoir and dual porosity

match parameters. Also
The production data may not plot on a single tremel to perturbation in field operations or other
reasons, including 1) production turbulence dueh® occurrence of several wells producing
from same compartment and same times; 2) the Hattellbore damage or recompletions lead
to production response and well productivity alterg 3) uncertainties regarding the bottom
hole pressures that are converted from the weld hw@ssure. Figure 4.6 and Appendix 2
demonstrate that the given well reserves (OGIP)16f0 x 16 m® resulted in a good pressure
match in early and tail-end production phases @ rédial, fracture and composite analytical
models. The significant production phase for idgirtg the well potential and forecast the future
production is the tail-end phase. Pressure matcnpeters of reservoir, dual porosity, fractures

and well data are shown at the bottom of the figure
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Production Forecasts Based on thewell RB_Z10a Analytical Model

FAST.RTA™ is able to forecast the well potentigheTobserved cumulative gas production from
RB_Z10a until 12/2003 was 910 x*8nt. Two production forecast scenarios were applied to
investigate the multiphase pump impact on the pewdoce of the well RB_Z10a: continuous
application of conventional compression productsystem (CC) and multiphase pump (MPP)
over the production time 01/2004 to 03/2006 usingsbandonment gas rate of 20000°8kay .
The final flowing bottom hole pressure measurena¢iie end of 2003 was 51 bar. To perform a
production forecast, the bottom hole pressure fGr9Cenario was adjusted to 48 bar (flowing
bottom hole pressure) which is equivalent to 13 (tlae minimum reduction limit of the well

head pressure).

For MPP scenario 35 bar (flowing bottom hole presswas used for approximately 2 bar at the
wellhead. The forecast results illustrate that RBO& is able to produce cumulative gas of 5 x
10° Snt from a continuous CC production system and 20 %S from continuous application
of MPP. Well RB_Z10a actual cumulative gas produciiMPP+CC) from 01/2004 to 03/2006
was 16.49 x 10Snt. If the forecast results were compared with thesacproduction for the
production period 2004 -2006, a reduction of -7¢f @C forecast scenario was applied (Fig. 4.7
& Appendix 2). In contrast, an increase in cumwukagas production as results of the MPP utilize

in the forecast simulations (Fig. 4.8 & Appendix 2)

Well Manauer} Data IDnta Diagnostics Analysis Reportinu\

Tra{li(ionallPowerLaMFetkovich}Blasingame}nGRateusTime]F.M.B.lSpecialize(IAnaIysisl IIPI lTransiemlw:ittenlmrueﬂAnalyticall‘u'loqlels Humerical Models ~Forecast
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Fig. 4.7: Analytical radial model (RB_Z10a): CC forecast results (01/2004-03/2006). A 70% reduction
of the gas cumulative as a result of the CC use cpared with the actual cumulative gas, also the
RB_Z10a would shut-down in 2004*) EUR = expected ultimate recovery; Pwf= flowingttom hole
pressure.
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Fig.4.8: Analytical radial model (RB_zZ10a): MPP forecast results (01/2004-03/2006) - The application
of MPP resulted of a cumulative gas higher than thiafrom the actual production history until 03/2006.
*) EUR = expected ultimate recovery; Pwf= flowingttom hole pressure.

4.4 Production Decline Analysis of Well OT_Z02

Production decline analysis was carried out forl @8l _Z02 because of its location at the crest
of the structure adjacent to RB_Z10a. OT_Z02 wa® groducing during the MPP phase
01/2004 — 03/2006. The production analysis for Q02,4rior to MPP phase and up to the end
of 2003, is significant for the investigation oktMPP effect on neighbouring wells and also on
the entire compartment. The decline curve analsis performed using FAST.RTA™ for the
inquiry of possible negative or positive producti@sponse at well OT_Z02. Production history
data from1994 to 2003 has been loaded into FASTRTAhe actual cumulative gas production
measurements from OT_Z02 until 12/003 and 10/20882vt60 x 10 Snt and 190 x 19 Sn?
respectively. Historical production data matchethwhe various type curve method are shown in

Figure 4.9 and Appendix 2.

The estimated reserves and expected gas recoverigecabtained from the type curves match
shown on the right hand side of the figures. Theagarison of the match results indicated the
presence of production interference. The summarytypeé curve match results from the
production period up to 12/2003 is shown in Tah® #he maximum estimated well reserve is
223 x 16 m®, while the EUR maximum value was 180 xX’18°i.e. 10 x 16 m® a reduced
amount compared with the actual cumulative gasymiieh of 190 x 1®m® up to 10/2009. The
MPP operations in RB_Z10a had a positive impadherperformance of OT_Z02. These results
demonstrate that the multiphase pumping facility &gositive impact on OT_Z02 gas recovery.
A decline curve analysis was also performed forviiet RB_Z05 and the estimated gas in place
of RB_Z05 is estimated to be 550 X2 1f°.

54



The cumulative reserves of all wells located in tiein compartment are approximately 1.96 x

3
10" m™.
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Fig. 4.9: Fetkovich type curve matched with OT_Z02oroduction history data. Two sets of data are
shown, the well observed gas rate (red dots) and Wwebserved cumulative gas (blue dots) vs. time. Eh
production history data were fitted to one of the peplotted curves (red & blue curves). The results i@
in the right-hand side of the figure.

\OT Z020T 202 proen: 12.Apr.10 1

Table 4.3: OT_Z02 - type curve analysis results fim various type curves.

Name 0T 202
Pool NW Germany
Field Riitenbrock - Ca2 Results Summary
Fluid Type Gas
Status Producing
Results Summary

Filename: C:\Dokumente und Einstellungen\All Users\Desktop\Fekete Software\OT_Z0210T_Z02_properties_until2003.rta
Well name: QT_Z02

E T OGIP ~ Area  EUR.  Phar k § X D D. IWIP Pl M3
Analysis Types 2
¢ 106m? ha 105m?  kPafa) mD m % 10%m?  (méfd)/kPa
Fetkovich::Radial 710000 2356 IMA 18041 0.2468 0.27 0.200 1869
Blasingame:: Finite Conductivity Vertical Fi,/ 20 20658 34859 16840 9896 02660 152 1.053
AG Rate vs, Time::Fracture Al 0484 3562 17240 9620 01249 2444
NPI::Fracture /5 0234 3140 17030 9215 0.0576 208.492
Wattenbarger::Dimensionless Channel /' 2 20291 34239 17078 9308 1.0000 152.883
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CHAPTER V: Reservoir Dynamic Simulation

Simulation is one of the most powerful tools foidjng reservoir management decisions. From
planning early production wells and designing stefdacilities, to diagnosing problems with

enhanced recovery techniques, reservoir simulatallesv engineers to predict and visualize

fluid flow more efficiently than ever before. Regeir simulation in the oil and gas industry has
become the standard practice for solving resemogineering problems. Simulators have been
developed for various recovery processes and asmtin be developed for new oil and gas
recovery processes. Reservoir simulation is thefacbombining physics, mathematics, reservoir
engineering, and computer programming to develgtstéor predicting hydrocarbon reservoir

performance under various operating conditions.

The function of a reservoir simulation is helpinggmeers to understand the production pressure
behaviour of a reservoir and consequently to ptedicre performance (production rates) as a
function of time. The future production scheduldjew expressed in terms of revenues and
compared with costs and investments, helps managéesmine both economically recoverable

reserves and the limits of profitable productiomc® the goal of simulation is determined, the

next step is to describe the reservoir in termghefvolume of hydrocarbons, the amount that is
recoverable and the rate at which it will be recede To estimate recoverable reserves, a model
of the reservoir framework, including faults angdes and their associated properties, must be

constructed.

To perform the numerical reservoir simulation, gsé program was used. Eclipse is the
Schlumberger reservoir simulator for black oil asampositional and it is widely used in the
industry. The geological 3D model has been contdiby the geologist in the team and was a
simplified representation, based on the existin@,daf relatively complex natural bodies. The
dynamic model was created by integrating the rdbokd properties, flow functions and

production history data on the basis of the Hauptdd 3D geological model.

5.1 Data Validation & Evaluation

The accurate and efficient simulation of subsurfaoeditions requires a blend of physical
modelling of subsurface processes and careful noatémplementation. Dynamic data typically
available for any study consists of engineeringrmfation (production history from all wells,
PVT data, pressure build-up analysis tests, SCAR,dend well completions for all production

wells). For the description of the Hauptdolomitkiltiid properties and production history, the
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collected dynamic data was included historical &asgater flow rates, static/flowing bottom hole
and tubing head pressure measurements, gas & e@tgrositions, a number of pressure build-
up tests, and well completion data (depths andngibasing details, deviation surveys). The

available dynamic data was filtered, screened atidated.

Porosity/Permeability Correlation

The porosity and permeability of Stassfurt-Carben@a2) are generally poor (Taylor, 1986).
Clark (1980; 1984) has studied the reservoir paknf the slope facies and determined that a
good primary porosity is often reduced by cemeotatespecially by anhydrite or halite, but is
locally enhanced by the creation of a secondamnytieol (porosity) by late diagenetic process. A
number of thin sections were collected from them@mpartment and have been analysed by
the team geologist, who demonstrated that primaayrir porosity is filled with cement to a
nearly zero percent value. But, during the lategeimeetic process, the primary porosity was
enhanced by the creation of the secondary por@sty series of narrow extended laterally
channels. The channels are short and well connéctéterally. The vertical communications
between the lateral layers are ensured by theuiastystem. Also observed from the thin section,
the fractures were partially cemented which indisahe reduction in fracture permeability of the

Hauptdolomit reservoir compared to the standarctdira permeability.

Porosity and permeability values were obtained freine line logs and core data respectively.
The available log and core data were combined donparison and in order to compensate for
the depth shift between the holes before core-latp dntegration to develop porosity -

permeability correlation. As logging depths are \knato be accurate, the depths of recovered
cores were adjusted to the down hole logging dbptyraphically correlating obvious peaks and

troughs in the porosity - depth profile.

The Hauptdolomit reservoir represents a naturatgcttired dolomite formation, i.e. dual
porosity/permeability system according to the eaiin of core data and thin section analysis.
Figure 5.1demonstrates that two trends can be identifiedemadt of high permeability & low
porosity (fractures) and a trend of low permeapidit high porosity (matrix). The evaluation of
core data proves that only for a matrix systempgity/ permeability correlation can be derived.
The following empirical formula was obtained frohetcore data for the calculation of matrix

permeability:

K = 0.0184 * @00 0 (5.1)
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Because of the wide range of variation in the amaples’ fracture permeability measurements,
no accurate empirical correlation of fracture peahiéty could be derived due to the suspicion

that breaks in the core plugs might occur durirggdbring process.
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Fig. 5.1: Hauptdolomit reservoir core data. Semi Ig plot (porosity vs. permeability) was used for the
purpose of the derivation of porosity/permeability correlation. Two trends were identified which
represent a dual porosity system*) The evaluation of the Poro/Perm correlation issed on the study of Thomas
Franzen (member of the MPT project
Therefore, fracture permeability has been treated laistory match parameter and is expected to
be low due to cementation, as concluded from threstéction analysis. Following Nelson (2001),
the fracture porosity was supposed to be in therlmge (0.3 - 0.5 %) due to the compaction

effect resulted from the high reservoir depth (32G@00 m).

I nitial Water Saturation Evaluation

Generally, the initial water saturation,; 3s determined from logs and compared with the Lab
measurements (core analysis). Due to the factaHatv values of initial water saturation were

obtained from Lab measurements, the initial waéduration was also calculated from the logs
for comparison and verification. Field experienaarldwide suggests that the lower the porosity,
the higher the water saturation, and vice versah{gr G. E. 1950). The standard corrections to
sonic porosity values and formation water resistiviere applied and initial water saturation has

been calculated from the resistivity and sonic lagsording to Simandoux (1963):

2
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where,

S, Water saturation, fraction

R,: Formation water resistivity, ohm-m
¢ : Porosity, fraction

V,,: Shale volume, %

R : True formation resistivity, ohm-m
R,,: Shale resistivity, ohm-m

Figure 5.2 is a cross-plot of matrix initial wateaturation versus matrix porosity of well
RB_Z10a which was selected as a reference wellusedés porosity values cover approximately
the porosity range of the Hauptdolomit reservoiccérding to Archie (1952), high porosity

contains low water saturation and vice versa. phisciple is demonstrated in figure 5.2.

Hauptdolomit - Porosity vs. Water Saturation - RB_Z10a
10

Porosity, %
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Sw, %

Fig. 5.2: Matrix initial water saturation (from logs) vs. matrix porosity (RB_Z10a). High water

saturation is observed between 40 - 80%. There imcertainty in the calculated water saturation from

logs due to the limited availability of accurate edctrical property data.
As shown in Figure 5.2, high initial water satusatiwas calculated in this way, whereas low
initial water saturation values between 15 and 8(tent were measured in the laboratory. By
comparing the calculated $Wwom logs with those from the available Lab measunts, the
average initial water saturations from well logsl daboratory measurements had values of 50
and 20 percent respectively. Initial water satoratalculated from logs is sometimes inaccurate
due to the limited availability of accurate "a", "'rand "n" electrical property data to calibrate
field resistivity logs and a concentration effeat the dissolved solids present in solution in the
remaining low water saturation.
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Establishment of Low Initial Water Saturationsin Low Matrix Porosity /Permeability Media

The establishment of low initial water saturatianslow matrix permeability/porosity porous

media was due to:

1) With respect to the thin section analysis, as titermal pore surface area is related to
irreducible (initial) water saturation, a smallémtal pore surface area was observed and
illustrated by the thin sections. Consequently, Isiméernal pore surface area was able to
contain a small amount of water i.e., low initisdter saturation

2) Bennionet al., (2000; 2002; 2004) introduced a numberhebties for the establishment
mechanism of subnormal saturation conditions in jeeymeability porous media, all of
which have a common initial progression sequene¢ iihcludes: a) deposition of the
original reservoir sediments in some type of malb@0 % water saturated) environment
(Fig. 5.3a); b) initial influx of hydrocarbon gasto the pay zone, resulting in displacement
of the water saturation down to the initial ‘irrexlie’ level, as governed by the capillary
equilibrium of the system at that time (Fig. 5.3b);physical disconnection of the reservoir
sediments from active capillary equilibrium with feee water/aquifer recharge source.
Possible events would include faulting and tectgnipheaval erosion and reburial, macro
fracturing resulting in large capillary disconnettault blocks or regional drainage of the

initial contacting aquifer (Fig. 5.3c).

Divergent theories exist as to the next transifigi@se, which results in the removal of all, or a
portion of, the remaining trapped/bound water ia thck to result in an ultimate subnormal

saturated condition. They include; 1) ultra highpitary pressure motivated hygroscopic

extraction of the water saturation into highly ratible associated shales in contact with the
formation (Bennion et al.,, 2002); 2) diagenetic goafe system changes associated with
increased overburden pressure, compression, mif@rahtion (cementation and overgrowths)

as well as long-term formation of authigenic palle§ clays resulting in a reduction of apparent

reservoir quality (and increase in capillary paoiegh in the absence of recharge from an active
water source (Bennion et al., 2002); 3) dehydratevaporation) of the water saturation by

transfer into a non-equilibrium gas phase overredeéd geological time due to extensive regional
migration of undersaturated gas through the sedsneh interest (Fig.5.3d) (Bennion et al.,

2002).

The theory with the greatest degree of physicalpstpfrom both a laboratory and field
perspective is that of desiccation effects caugelditg term regional migration of undersaturated

gas from source rock to the ultimate gas produriteyvals resulting in gradual transfer of water
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saturation from liquid to gas phase that resultedcurrent reservoir environment of low

permeability combined with low initial water sattiom (Bennion et al., 2002).

Fig. 5.3b: Primary gasinflux and
displacement to capillary Swirr

S T

3 o Tl | =

Fig. 5.3c: Hydraulic disconnection Fig. 5.3d: Long-term regional gas

from active water recharge/contact migration dehydrates water saturation
to capillary Swirr subnormal level

559625).3: Illustration of the mechanism of low wate saturation creation in porous media (after Bennim et al

The high initial water saturations obtained frongdds a consequence of the resistivity of the
formation water, resulting from the unknown comgiosi of the formation water in the reservoir.
This process can be seen to have a concentrafext eh the dissolved solids present in solution
in the remaining trapped water. For example, assgrtiiat deposition of the sediments with a
salinity of approximately 50,000 ppm and if destama occurs as a result of the regional gas
long term migration, reducing the water saturafrmm an average initial value of 50 % to 15 %.
This will result in a concentration of the soluldalts in the brine into the remaining water
saturation, and an increase in the salinity ofrdmaining brine saturation to 200,000 ppm. This
obviously causes a significant reduction in the amppt resistivity of the formation water,
resulting in the prediction of much higher watetusation than is, in reality, present in the

reservoir (using conventional log parameters).

Based on the above, the low initial water saturetiivom laboratory measurements which varied
between 15 and 30 % were used in the dynamic siionlalo obtain reasonable initial water

saturation distribution and accomplish a realigscription of flow, different methods such as
average value, grouping or in normalized form hb@en considered. The distribution of matrix
initial water saturation by grouping based on pityagroups was selected due to its suitability in
the corresponding simulation history match resuitial water saturation of the fractures was
determined to be between 2 - 4 % (Crain, 2000).
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Fluid Properties (PVT model)

The fluid mode! was generated using PR — EOS (Peng-Robinson eqguattistate). The EOS
determines fluid properties at different fluid pere, temperature and composition. PVT analysis
of fluid samples from all gas wells was evaluatedyénerate a representative PVT model. The

gas composition is illustrated in Table 5.1.

Table 5.1: Hauptdolomit initial gas composition

He N> CO, H,S | C1 Cc2 C3 nC4 |iC4 nC5 |iC5
Compartment
vol% | vol% | vol% vol% | vol% | vol% | vol% | vol% | vol% | vol% | vol%
Compartment 1
0.12 14 338 0.004 81.6 0.39 0.04 0.0p 0.q1 0.01 0@.
(RB_Z09)
Compartment 2
0.07 4.05 457 0.00047 90.88 0.3 0.0 0.92 0p1 010/ 0.019
(RB_Z06)
Compartment 3
0.17 34 6.29 0.0004 58.78 0.27 0.0% 0.02 0.01 0.010.019
(RB_Z13)
Compartment 4
0.12 14 338 0.004 81.6 0.39 0.04 0.0p 0.q1 0.01 0@.
(RB_Z09)
Compartment 5
0.07 19.25 458 0.0006 75.76 0.29 0.0p 0.91 0.01 0090.
(RB_Z08)

The PVTp program from Petroleum Experts software wsed for fluid modelling. Different
PVT tables were generated due to the dissimilantyhe main gas composition components
(Methane, N, and CQ). Well RB_Z09 was the representative PVT data e tmain
compartment because of its location. Also, RB_Z@$ wsed to represent compartment 4 due to
identical gas composition and depth of both conmpants. No Lab measurement data was
available to match the generated PVT model. Therkbry evaluation of the fluids showed
Hauptdolomit reservoir gas to be dry gas at itSahpressure and was considered a sour gas
because there was initially more than 4 ppm ¢& ldontent in the initial gas composition. Dry
gases are predominantly composed of methane anéhydyocarbons such as nitrogen and
carbon dioxide. Figure 5.4 shows the phase envgbbpeof the reservoir dry gas. The phase
envelope is relatively tight and mostly locatedomelmbient temperature. Note that the gas did
not remain single phase from the reservoir to #pagator conditions due to the condensed water

and associated produced reservoir water. Watereheny condensed at the well and in surface
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conditions due to the change in pressure and textyser Reservoir water properties were

entered into the simulator.

7 PV Tp Plot - C:\Documents and Settings\alwana\Desktop\PVT_ comp 1 & 5.pvi
File Miew Fonts... Redraw Display Output Varisbles... Help
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Fig. 5.4: Phase diagram of well RB_Z09) The validation of the PVT model is based on thdystf Thomas
Franzen (member of the MPT project)

Free Water Level (FWL) Estimation

The manner in which the fluid contacts in genert be located requires knowledge of fluid
pressure regimes in the reservoir. No observabbtise level at which gas water contact (GWC)
could be located, thus they were primarily basegm@ssure gradient analysis. FWL at the main
compartment was estimated from the calculatiorhefdgas and water pressure gradients versus
depth using different water salinities. PVTp pragricom Petroleum Experts software was used
to calculate the compositional gradient of gasradywith depth. The compositional gradient
calculates the changes in composition (gas denwity) depth, and consequently gas pressure
gradient. The intersection of the gradients praovidie free water level at 3722 mNN depth in the

main compartment (Fig. 5.5).

The GWC depth in various compartments was treatedlastory matching parameter. Using the
pressure gradient means of evaluation, the FWloatpartments 2 & 5 were at depths of 3855
and 3637 mMNN respectively. Non unique GWC depthtHervarious compartments and different

estimated GWC depths indicated isolated comparsrmaeated by tectonic movements.
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Hauptdolomit - RB_Z05 - Free Water Level*)

Reservoir Pressure, bar
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3800 L L L
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Water @ 250000 ppm
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Fig.5.5: Free Water Level (FWL) @ the main companent based on the gas and water pressure gradients.
The red line is the gas pressure gradient; the bluis water pressure gradient. The FWL is where theas and
water pressure gradients are equals?) The evaluation of the FWL is based on the stfdjhomas Franzen (member of the
MPT projec}

Water Content of Natural Gas

Natural gas reservoirs always have water assocvwiteédthem, thus gas in the reservoir is water
saturated. When gas is produced, water is prodasedkll. Some of this water is produced from
the reservoir directly. Other water produced whk gas is formed by condensation due to the
changes in pressure and temperature during producWater vapour is the most common
contaminant in natural gas. The water content gasiis a function of pressure, temperature,
composition, and the salt content of the free watBuring the history match simulations the
condensed water might a mismatch cause betweerhigterical production data and the
simulation output, therefore water content of naltgas was calculated and removed from the
natural gas before starting the simulation. To udate the water contents of natural gases with

corrections for salinity and density, the correlatiafter McKetta and Wehe (1958) was used.
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Mcketta et al., (1958) proposed a correlation torege the water content of natural gas based on

experimental data available.
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Fig. 5.6: Chart to calculate the water content of atural gases (after William C. Lyons et al. 2005)The salinity
and gas gravity should be corrected before the estation of the water content of the natural gas*) The
evaluation of the water content is based on thdystf Thomas Franzen (member of the MPT prpject
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Figure 5.6 shows a chart of water content in stahdanditions and temperature at different
pressure ranges with salinity and density corractionce natural gas pressure and temperature
are known, the corresponding water content of eeeeggn be read from the chart (Fig. 5.6) or by

using the equation 5.3 (William et al., 2005).

A

W = P—+ B *¥Cy, *C, IfSGY>0.6...ccciniiiiiiiiiiiiiii e (5.3)
Where,
W : Water content, g/fh C,: Correction factor for salinity,

A, B: constants (equal to 1893 and 4.1) accordingmperature table (William C. Lyons et al., 2005)
SG;: Specific gravity of gas  Cg : Correction factor for gas gravity
P: gas pressure in atmosphere

Equation (5.4) used to subtract the calculated enseld water from the total amount of water.

Vit it = VRPOUR T Ve UG v eeeere ittt ettt ettt e e e e (5.4)
where,
V,; : total produced water, n P, - density of total produced water, kg/m

V,: reservoir water, fh P.r . density of reservoir water, kgfm

V, . : condensed water, Puc: density of condensed water, kg/m

Wi

Vertical Flow Performance Tables (VFP)

Vertical flow performance (VFP) tables are necessata for 3D simulation. VFP curves supply
the simulator with the necessary data to defingobohole flowing and tubing head pressures as
a function of various parameters such as flow rat&ter gas ratio, and condensate gas .ratio
PROSPER program from Petroleum Experts softwaessgned to allow building of reliable
and consistent well models, with the ability to sedd each aspect of well bore modelling, PVT
(fluid characterisation), VFP correlations (for @dhtion of flow line and tubing pressure loss)
and IPR (reservoir inflow). VFP tables for gas proers consist of an array of bottom hole
pressures (inflow pressures) produced by well miogdesoftware (PROSPER) for a given tubing
size at different combinations of flow paramete@mnely flow rate, pressure at well head, water
gas ratio, and condensate gas ratio. The data@eddor creating the VFP curves is imported to
Prosper. This includes well completions data (depiid tubing/casing details, deviation survey),
PVT data, reservoir characteristics, reservoir ques and temperature. The reservoir
deliverability or inflow performance (IPR) is thest component necessary to build a system

model.
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VLP curve generated for each well defines the pmesand temperature changes with depth for a
particular completion string under a set of flowgraeters, PVT conditions, flowing wellhead
pressure and tubing restrictions. It is essentifladve some measurement of pressure well tests to
examine the best VFP correlation and to computentéching of VFP/IPR. Well test data
provides the required input data to implement acnaiVell tests were available from three wells
RB_Z10a, RB_Z05, and OT_Z02. Ensuring that a VFRetation is accurate across the entire
range of rates is the most important step wherutationg the VFP tables. The VFP has to match

the best fit correlation to ensure the accuradynefinput data and model quality.

Figure 5.7 shows the best fit correlation of Petwah Experts 4 “PETEX 4”. The matching of
VFP/IPR is essential, because the multiphase flametation will be finetuned in order to match
bottom pressure, and the IPR will be finetunedhsd the intersection of VFP/IPR matches the
production rate of the well test. Input of the VERRay allows the simulator to determine the

operating (solution) point of any well for the peamar completion design at all stages of the

. , .
field’s life.
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51 2792.07) PVT Method Eq. of State
3 \\ Fluid Gas
5 h Flow Type Tubing
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c 298527 Predicting Pressure and Temperature (on land)
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Fig. 5.7: Plot of flowing bottom hole pressure vameasured depth to select the best fit multiphasediv
correlation for the calculation of VFP tables (RB_Z.0a) using well test data (pink spot). The multiphse
flow correlation PETEX4 was the best fit (dark blueline).

Figure 5.8 illustrates the VFP/IPR matching witlsslethan 10 % difference between the

calculated and the actual test data from RB_Z1(0e ihtersection between the inflow and

outflow curves is the operating point of the well.
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VLP/IPR MATCHING (RB_Z10a 07/05/10 10:40:08)

4
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Fig. 5.8: VFP/IPR matching (RB_Z10a: bottom hole pessure vs. gas rate). The computing of the
matching of VFP/IPR was to check the model quality.The intersection of the two curves is the
operating point; in the right side of the figure are the measured data and the calculated data.

WEell Test Data | ntegration

Well test results are incorporated and integrated the reservoir numerical simulation for the
verification of dual porosity/permeability historgnatch process. Bourdet et al.,, (1984)
introduced the use of pressure derivative type ezurvi well test interpretation. For natural
fractured reservoirs, they considered both pseteldy-state and transient flow. They also
included the effects of wellbore storage and skihe pressure responses show different
behaviour. For pseudo-steady-state flow, the dévieaurve shows & shape over the transition
time. Figure 5.9 presents an example of Bourdee tgprves for fractured reservoirs. The
example data has been interpreted with a dual fiprosdel (Jourde et al., 2002).

Effective permeability and average reservoir pressue two parameters which are commonly
estimated from well test data and later incorpatam¢o simulation models as input data. From
well test reports, using the example of well OT_4BR. 5.10), a similar shape was observed in
the derivative curve to that standard derivativespure curve of Bourdet curve, confirming that
the system is a dual porosity/permeability systérfell test data (green dots in figure 5.11) was
used as a calibration tool to adjust the resempamameters by matching the pressure response
from the model simulation with actual well test gsare response (Fig. 5.11). The gas rate is the
red curve while the bottom hole pressure is thegmdurve.
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Fig.5.9: Well test data of a well, example of Bouret Derivative type curve. Data have been interpred

with a dual porosity reservoir in proximity to a small fault (after Jourde et al., 2002).
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Fig. 5.11: Well test data integration (date vs. bédm hole pressures& gas rate). Match of the well &
data (build-up tests: the green dots) from RB_Z05 . simulated pressure (indigo curve). The well test
data were integrated and used as calibration toobtachieve a realistic pressure model response..

5.2 Dual Porosity/Permeability Simulation Model

A three dimensional, two phase (gas and watergrveg simulator Eclipsel00 (black oil model)
was utilized to simulate the Hauptdolomit reservioyr matching the production history and
predict reservoir performance with respect to d#fe production scenarios. The dual
porosity/permeability porous media was confirmenhgis core and well test data evaluation. A
detailed static geological model was created, tpkimo consideration geophysical as well as
petrophysical data, improving interactively withn@ynic reservoir data. The geological model
was constructed by the team geologist using theeRabgram.

The Hauptdolomit geological model was formed froth l&yers and was exported to Eclipse
(Fig. 5.12). The reservoir dynamic model compriagéstal of 71 x 39 x 6@natrix grid cells and

an identical number of grid cells for the fractggstem on the basis of all available information.
The model consists of 332,280 grid cells in tatath 201,619 active cells, each cell being 150 m
on the X direction and 150 m on the Y directioneThodel is approximately 30 meters thick.
The grid cells were assigned by their respectivegity and permeability values (Fig. 5.13 &
5.14). The permeability along the X direction waswaned to be equal to the permeability value
on the Y direction, stating isotropic permeabilitythe horizontal direction. Vertical permeability
is one tenth of horizontal permeability. All essehtata for instance faults data, PVT, SCAL,

VFP and production history data were integrated the model.
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Fig. 5.12: Hauptdolomit 3D geological model. Theampartmentalized reservoir structure is shown, well
locations and the matrix pressure distribution in d compartments.
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Fig. 5.13: 3D view of the matrix porosity distribuion in the main compartment. An average of 2.5% matx
porosity means that it is a very poor reservoir. Nar the structure crest there is anomaly of the porsity values
compared to the rest areas in the main compartment.
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Matrix Permy (MDARCY)
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Fig. 5.14: 3D view of the matrix permeability distibution in the main compartment. The reservoir is or
reservoir with less than 1 mDarcy matrix permeabilty. The permeability values are higher near the sticture
crest.

Relative Permeability & Capillary Pressure Functions

Saturation dependent functions, such as relative@ability (k) and capillary pressure Pare
key factors for the assessment and prediction sfpgaduction from a reservoir. Representative
values are preferentially obtained through SpeCiate Analysis (SCAL). Since Special Core
Analysis results were not accessible, capillarysgpuee data was obtained from published data
(Reitenbach V., Pusch G., 2006).

Hauptdolomit - Matrix (SATNUM 1) - Relative Permeability (Gas & Water)
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Fig. 5.15: Hauptdolomit - Matrix relative permeability (Corey curves) for gas (red curve) and
water (blue curve).
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Hauptdolomit - Matrix (SATNUM 3)- Relative Permeability (Gas & Water)
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Fig. 5.16: Hauptdolomit - Matrix relative permeability (Corey curves) for gas (red curve) and
water (blue curve).

Gas and water relative permeability were calculabsthg the existing Corey correlation,
incorporated within Eclipse, to create the requiiazles. The saturation functions were assigned
according to the predefined matrix porosity grogssfollows: Ifg < 2.3 then Sw= 30 %
(Sathum}; if ¢ (2.3 — 5 %) then Sw= 22 % Gatnum2, and if ¢> 5 % then Sw= 15 %
(Satnum3 For fracture system the saturation function nemibSatnum4 Figures 5.15 through

5.18 illustrate the relative permeability and clapyl pressure used in the history match base case.

Hauptdolomit - Fractures (SATNUM 4)- Relative Pemmeability (Gas & Water)
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Fig. 5.17: Hauptdolomit - Fracture relative permealility for gas (red curve) and water (blue
curve). X-curve type is usually used for the fractte system.
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Hauptdolomit - Capillary pressure (Matrix & Fractur es)

= Pc (SATNUM 1) - Matrix
7 === Pc (SATNUM 3) - Matrix
= PC (SATNUM 4) - Fracture

Capillary pressure, ba

T T T g T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Swi

Fig. 5.18: Hauptdolomit capillary pressure curves: Matrix (blue & green curves) & fracture
(brown curve).

Production History Data Validation

The Schedule program, incorporated in Eclipse softwwas used for preparing, validating and
integrating production and completion data for usethe Eclipse simulation. Required

production and completion history data was impom¢a Eclipse.

5.3 Reservoir Model Initialization

The initialization process consists of the resermoddel validation by way of the calculation of
the original fluid in place volumes, and allowsaddishing the initial fluid saturation and the
pressure distribution within the reservoir. Thegass of initialization is the most important step
in the screening of the created porosity modelse €hsential selection criterion during the
initialization of the models was to verify the aalited gas initially in place (GIIP) of the main

compartment from the material balance P/Z plot.

The geological 3D model was initialized with a ta®IP of approximately 2.5 x £am?3 gas Fig.
5.19). As mentioned previously (see chapter I[N types of GIIP were determined from the
material balance P/Z plot and from the reservod #und properties. Therefore, to determine the
calculated GIIP from P/Z plot, the reduction mulgp factors on matrix porosity were applied to
remove the extra gas share. A reduction multighetor of 0.8 was applied to matrix porosity
values. The dynamic model was initialized usindiahipressure versus reference depths, for
example at main compartment 437 bar at 3400 mNM egpilibration data specifications for the

initial water saturation (Fig. 5.19).
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Fig. 5.19: Main compartment initialized model. Show also the matrix water saturation distribution (15 -
30%), FWL (Sw;=100 %) @ 3722mNN and the four gas producers in thmain compartment.

Matrix WaterSat

Various reference depths were introduced due totliet different initial pressures were initially
measured at the reservoir compartments. Accordingigt indicates the separation of each
compartment i.e., no communication between the eotm@nts. Many matrix porosity
realisations have been created, but only seven Ismiedsre selected and tested in Eclipse. The
final realisation porosity model was chosen becanfs¢he suitability of the history match

simulation results.

5.4 History Matching

The aim of history matching is to find a model whitisplays a minimal difference between the
performance of the model and the production histdrg reservoir. The history match process is
iterative and validates the hydrocarbon volumegures the reservoir. Traditionally, this is done
by hand, but the task of varying the parametersa akservoir description by hand until a
satisfactory match is obtained is extremely onerand time-consuming. History matching
involved matching simulated production volumestistéowing bottom hole/wellhead pressures
and also cumulative reservoir production. Historgtching of naturally fractured reservoirs is
especially challenging, particularly when these @ied represent a structurally
compartmentalized reservoir. In structurally compleservoirs, history matching can be a time
consuming and frustrating process due to the latgeber of parameters affecting performance.
Indeed, history matches are inevitably non-unique therefore best efforts should be made to

ensure that all input parameters are physicallyégpcally realistic.
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During the history match the uniqueness problesearfrom many factors. The most noteworthy
factors are unreliable or limited field data, ipietation errors, and numerical effects. Data
limitations are more difficult to resolve becaukert is not enough available data to ensure that
the final solution is the correct one. It is reczgd that the spatial heterogeneity and limited
information about formation can lead to uncertasitin the process of reservoir characterization.
In turn, the uncertainties create a degree of nam@ss in the model parameters and render the
equations governing flow and transport in the mati@hastic. Numerical reservoir simulation is
subject to uncertainties, which may stem from inaate and imprecise measurements or
inadequate characterization of spatially or temiporaarying medium properties (Heng et al.,
2009). Numerical reservoir simulation is based lo& numerical approximation of solutions to
the equation systems described by mass conservaimh Darcy’'s law. Computational
complexity arises from the high spatial heteroggnef multi-scale porous media. This
heterogeneity, together with measurement limit&ideads to uncertainties in simulation. As a
result, numerically approximating subsurface phesienare an intricate problem, which is

critical to the industry for accurate predictiorisostly projects (Lu Bo et al., 2007).

For naturally fractured reservoirs, history matchiaquires that both the matrix and fractures are
properly characterized. Generally, for naturalctured reservoirs, geological models which are
derived from static data alone fail to reproducefibld production history (Gang T. et al., 2006).
This can be ascribed to the insufficient considenatf fracture effects on flow and insufficient
dynamic characterization of the distribution of tifiacture system.In other words, the
hydrodynamic properties of the fractures systendsde be characterized using the production
data, such as, in this case study, gas rate, W@mattom hole flow pressure, etc. The focus of
the history match was to match gas producers imthi@ compartment with the wells produced

from the other compartments that also had presaeesurements.

5.4.1 History Matching Key Parameters

The real challenge was to match a group of wetigikaneously with respect to production from
the same compartment, which can generate productierierence between the wells. Regarding
the communication between reservoir compartments, obvious that applying sealing faults
between the compartments ensures a better mat@h.inflnence of compaction on the pore
volume is negligible in gas reservoirs because gampressibility exceeds the rock

compressibility in magnitudes of order (Voigt, 1979
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In this scientific study, the Hauptdolomit geolagienodel was improved interactively by way of

reservoir dynamic simulation. The history matchimgpcedure was carried out by manually
changing the parameters which have the main effactmatching the production data, until the
desired field output was obtained. The key matclmagmeters were fracture permeability, the
presence of a tight zone, faults & flow barriersl avater encroachment into the reservoir. The
combination of the above mentioned uncertaintigh vaservoir and fluid properties parameters,
such as fault transmissibility, relative permeaypil& capillary pressure functions and dual

porosity matrix-fracture coupling factor, ensuredexcellent match.

Fracture Permeability

Gas flow mainly occurs through the fracture netwavkile a rock matrix contains the majority
of fluid storage and provides fluid drainage frome fractures. Therefore, fracture permeability
(especially in the presence of permeability contib@sween matrix and fracture) represents a first
order effect in matching the production data. dFekperience suggests that it is very difficult to
quantify fracture permeability without matching guction data using the information gained
from core data, well tests, decline analysis resahd thin section analysis. All these data
sources, used to determine the fracture permealnfit Ritenbrock/Hauptdolomit reservoir,
indicate low fracture permeabilitf'he fractures were partially cemented accordinth&thin
section analysis, collected from the main compantngas producers. Cementation was the cause
of low fracture permeability. To verify the accuyaof fracture permeability values, the
procedure involves a trial and error method, whieaeture permeabilities are adjusted manually
to match the production data. The simulation resshow that this method is reliable and
efficient for naturally fractured reservoir historpatching. It has been observed that low
horizontal and vertical fracture permeability (I&isan 10 mDarcy) represent a better match of the
well production history. To simplify the simulati@nd due to limited available data concerning

fracture distribution, uniform fracture permealyiltas applied, excluding the tight zone area.

The Presence of Tight Zones

There was an observed mismatch with the histodatd from the initial simulation results when

a clean model without tight zone was used. Theiligton of fractures became a significant step

because fluid flow characteristics in the naturdithctured reservoirs are largely controlled by

the distribution, orientation, and interconnecyiviif the fracture system (T. Gang et al., 2006).

The distribution of fractures in this study is aane of demonstrating the existence of a tight

zone. The priority was therefore to investigate phesence of a tight zone with “strongly low
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fracture permeability areas” and its location withhe main compartment. An indication of a

tight zone was found in the production reports.offation tester at a depth of 3430 and 3424.5
m on well RB_Z07 was performed and negative resudtee observed (Fig. 5.20). The RB_Z07

well was determined to be too poor for economigaldpction and permanently abandoned.

Similarly negative results were provided for weB RZ16.

Based on thin section analysis collected from oh¢hese wells (RB_Z07) which has been
analysed by the geologist in the team, no Dolomtiiin process took place in this area.
Dolomitization is a process by which limestone lierad into dolomite. When limestone comes
into contact with magnesium-rich water, the mineddlomite, calcium and magnesium
carbonate, CaMg(C£p, replaces the calcite (calcium carbonate, Ca@®the rock, volume for
volume, generally generating secondary porositycofdingly, the fluid, that usually causes the
Dolomitization process, did not have the accestherflow paths to enter this area through the
flow conduits (fractures). In an exception from tlest of the areas in the main compartment, the
fractures in this area around RB_Z07 are fully cated. It can be concluded that the area around
RB_Z07, including RB_Z16, might be a tight zoneaaree., having strongly reduce fractured
permeabilities, confirmed by the history match dations. The boundary of this zone was
inspected during history match simulations untieasonable match of all wells located in the

main compartment was achieved.

Ptz D pth (M

Fig. 5.20: Hauptdolomit depth map. The tight zone s introduced in the main compartment and its exten
includes the two dry holes RB_Z07& RB_Z16.
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The fracture porosity and fracture permeability tims zone were strongly reduced and
approximately zero. This region in the main comparit only communicates with other parts

through the matrix system.

Faults & Flow Barriers and Gas Volume Placement

Faults can act both as barriers and as conduittuig flow, and are normally included in
reservoir simulation models. Fault transmissibitityltipliers should be limited to the interval [0,
1] where a numerical value of O reflects a complilete barrier and a value of 1 characterizes an
open flow. Anything in between 0 and 1 correspotwlsa partial barrier to fluid flow. For
example, two supplementary faults were detectech fitee well tests in the main compartment.
An extended north-south fault is situated betweefi ®T_Z02 and RB_Z10a and an east-west
fault between RB_Z10a and RB_Z16 (Fig. 5.21). Alwwn compartments, 2, 3 and 4, applying
additional faults were introduced to match produchistory data (Fig. 5.21).

N/S fault

E/W fault

EE 009090909097 [ T

aaaaa

Fig. 5.21: Hauptdolomit depth map. The supplementar faults and flow barriers (dashed lines) over thentire
structure are shown. The new faults and flow barries are parallel to the main faults in the directionof the
north/south or east/west.

The simulation results confirmed the existencehekeé faults and flow barriers, and to ensure a
precise match the faults were either partially exdgtransmissibility multipliers varied between
0.005 - 0.02) or completely sealed. In compartment3, 4 and 5, several supplementary flow

barriers were specified as shown in figure 5.21cWwlansured excellent matches in pressure, gas
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rate and water wise. The volume placement of theligas in place in matrix or fracture system
was important to reproduce the well's observed pectdn behaviour. In this study, 15 % of the

total initial gas in place was in the fracture systto obtain an excellent history match.

Dual Porosity Matrix-Fracture Coupling (SIGMA)

In dual porosity/dual permeability models, SIGMAused to specify a multiplier to be used in
the construction of the matrix-fracture couplingnsmissibilities. It acts as a multiplier on the
matrix-fracture coupling and may simply be treaésda history matching parameter. The precise

match was achieved by applying SIGMA 1E-5.

Fault Zones as Flow Paths

Static pressure measurements of RB_Z05 show andewalhile only RB_Z10a was producing,
which indicates the presence of communication patlveen the crest and the deep part of the
main compartment (Fig. 5.22). Fault zones are dbanzed by intensive fractures, and in
particular dolomite tends to be wider and have éidghacture densities (Dinwiddie et al., 2006).
Fractures surrounding a sub-vertical fault ac@s tonduits. Open fractures in fault zones have

a relatively high permeability and they preferedhtiaromote flow (Bauer et al., 2010).
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Fig 5.22: RB_Z05 bottom hole pressure measuremen{8VBHPH" green dots) & gas rate (“WGPR”
red curve) vs. production history time (date). Thepressure decline at the early production stage when
there was no production from this well indicate thecommunication between the top and bottom main
compartment structure.

A number of assumptions were examined to find thepgr communication path location

between the crest and the deep part of the steuttwough a relatively higher permeability flow
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path. The communication path, which promotes arelextt match between RB_Z10a and
RB_Z05, especially in the early production histphase, is between the tight zone and the N-S
fault. Areas of fault intersections act as draimshie northern section of the main compartment

and also as conduits for flowing gas.

At the beginning of 1992, it was difficult to mattie tail end phase pressure measurements of
RB_Z05, which indicates that the communication leetw the crest and deep part structure
became poorer over production time. As the frastare the flow conduits of gas and water, the
water moved mainly through the flow pathways (fuaes), partially filling and sealing them. The
water proceeded through fractures from the bottérthe structure and as a consequence the
communication between the crest and the deeper gdathe structure became worse over
production time. The history simulation match shdhest the fault zones and fault intersections

are contributing factors in the gas flow within t@mpartment.

Water Encroachment into the Hauptdolomit Reservoir

Water encroachment into a fractured reservoir, Wwhgoverns the gas productivity, was
investigated in previous studies by way of numérsaulation. Two gas trapping models are
made possible by water encroachment in low perrtiBagas reservoirs: 1) a strong imbibition
capillary pressure causes gas trapping, if thervesehas very low matrix permeability, and
water encroachment into the matrix permeability temefore be significant (Holtz et al., 2002).
As water moves into an area filled with gas, trepldicement of the gas by water is not complete.
The water fills pores and pore throats, causinglleappressure and relative permeability effects
to stop the flow of gas and allow only water to ésrough the rock volume. This stoppage
results in gas being trapped behind the encroachkatgrfront as residual gas; 2) water bypasses
the matrix gas through fractures (Hamon et al.,1)99he water invasion occurs in the
reservoir's fracture network, bypassing the gath@matrix. As a result the water can easily

recede in the fractures, with limited water withelghin particular if the water influx is weak.

RB_Z05 is a well located in the deep part of thenn@mpartment structure. Observed water
production increased considerably from 1 to ¥dawy in 2001 and gas productivity at this well
was simultaneously declining. Well RB_Z05 watered @ few years later in 2003. A series of
runs were conducted and it was not possible tooteme the actual history of some wells like
RB_Z05 without changing certain properties, givimglications for the time dependency of
certain parameters or temporally varying mediunpprtes. As gas production starts from the
wells, water encroachment into a reservoir is ttependent and the alteration of some properties
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such as gas relative permeability took place. IRer ihvestigation of these two gas trapping
models by numerical simulation, the matrix and tiwee transmissibility adjustment over
production life was implemented. Starting from tpeoduction year 1999, the fracture
transmissibility of the area between the GWC antl ®RB_Z05 was reduced by 0.1 and 0.08

multipliers on the X and Y direction directions pestively.

| . ‘ [ [ B

[158] 01 Jan 1380

Fig. 5.23: A view of the fracture water saturationin the deep structure part of main compartment in he
production history year 1980. The red colour represnts 96% gas saturation and blue represents 100 %ater
saturation.

Fig. 5.24: A view of the fracture water saturationin the deep structure part of main compartment in he
production history year 1999. From 1980 to 1999, th water encroachment occurred towards the bottom
structure well RB_Z05 through the fracture system a a result of gas production.
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The modification of the fracture transmissibilityes time assured a precise match for the wells
at the crest and at the deeper part of the streclitive gas can only be recovered if the water is
removed from the fracture system, allowing the gaflow from the matrix into the fracture

systemit is concluded from simulation results that thedsging of matrix gas was a result of the

water encroachment through fractures (Fig. 5.2324p

Capillary Pressure Continuity

It is important to understand the physical procgsgkich take place during the interaction and
fluid transfer between matrix and fracture, in oretleimprove models of multiphase fluid flow in
fractured porous media (Gautam and Mohanty, 200049. matrix flow for an ensemble of blocks
will ultimately depend on the hydraulic connectiohindividual matrix blocks across fractures
(Glass et al., 1995). Horie et al., (1990), Lala$1i990) and Stones et al., (1992) studied the
capillary pressure continuity in stacked matrix di® They investigated the properties of
materials present in the fracture, the effect ef dlrerburden pressure and the permeability, and
how this affected capillary continuity. The capiflacontinuity as a recovery mechanism may
provide fluid communication between partially orngaeted isolated matrix blocks, thus

increasing the recovery by gravity drainage ormiscdisplacement (Ferng, 2008).
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Fig. 5.25: RB_Z10a - Reservoir water match using #hfracture capillary pressure. Observed water
rate (“WWPRH?” light blue) vs. simulated “WWPR”. A b etter match was achieved if a fracture
capillary was applied (dark blue curve).

The initial representation of the fracture netwodksisted of zero capillary pressure and relative

permeabilities as linear functions of saturatioithwlight irreducible water saturation. Applying
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zero fracture capillary pressure provided an aeatdet match. This result discarded the
assumption of a zero fracture Pc, as it was plédiat matrix contact points could have formed
during assembly of the various matrix blocks. Appdyslight fracture capillary pressure (0.5 -
0.01 bar @ Free water level), varied until a goadam with water rate was found, particularly in
the water slugs in the earlier production phasewvefl RB_Z10a (Fig. 5.25). The fracture
capillary pressure curve was several orders of madm weaker than the matrix capillary
pressure. These results illustrate the importahcmaderstanding the effect that the presence of a

small scale phenomenon like fracture capillary gues has on matrix flow.

5.4.2 History Match Results

Despite limited field geology and engineering dada, reasonable history match for 8 gas
producers producing from the Hauptdolomit reservaas achieved by accurately adjusting the
key parameters, in combination with relative perbiég & capillary pressure functions, dual

porosity matrix-fracture coupling factor and faultansmissibilities. Table 5.2 shows parameter

values of the reservoir model obtained by histoatahing as final match parameters.

Table 5.2: History match final parameters

Main Compartment - initial gas in place (GIIP) 1.96 x 18 m?® (Vn)
Matrix porosity Avg. 2.5 %
Matrix permeability K = 0.0184 * 958 "¢
Fracture permeability, XYZ 7 mDarcy
Fracture porosity 0.3%
Tight zone - fracture porosity 0.0015%
Tight zone - fracture permeability 0.0001 mDarcy
Matrix initial water saturation groups 15, 22, 30%
Fracture initial water saturation 4%
Matrix water relative permeability Corey 2
Fracture water relative permeability Corey 1.2
Matrix gas relative permeability Linear
Fracture gas relative permeability Linear
FWL @ main compartment 3722 m NN
GWC @ main compartment 3660 m
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Figures 5.26 through 5.28 show the best case bdttepressure and gas flowrate matches of
three wells which are located in different companits: RB_Z10a, RB_Z05 in the main
compartment and RB_Z06 in compartment 2. The histaatch results as figures for the wells,
RB_Z09, RB_Z08, RB_Z11, RB_Z13 and OT_Z02 are mediin Appendix 3. No observed
pressure measurements from RB_Z06a and RB_Z08aawvaikable; therefore these wells were
not considered in the history match process. Intiatg the gas composition analysis reports
pointed out that well RB_Z08a was producing simmétausly from both formations, the
Hauptdolomit and Rotliegend. For all the historytchegraphs, the green dots are the shut-in and
flowing bottom hole pressure measurements wheteasntigo curve is the simulated bottom
hole pressure. The red curve is the simulatedaas The pressure measurements match with the
simulated pressure was acceptable to excellentsalmaall wells with the exception of a few
points, e.g., in well OT_Z02 where the differenetvwieen the simulated and observed pressure is

less than 10 bar.
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Fig. 5.26: Base case history match (RB_Z10a) - both hole pressures & gas rate vs. production
history time (date). Bottom hole pressures measureamts “WBHPH": green dots; the simulated
pressure “WBHP”: indigo curve; gas rate “WGPR”: red curve.

Water production match is provided in Figures 5628 5.30 as well in Appendix 3. The light
blue curve represents observed water rate, and ldaekthe simulated water. The amount of
condensed water has been calculated and removedtir® total produced water and only the

observed reservoir water was used in the simulgtion
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Fig. 5.27: Base case history match (RB_Z05) - botto hole pressures & gas rate vs. production
history time (date). Bottom hole pressures measureants “WBHPH": green dots; the simulated
pressure “WBHP”: indigo curve; gas rate “WGPR”: red curve.
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Fig. 5.28: Base case history match (RB_Z06) - botto hole pressures & gas rate vs. production

history time (date). Bottom hole pressures measureemts “WBHPH”: green dots; the simulated

pressure “WBHP”: indigo curve; gas rate “WGPR”: red curve.
The water production in well RB_Z05 increased gediguand approached the well slowly due to
weak water influx.Despite the extremely low quantities of producedereoir water, the
simulation model was able to pull out a little waded a satisfactory match of the water rate was

obtained.
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Fig. 5.29: Base case history match (RB_Z10a @ crestthe main compartment structure) - observed
water production rate (“WWPRH?” light blue) vs. simulated (“WWPR” dark blue).
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Fig. 5.30: Base case history match (RB_Z05 @ bottoaf the main compartment structure) - observed
water production rate (“WWPRH?” light blue) vs. simulated (“WWPR?” dark blue).

Wellhead Pressure Match

In order to perform a production forecast, RB_Z#loaing well (tubing) head pressure has to
match the historical pressure measurements. Theugaavailable multiphase flow correlations

within the Prosper program were used to achieveest match, especially at the tail-end
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production phase. The best match results were rdatausing multiphase flow correlation
(PETEX 4) with a mismatch of only 2 - 3 bar betwdlea simulated and observed pressure data
in the tail-end production phase, before the mblige pump facility test. Figures 5.31 and 5.32
demonstrate the tubing head pressure history nddtte tail-end production phase. The green
dots represent historical flowing and shut-in tgplread pressure measurements and the indigo

curve corresponds to the simulated flowing tubiegdpressure.
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Fig. 5.31: RB_Z10a tubing head flowing & shut-in pessure measurements (“WTHPH” green dots) vs.
simulation (“WTHP” indigo curve) between 1998 and D09.
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Fig. 5.32: A zoom-in of the RB_Z10a tubing head flsing & shut-in pressure measurements
(“WTHPH” green dots) vs. simulation “WTHP” (10/2002-02/2004).
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5.5 Production Forecast

A model was used to perform production forecastsxjglore the MPP facility effects by means
of several scenarios. A production forecast mugtriesented from production 01/2004 on, when
only wells at the crest of the main compartmentengoducing. During the forecast simulation
scenarios, OT_Z02 production history data was u$ée. first scenario was to consider what
would happen if the MPP facility or the conventiboampression (CC) production systems were
deployed continuously from 01/2004 to 03/2006 amsngare the results with the actual
production history. The second scenario was tostigate what the various effects would be,
e.g., on the gas recovery of RB_Z10a and the entrapartment, if the MPP facility were
deployed prior to 01/2004.

Prediction Scenario (1)

Two optimised production forecast runs were pergrfor the period from 01/2004 to 03/2006
using continuous production by MPP and CC produactigstems. Average gas rates of 22000,
20000 Sri¥day were assumed for the MPP and CC scenario®atsgly. The minimum

wellhead pressure reduction limit in the case of @&€dictions was set to 13 bar, whereas for
MPP predictions to 2 bar. The prediction result€&f and MPP scenarios were compared with

actual historical production data (Table 5.3).

Prediction Scenario (2)

Assuming that the MPP facility would use a dateoptio 2004, for instance 1998, several
prediction runs were carried out. The maximum flapacity of the MPP facility is 1400 Sfir,

i.e., 33600 Sriiday. The maximum gas rate used during the predistivas the MPP facility’s
full capacity or less, starting from the deploymdate. During the forecasts, the gas production
rate was optimized between 25000 and 33006/&y to achieve reasonable result3he
minimum well head pressure limit reached during M&G#lity prediction scenarios is 2 bar. The
cumulative gas of the RB_Z10a and entire compartroérthe forecast earlier MPP use was
compared with the CC continuous forecast scenari the actual production history. During
predictions, OT_Z02 was produced using its histbrmroduction data in the MPP forecasts but
not in the CC forecasts because it representestithelus effect caused by the MPP deployment.
Actual production data and prediction results oflw@T_Z02 were included for the entire

compartment recovery calculations.
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5.6 Forecast Simulation Results

From forecast results of prediction scenario 1,gbsitive impact of the MPP is confirmed by
numerical simulations. The forecast simulation d R10a for the production period 01/2004 to
03/2006 integrating the MPP continuously resultec icumulative gas volume of 17.37 X10
Snt, representing an increase of 5.33 % comparedetadtual produced total gas of 16.49 R 10
Snt (MPP facility and CC production) for the same praiibn period. The actual cumulative gas
through the production phase 2004 - 2006 was dtre6ld 1322 operating hours of the MPP
facility operations (10.33 x £@nT) and 6864 hours of CC (6.16 x®18nT) during the down-
time of the MPP facility. The forecast simulatioh anly CC illustrates that the tubing head
pressure reached the minimum limit (13 bar) aftdy ® months of production at 09/2004 (Fig.
5.33). In contrast to the MPP cumulative gas vauthe forecast simulation for the CC resulted
in a cumulative gas volume of 5.22 x°18n? with only one third (-68.3 %) of the actual gas
volume production (Table 5.3). It can be concludkdt, without using the MPP facility,
RB_Z10a would come to the end of its productioa lif 2004 and the actual cumulative gas of
16.49 x 16 Snt by the means of the MPP facilities would not hiagen produced.
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Fig. 5.33: RB_Z10a production forecast scenario - C prediction (simulated and observed tubing head

pressure & gas flow rate vs. time). The RB_Z10a ashown in the figure died after 9 months, (in

09/2004), if the production forecast scenario of thapplication conventional compression production

system was used.
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The recovery factors of RB_Z10a and the entire amnpent resulting from the CC continuous
forecast were compared with the actual productistoty and the simulated forecast of an earlier

MPP deployment for the years 1998 to 2003. Thectseresults of scenario 2 show that a
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considerable improvement of the ultimate gas regowef the RB_Z10a and the entire

compartment could be achieved by an earlier MPRallation (Table 5.4). Also, production

acceleration at RB_Z10a could be achieved, reptiesenp to 4.5 years savings of operations

time and corresponding cost savings, possiblyve satended shut-in times (Table 5.4).

Table 5.3: Comparison of RB_Z10a actual/ forecastrpduction for the period 01/2004 - 03/2006

MPP

THP Cum. Gas
Simulation/Actual Gas rate (reduction Mio Sm® Difference
Production [Sm*/day] limit) (01/2004 - [%0]
[bar] 03/2006)
Actual Production (CC + 22000 i i
MPP) (average) 17-2 16.49
Forecast Continuous CC 20000 13 5.22 - 68.3%
Forecast Continuous 22000 2 17.37 +5.33%

*) CC = conventional compression; MPP = npliise pump; THP = flowing tubing head pressure

The actual production data demonstrate that thdyatmn life of RB_Z10a was extended until
03/2006 by the use of the MPP. Figures 5.34 and #iBstrate the incremental gas production

improved by the MPP facility deployment at an earldate, compared with actual history

production data. The forecast results illustratg i shorter production period was required to

produce the same actual cumulative gas comparédhigitorical production if the MPP facility

was utilized prior to 2004. The green curve isgheduction history; the red curve is the forecast

scenario of the MPP deployment in 1998.
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Table 5.4: Prediction results (scenario 2); compasion of the continuous CC with an earlier MPP deplayent forecasts (1998-2003)

Main Compartment

RB_Z10a RB_Z10a Ultimate | Main Compartment Additional Main Comp.
Case Cum. Gas Mio. Recovery Cum. Gas Ultimate Recovery
3 . 3 Gas
Sm Improvement % Mio. Sm Mio. Smé Improvement %
Forecast - Continuous 915.5 ) 1633.1 ) i}
CC (2004) (09/2004) (06/2006)
Actual History
Production (CC + 929.4 +1.52 1655.2 22.1 +1.35
MPP) (2004) ' ' (10/2009) ' |
Forecast - Earlier 1656.8
Deployment of MPP :
@ 2003 932.4 +1.84 (10/2009) 23.7 +1.45
Forecast - Earlier 16615
Deployment of MPP :
@ 2002 936.6 +2.3 (10/2009) 28.4 +1.74
Forecast - Earlier 1663
Deployment of MPP
@ 2001 940 +2.67 (10/2009) 29.9 +1.86
Forecast - Earlier 1664
Deployment of MPP
@ 2000 941 +2.78 (10/2009) 30.9 +1.89
Forecast - Earlier 1667
Deployment of MPP
@ 1999 943 +3 (10/2009) 33.9 +2.07
Forecast Earlier 1674
Deployment of MPP
@ 1998 950 +3.77 (10/2009) 40.9 +2.5

*) MPP = multiphase pump;

CC = conventional poession
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Fig. 5.35: Zoom-in of the production period 1998 2009, showing the improvement (red curve) of the nia
compartment’s ultimate recovery by MPP if the MPP wuld use @ 1998.

The earlier the date of MPP deployment the higherilmprovement of the main compartment
ultimate recovery would be as shown in the foresasulation results (Fig. 5.36 & Fig. 5.37),
giving evidence of notable economic benefits. Optiyn1998 would be the preferred date to
start using the MPP facility because of the highestemental gas volumes to be produced and

ensured production acceleration.
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Main Compartinent - Actual Data vs. Forecasts ( CC &MPP Deploymment @ Earlier Dates)

a7 - | @ Main Compartment - Recaovery Factor %
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Year of MPF Deployiment

Fig. 5.36: Forecast results; Main compartment recosry factor (RF%) from actual data and MPP
deployment at earlier dates forecast.
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Fig. 5.37: Forecast scenarios of the MPP deploymer@® earlier dates. Shown also the well
RB_Z10a & main compartment recovery improvements bythe early utilize of the MPP. The

earlier the date of MPP deployment the more the mai compartment ultimate recovery

improvement would be.



CHAPTER VI: Multiphase Pump Evaluation Based on Acual Production
Data

Analysis and evaluation of the production histosgadis an important step in understanding the
influence of the MPP facility on well behaviourgbire 6.1 illustrates the historical gas rates of
the conventional compression (CC) and MPP faciptpduction systems from 06/2001 to
03/2007 which are used on a continuous daily bé&strting in 2004 without taking into
consideration the shut-in periods). The declinmegd of the gas production rate of conventional
compression phase prior to the MPP facility tesinged at the beginning of 2004 (Fig. 6.1).
After the MPP phase the subsequent CC phases h &) 2009 demonstrate the steep decline
in production towards the final field depletion. eltRB_Z10a's production life would never

extend to 2006 without the use of MPP facility.

RB_Z10a Production History 2001 - 2009

# Conventional compression production 2001-2009 ¢ Multiphase pump phase 2004 -2006
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Fig. 6.1: Well RB_Z10a historical gas production rée from 2001-2009. Three production phase could

be identified, during (pink dots), after and prior to the multiphase pump operations (2004-2006). Irhe

production phase 2001-2003, the gas rate trend haa tendency to decline several times and the

operator used a shut-in periods to keep on the pratttion from the well. When the MPP started to

operate the gas rate was enhanced for almost morean two years.
Fluid rate versus time plots are commonly usedidagribse well and reservoir performance. The
log-log plot (Fig. 6.2) presents the RB_Z10a gasdpcer with a linear “straight line” trend for
much of its production life. But at several timesni 2002 and 2003 the actual performance was
considerably below the expected decline rate aadvill’'s remaining production life appears to
be short, unless there is interference in the gadlrate and well performance. The RB_Z10a gas

rate was maintained during the production periamfr2004 -2006 (6886 -7606 days) by the
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multiphase pump utilized as shown in Figure 6.2n akalysis of RB_Z10a’s daily production
data from 2004 to 2006 shows an average increasga®frate by 15 Sifir during MPP
operation hours compared to the CC production deridAnalysis based on cumulative gas
volumes using the operating hoursteéd CC and MPP (Table 6.1), through the period @420

03/2006, shows a clear difference between the twdyztion systems.

RB_Z10a production history - log log plot
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+ RE_ZI0a  —Linear (RE_Z10a)

100000
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Gas Rate, m3/day
&

10000

1000
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Fig. 6.2: Log-log plot of the RB_Z10a production hétory (gas rate vs. time). The linear function

relation shows that the well would die in 2004 ifhie MPP was not used. Also shown, the gas rate trend

was changed from declining at the production periogbrior to 2004 to enhancement (2004-2006).
The 11,322 MPP operation hours were scaled dowhetd,864 hours of the CC phase during
the production period 2004 - 2006 for the purposeamparison and evaluation. The MPP
facility was not in operation all the time but aftated between phases of MPP and CC
production. Before the MPP test, the well head ifitmgrpressure measured at 17 bar. During the
operation of MPP, the flowing well head pressures weeasured at different reduction intervals
between 13 and 2 bar. CC cumulative gas productias 6.16 x 19 SnT from 6,864 well
operating hours whereas 10.33 ¥Bh? was the cumulative gas production from 11,322 MPP
operating hours. 6,864 MPP facility operation haeslted in cumulative gas of 6.63 X Bnt,
i.e., an increase of 7% compared with the CC priolugphase (Fig. 6.3). The comparison
includes gas and water production. Calculating ghe rate from the cumulative gas over the
operating hours of each production type shows agoromement in gas rate of MPP of 7%

compared to the CC gas production rate (Fig. 6.4).
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Table 6.1:

Excerpt of the Excel sheet calculationsRB_Z10a

. Calculated
Date Darlgtgas Hrs/day Act:JaatLLgas Cum. Cum. gas rate
[md] [h] [ma/h] Hrs [h] Gasm3 | cum Gas/cum hrg
[m3/hr]
17.12.2003 29142 24 1214 24 29142 1214
18.12.2003 25850 23 1124 47 54992 1170
25.02.2004 24866 24 1036 71 79858 1125
26.02.2004 26609 24 1109 95 106467 1121
27.02.2004 29827 24 1243 119 136294 1145
28.02.2004 29196 24 1217 143 165490 1157
29.02.2004 28306 24 1179 167 193796 1160
Well RB_Z10a CC vs. MPP - Cumulative Gas Production
1.1E+07
—— MPP THP <=13 bar —— CC production
L1.0E+07 //
9.0E+06
™ 8.0E+06 MPP: 6864 /
£
g 7.0E+06 - /
b5 CC: 6864 hrs
3 6.0E+06 //
<t
9 5.0E+06 d
g CC: 6864 hrs cum. Gas 6.16 Mio m3
.% 4.0E+06 MPP THP <=13 bar: 6864 hrs cum. Gas 6.63 Mio m3
§ 3.0E+06 1 7% improvement of RF by MPP
O
2.0E+06 -
1.0E+06
0.0E+00 ‘ ‘ ‘ ‘ ‘ ‘
0 2000 4000 6000 8000 10000 12000
Hrs

Fig. 6.3: RB_Z10a cumulative gas production (conveional compression (pink line) & MPP (blue line)

during the production period 2004 -2006) vs. cumulive operation hours. Higher amounts of gas were

accumulated by the use of the MPP compared with thdrom the conventional compression production

system.

Higher amounts of water were produced as the MP® iweoperation, compared to the CC

system (Fig. 6.5). Consequently, the cumulativeemproduction during the use of the MPP was
three times higher than that from the CC producsigstem (Fig. 6.6).
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Fig. 6.4: RB_Z10a history gas production rates fronthe MPP& conventional compression during the

production phase (2004 -2006).
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Fig. 6.5: RB_Z10a cumulative water production fromthe conventional compression & MPP during the

production phase (2004 -2006). Higher amount of wat was produced by the MPP i.e., the MPP was
cleaning-up the water accumulated in the wellbore iginity and the water resided in the fracture

network. This clean-up of the water improve the gafiow towards the well.
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Well Operational Availability

At well RB_Z10a, actual production operating hodusing the production phases from 01/2002
to 03/2007, the well had an operational availapiit 98% as a result of the MPP operations test
between 01/2004 and 03/2006.

Well RB_Z10a - Operational Availability
120%
& conventional compression 2002 - 2004 A Multiphase pump  m conventional compression 2006 - 2007 A conventional compression 2004 - 2006
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100% *W
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Fig. 6.6: RB_Z10a operational availability duringthe production period 2002 — 2007.

This was compared to 88% from the CC phase bet®&£002 and 12/2003 excluding shut-in
periods, and 55% including shut-in periods (Fig)6Various factors cause the well to be shut-
in, for instance fluctuating gas demand, mecharfallres, build the reservoir pressure pushing
the gas up past water in the vicinity of the walid finally a shut-in might be necessary to carry
out other maintenance or construction work on tledl site. Well RB_Z10a turned out to be

more efficient with the deployment of the MPP.

Stimulus Effect

The conventional compression gas rate during tivenediane of the MPP was markedly higher
compared to the prior CC production phase in 20@QR03 (Fig. 6.7). The mathematical linear
function drawn by the Excel program illustrates tfferent trends for the CC actual gas rates
during MPP production phase (2004-2006) and ther pproduction phase (2002-2003).
Observable facts can be interpreted as stimuliferentire compartment by the MPP facility, as

a result of lowering the flowing bottom hole pressin RB_Z10a. Also, this phenomenon was
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observed in the neighbouring well, OT_Z02’s producthistory behaviour. The positive
production response (stimulus effect) was inducgdhlke MPP test on RB_Z10a, increasing the
pressure difference between the crest structurks et the drainage areas, i.e., pulling out the
water and gas from the far drainage areas towhslsrest of the structure.

Well RB_Z10a - Gas Production Rate 2002 - 2007
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Fig. 6.7: RB_Z10a conventional compression actualrpduction phases from 2002 - 2007. The linear
function trend lines show that the conventional compression gas rates during the MPP phase were
higher compared with the prior and following phases
The removal of water from the fractures by the MR®ugh the reduction of the flowing tubing
head pressure improved the reservoir performanoasé&juently, there was an increase in the

gas relative permeability by removing water frora tractures flow conduits (Fig. 6.8).

Figure 6.9 shows the OT_Z02 production history peashich includes: the production phase
prior to the MPP phase (01/2002 -12/2003), durlmg MPP phase (01/2004-03/2006) and after
the MPP phase (04/2006 — 03/2007. The observedeational compression production rates of
OT_Z02 through the production period from 2002-20@1 decline trend; however from
01/2004 to 03/2006 the production rates stabiletedertain range and even increased (Fig. 6.9).
The change in the gas production rate of well OR Zxs happened when the MPP was
operated in RB_Z10a which indicate that the positimpact on OT_Z02 performance was
caused by the MPP operations in RB_Z10a. FigurelérBonstrates how the observed gas rates
of OT_Z02 fall down immediately after the MPP protian phase. The log-log plot (Fig. 6.10)

of the OT_Z02 production history data demonstrat gas rate declining trend towards an end
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of production life of OT_Z02 would occur earliercathe actual ultimate recovery would not
obtain without the MPP operations in RB_Z10a.

RB_Z10a -THP vs. Produced Brine 2002 - 2003
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Fig. 6.8: RB_Z10a tubing head pressure vs. produceldrine (2002 - 2006).

The higher the reduction of

tubing head pressure by the MPP operations, the higer the produced amounts of brine.

The numerical simulations were also used to ingagti the impact of the MPP operations in

RB_Z10a on the neighbouring well OT_Z02. Converdlarompression forecast was carried out,

eliminating the production history data of OT_Z02dausing minimum flowing tubing head

pressure of 13 bar and a gas rate of 20,0080/dam The forecast simulation shows that due to
the stimulus effect by MPP, an additional gas vawh8 Mio Smi was gained from OT_Z02.
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OT_Z02 production history 2002 - 2007
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Fig. 6.9: Well OT_Z02 production history (gas ratevs. time). The OT_Z02 gas rate decline trend
during the production phase 2002 — 2003 was changé¢d be a maintained rate trend and even with
higher rates when the MPP was operated at the welRB_Z10a. As the MPP operations were stopped

in 03/2006 in RB_Z10a, the OT_Z02 gas rates fall dan.
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Fig. 6.10: Log-log plot of the well OT_Z02 productn history (gas rate vs. time).
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CHAPTER VII:
7.1 Conclusions

The reservoir simulation based on field reserveowdpction history for the 10 wells in the
Hauptdolomit reservoir model was the ideal methogypl for the investigation of reservoir

performance during multiphase pump operations.

Despite data limitations, the geological model wdsractively improved by dynamic reservoir
data, a perfect history match was achieved, wighkily parameters being fracture permeability,
identification of tight zone, implementation of glgmentary faults and flow barriers which were

major contributing factors in the gas flow and gree distribution.

The observed reservoir performance of the Ritekbirtarptdolomit reservoir during multiphase

pump operations brought the following conclusions:

> The forecasts simulation results during the prddactperiod 01/2004-03/2006
demonstrated that the continuous operation of ti&PMad a positive impact on the

optimised gas recovery of well RB_Z10a.

> Deploying the MPP facility prior to the productigear 2004 would have ensured an
improvement of the ultimate gas recovery of tharerdompartment and well RB_Z10a

and production acceleration, subsequently imprdietd economics.

> Numerical reservoir simulation and decline curvalgsis agree that without the use of
MPP, well RB_Z10a would go to the end of its pradueclife in 2004 i.e. the RB_Z10a

well’s production life was extended by the deploytnaf the multiphase pump.

> Analysis of the available historical production al@oncludes the following observable
facts: 1) RB_Z10a turned out to be operationallyerefficient by the deployment of the
MPP between 01/2004 and 03/2006 compared to tbe prdduction phase from 2001 to
2003; 2) The stimulus effect over the entire cortipant as a consequence of the use of
MPP was positive, observed in the conventional gesgon gas rate periods during the
down-time of the MPP facility. Also, this effect wabserved at the neighbouring gas

producer OT_Z02 which located approximately atatise of 1.5 km from RB_Z10a.

Due to water produced by the MPP, compared witlctimventional production system during its
operations, there is a clean-up of the residualewfibm the fracture network, resulting in
improvement of the gas relative permeability floa the crest structure wellbores and an

enhanced gas rate.
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A field test of the MPP in a mature carbonate sgas reservoir demonstrated that this
technology can be used, due to the fact that tHeresponded to reduced wellhead pressure and
additional gas production was recorded. By redudimg back pressure on the well head,
multiphase pumping technology is able to extendwk#/reservoir production life and produce
incremental gas, also allowing the reservoir toelate production and as a result to delay the
abandonment of the gas producers. In summary, thgphmase pumping technology can make
marginal fields more economical, increase field &hd gas recovery.
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7.3 Appendix

7.3.1 Appendix 1: Production History

=—{GPRH:RB_Z06 vs. DATE(RB_cal_lowsuii-a-y-3-1-43-8-2-2-1-3-3-2-dcomp2_E100)
=——'0iGPRH:RB_Z06A ws. DATE (RB_cal_lowsui-1-a-y-a-1-4-3-8-3-3-1-2-3-3-d-comp?_E100)
WBHPH:RB_Z06 ws. DATE (RB_ca?_lousui-1-a-y-a-1-43-8-2-2-1-3-3-a-4 comp2_EI0D)
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Fig. 1.1: RB_Z06 & RB_Z06a production history (pressure measurements & gas rates vs. time)
WAVPRH:RB_ZDGA ws. DATE (RB_ca2_lowswi-1-a-y-a-1-4-3-8-2-2-1-3-3-a-dcomp2_E100)
WAPRH:RB_Z06 ws. DATE(RB_ca?_lowsui-1-3-y-3-1-4-3-8-2-2-1-3-3-2-4comp2_E100)
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Fig. 1.2: RB_Z06 & RB_Z06a production history (waer production vs. time)
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=1f5PRH:RB_Z13 vs. DATE (RB_cal lowswi-1-2-y-a-1-4-3-8-3-2-1-3-3-3-d compd_E100)
WHBHPH:RB_Z13 vs. DATE(RB_cal_lowsui-1-2-y-a-1-4-3-8-2-2-1-3-3-a-d-oomp3_E100)
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Fig. 1.3: RB_Z13 production history (pressure measements & gas rates vs. time)
AVARH:RB_Z13 va. DATE(RB_cal_lomswi-1-2-y-3-1-4-3-8-2-3-1-3-3-2-dcomp3_E1000
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Fig. 1.4: RB_Z13 production history (water producton vs. time)
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=—WGPRH:RB_Z1 vs. DATE(RE_cal_lowsui-1-a-y-2 1-4-38-2-3-1-33-a-4compd_EI00)
WBHRH:RB_ZH1 ws. DATE(RB_cal_lowswi-1-2-y-3-1-4-3-8-2-2-1-3-3-2-¢ compd_E100)
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Fig. 1.5: RB_Z11 production history (pressure measements & gas rates vs. time)
WANPRH:RB_Z11 ws. DATE(RB_ca?_lowsui-1-3-y-a-1-4-3-8-2-2-1-3-3-a-4oompd_EI00)
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Fig. 1.6: RB_Z11 production history (water producton vs. time)
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WHHPH:RB_ZD3 vs. DATE(RB_cal_lowsui-1-a-y-a-1-43-8-2-2-1-3-3-a-4oompd_EI00)
=——'i{GRRH:RB_ZD8 vs. DATE(RB_cal lowswi-1-a-y-a-1-4-3-8-2-2-1-3-3-2-d-compd_E100)
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Fig. 1.7: RB_Z08 production history (pressure measements & gas rates vs. time)

NiRRH:RB_Z08 ws. DATE (RB_cal_lowswi-1-a-y-2-1-4-3-8-2-3-1-3-3-2-doomps_E100)
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Fig. 1.8: RB_Z11 production history (water producton vs. time)
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7.3.2 Appendix 2

Decline Curve Analysis

Name RB_Z10a
Pool NW Germany . .
Field Ritenbrock Blasingame Typecurve Analysis

Plot Options
Normalized Rate
Integral

DX Derivative

PSS Water Drive
Multi-Well Analysis

Calculations

relXs 1000.0

® k 3.6359 mD

E X 2.993 m

3 Area 2814.53 ha

® OGIP 1808.233 105m3

g

E

&

= Pab 7000 KPa

E RF 84.84 @

E

E EUR 1534.189 108m?3
Phar 20012 KkPa(a)

Hydraulic Fracture Madel
g racture:

conauctzy

2 3 4567 102 2

RTA™ Ver 45,1277 118832
C\Dokumente und L

3 4567 100 2

3 4567 10 2
Material Balance Pseudo Time

102 12 200 B8 crpaeagen 1

3 4567 10 2

Fig. 2.1: RB_Z10a - Blasingame type curve matchingith history production data

Mame RB_Z10a
Pool NW Germany .
Field Rutenbrock Agarwal-Gardner Typecurve Analysis

Plot Options
Normalized Rate
Raw Data Derivative
[X Derivative

PSS Water Drive
Multi-Well Analysis

Calculations

2 345 7100

2 345 7102

2 345 7103

2 345 7102 2 345 7107
Material Balance Pseudo Time

2 345 710

2 P
2 345 710*

rasj RTA™ Ver4.5.1.277 119832
ung \

103 12 2003 monssaiv BHP B&E CCmagesgrig

ro/X; 1.0
K 0.7700 mD
Xy 2629.809 m
Area 2172.69  ha
oGP 1395.877  10°m?®
£
£ [ 7000  kPa
a2 RF 8484 %
£
z EUR 1184327 105me
2
E Poar 14037 kPa(a)
s Hydrautio Fracture Model

Fig. 2.2: RB_Z10a - Agarwal-Gardner type curve mathing with history production data
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Name
Pool
Field

4
34

24

RB_Z10a

NW Germany

Riutenbrock

NPI Typecurve Analysis

Plot Options

Normalized Pressure
Integral

[XDerivative

PSS Water Drive
Multi-Well Analysis

4+

Normalized Pressure, Derivative

Calculations

re/Xg 1.0
Kk 02579 mD
Xt 2696.925 m
Area 2285.01 ha
locIP 1468.036  10°m®
Pab 7000 kPa
RF 8484 %
EUR 1245.550  10°m?
Poar 15304 kPaf(a)

21
104
sT
Al ey o M N N iy |
345 7104 2 345 710* 2 345 7102 2 345 7104 2 345 710 2 345 7100 2 345 7102 2 3
Material Balance Pseudo Time
ESJ RTA™ Ver 45.1.277 110832 1
\Dokumente urd UsersiD . %02 12 2003 monedaiiy SHP BSB CC ria 08-Aort

Hydraulic Fracture Model
Cifincical reservoir wih Infinfe: conductivey
Treachure In the middic

Fig. 2.3: RB_Z10a - Normalized Pressure Integratype curve matching with history production

data

Name
Pool
Field

Normalized Rate

RB_Z10a
NW Germany
Rutenbrock

Wattenbarger Typecurve Analysis

Plot Options
[<Normalized Rate
Raw Data Derivative
PSS Water Drive
Multi-Well Analysis
Calculations
YelYw 64.0
xr sqrt(k) 2063.4 mD*m
13 1.0000 mD
X 2063.434 m
Ye 5648.042 m
Xe 4126.868 m
Yw 88.251 m
Area 2330.87 ha
oGIP 1497.392 10°m?
Pan 7000 kPa
RF 84.84 %
EUR 1270.457 10%m?
Poar 15787 kPa(a)

Hydraulic Fracture Model

Rectangular reserveir with infinite
conductivity fracture

% (reservoir length)

{reservoir width)

xy(fracture
aif length)|

Yu (well location in y-direction)|

102 b Ly P P
45 7102 2 345 7102 2 345 7107 2 345 710 2 345 710 2 345 710 2 3 45
Material Balance Pseudo Time
RTA™ Ver 451277 110822 9
D und 02 12 200 BB CC ri 08-40r-10

Fig. 2.4: RB_Z10a - Wattenbarger type curve matchig with history production data
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Name RB_Z10a
Pool NW Germany Fracture Model
Field Rutenbrock History Match
o0 | Legend 45000
O® Flow Press
1 —{>@— Gas Rate 40000
1000 o Syn Flow Press
900 1 35000
800
30000
T 700+ k]
T 2
E sl 25000 £
g 3
g =
g st 20000 &
400 +
15000
300 +
200 1 10000
100 +
5000
0 ¥
74/ 75 [ 76 [ 77 [ 78 | 79 [ 80 [ 81 | 82 83 | 84 | 85 86 88 | 89 | 90 91 92 | 93 | 94 | 95 98 (99 00 01 02|03 o04
Reservair Boundaries
Pi 43700 kPa Xe 4159.189 m
k 1.8000  mD Y 4159189 m
X5 200.000 m X 2079.595 m
Se Y 2079.595 m v
.
s(t)
Su OGIP 1100.000  105m?
D 110Pm3ld Area 1729.88  ha o
-
Co
X Dual Porosity
o 0.16000 fe x. ¥
i 1.0000e-05
1 oSl el soape 108 12 20m se8 ool e
Name RB_Z10a .
Pool NW Germany Composite Model
Field Rutenbrock History Plot
1800
Legend 45000
O® Flow Press
1600 oo, Syn Flow Press 40000
og Syn Res Press, P is calculated
—49— Gas Rate
HasE o - 35000
200 + 30000
=3 3
:E 1000 1 i 25000 E
s 3
= i b=
z 200 20000 ®
6001
-1 15000
400+
-1 10000
200
i 5000
0 %
74/ 75 |76 | 77 (78 |79 80 | 81|82 |83 |84 85 86 |87 |88 |89 90919293 04 05|96 97 9899 000102 03]o04
Reservoir Region 1 Region 2 Region 3
P 43700  kPa Kk 6.0000 0.4000 mD
s 0.000 h 15.000 15.000 15.000 m
fe 1225.457 2346.571 m
oGIP 1100.000  10°m?
Area 1729.89  ha Boundary Boundary X Boundary
0OGIP 300.000 800.000 105m?
Advanced

:QS RTA™ Ver 45.1.277 1218680
M Estemnal rivelsi case

Z103\EHE

21812 2003 monsdaily BHP BEB OC a0 Tapr 11

Fig. 2.6: RB_Z10a - Analytical composite model - ltom hole pressure match
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Well Manauer} Data lData Diagnostics ' Analysis ‘Reporlingl
Tra(litional} Power Law] Fetkovich] Blasinuamel AG Rate vs Time I F.M.B.] Specialized nnal],rsisl 1Pl l Transient l Wattenharger l Anaytical Models | Humerical Models *Forecast
Available Models
Blasingame Abandon Rate oo 0mil Forecast
AG Period Pyt
1Pl EUR 915,889 10mé month kPa
Transient 5146
Wattenbarger [X] Monthly .00 4800 [] Step
Radial Madel [] step
Fracture Model Table [] step
[] Step
Composite Model

Fig. 2.7: RB_Z10a - conventional compression systepnediction (01/2004 -03/2006) results (fracture
model)

Well Manauer} Data ]Data Diagnostics ' Analysis ‘Reporling]

Tra(litional}PowerLawlFetkovichlBlasinuame]nGRateusTimelF.M.B.lSpecializednnalysisl 1] lTransient]WattenhargerlAnalylicalMotIeIs Humerical Models ~Forecast

Available Models

Blasingame Abandon Rate oo 0mil Forecast

AG Period Pyt

Pl EUR $14510 10m? monith kPa

Transient 5146

Wattenbarger X] Marithly 2100 4800 [] Step

Radial Model [] step

Fracture Model Table [ step
[] step

Composite Model

Fig. 2.8: RB_Z10a - conventional compression systepnediction (01/2004 -03/2006) results
(composite model)

Well Manauer} Data ]Data Diagnostics Analysis ‘Reporling]
Trml'rtional} Power Lawl Fetkovichl Blasinuamel AG Rate vs Time I F.M.B.l Specialized Analysisl 1Pl l Transient l Wattenbarger l Analytical Models | Humerical Models 'Forecast
Available Models
Blasingame Abandon Rate oo 0mil Forecast
AG Period Pyt
Pl EUR 932,383 10fm? month kPa
Transient 5146
Wattenbarger [X] Monthly .00 3500 [] Step
Radial Modlel [] step
Fracture Model Table [] step
[] step
Composite Model

Fig. 2.9: RB_Z10a - Multiphase pump application préliction (01/2004 -03/2006) results (fracture
model)
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Welll'u'lanauer} Data ‘DataDiaunostics Analysis Reporling‘

Tratl’rtional}PowerLaw‘Fetkovil:h‘Blasinuame‘AGRm-evsTime‘F.M.B.‘S|1ecializetIAnaIysis‘ 1Pl ‘Transient‘Waﬂenlmruer‘AnalylicalMotIeIs lumerical Models 'Forecast

10miid

10'm?

Forecast
Period
month

2.0

Pyt
kPa
54
3500 [] Step
[] step
[] step

[] step

Available Madels
Blasingame Abandon Rate 20,000
AG
1Pl EUR 30,509
Transient
Wattenbarger E Monthly
Radial Model
Fracture Model Table
Composite Model

Fig. 2.10: RB_Z10a -Multiphase pump application prdiction (01/2004 -03/2006) results (composite
model)

Name oT_z02
Pool NW Germany . .
Field Rutenbrock - Ca2 Blasingame Typecurve Analysis
+ Plat Options
4 [P¢Normalized Rate
3T [ Integral
24 Derivative
2o PSS Water Drive
T [ Multi- Well Analysis
s 1
E Calculations
4 FCD 20.0
Ak e relXq 1000.0
il = K 0.2660  mD
. e Xe 1068 m
Z - — s Sea -1.516
€ 1t ——— Area 348.59  ha
a =+ T OGIP 206.585 105m?
g 67T
= T e
s 4T
3
8 3 Pab 8000  kPa
E sl RF 8162 %
2
EUR 168.404 105m?
E L
. e Phar 9896 kPa(a)
sl
34
24
102 \ —
=iF /
2 3 4567 102 2 3 4567 100 2 3 4567 10 2 3 4567 10 2 3 4567 102 2
Material Balance Pseudo Time
™ Vs 4.5.1.277 110832
ST Sl it unt £ vitiunosri) Usecun SoftwarsiOT Z070F 202 oroperties unt00% ta 124010 1

Fig. 2.11: OT_Z02 - Blasingame type curve matchingith history production data
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Name OT _zo02
Pool NW Germany :
Field Riitenbrock - Ca2 Agarwal-Gardner Typecurve Analysis
Flot Options
Normalized Rate
Raw Data Derivative
PX Derivative
PSS Water Drive
Multi-Well Analysis
Calculations
X 20.0
k 0.1249 mD
X 52.444 m
Area 345.62  ha
loGIP 204.845  10°m?
@
2
g
s Pap 8000 kPa
‘i', RF 84.16 %
=
5 EUR 172.404  105m?
&
g Poar 9620  kPafa)
2 Hydraulic Fracture Model
Cneria) ressrysie i e conaumvey
101
102
105 2 345 7104 2 3 45 7108 2 345 7102 2 3 45 710" 2 345 710 2 3 45 710" 2 3 45 7102
Material Balance Pseudo Time
@» RTA™ Ver 451277 118832 1
CRokurnenie und UsersiD cRwars\OT ZOZOT 202 orgerties 1340010

Fig. 2.12: OT_Z02 - Agarwal-Gardner type curve matbing with history production data
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7.3.3 Appendix 3: History Match Results

="liGPR:RE_ZD4 vs. DIATE (RB_cad lowswi--a-y-a-1-1-3- 324 o424 thp-8_EN0D) ="1i§HF:RE_209 vs. DATE(RB_cal lomswi-t-a-y-3-1-1-3-3-a4 w414 thp-8_E00)
0 WBHPH:RE_Z ws. DATE(RB cal bowswi--a-y-a-1-1-3-3 a4 1o-d-1-4 Hhp-3_ENOD) WGRRH:RE_ED0 vs, DATE(RE cal loswi-fay-a-1-1-3-3a-4 o4 24 14bp-8_E10D)
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Fig. 3.1: RB_Z09-base case history match (observedttom hole pressure & gas rate vs. simulation)

——UGAR:OT 200 s, DATE(RA oal Jonsui-av-2-1-1:3-3a-+ o hp & ENO0) ———BHR:0T 207 s, DATE (R cal bowsu1-3ya-1-1-3 a4 o424 Lahp-5_EION)
W8 WHPH.OT 202 vs. DATE (RO _cal lowswi-l-ay-a 11334 1ot 24 ahpd_ENDD) WEPRH:T_202 ve. DATE (RD cad_lousui-lay-2-1-1 33 a4 e Lanp-9_ENCH)
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Fig. 3.2: OT_Z02-base case history match (observdmbttom hole pressure(green dots) & gas rate
(red curve) vs. simulated)
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e {GPR:RB_Z13 ws. DATE(RB_cal_lowsui1-a-y-2-1-43-8-2-23-1-3-3-a-4comp3_EI00) s iBHP:RB_Z13 we. DATE (RB_cal_lowswi--a-y-a-1-4-3-8-2-2-1-3-3-a-4-comp3_EI00)
WHHRH:RB_Z13 vs. DATE(RB_ca2_lomswi-1-3-y-a-1-4-3-8-2-3-1-3-3-3-4comp3_E100) WGRRH:RB_Z13 ws. DATE(RB_cal_lowsui-1-a-y-3-1-4-3-8-2-2-1-3-3-3-4-comp3_E100)
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Z1ZWHHP:RE_Z13 BARSA

WwWBHFPH:RB

Fig. 3.3: RB_Z13-base case history match (observéattom hole pressure (green dots) & gas rate

(red curve) vs. simulated)

=—JGPR:RE_Z11 vs. DATE(RB_ca2 lowswi-1-3-y-a-1-4-3-8-2-3-1-3-3-2-4 compd_E100) ==——liBHP:RB_Z11 vs. DATE (RB_ca2 lowswi-1-3-y-a-1-4-3-8-2-3-1-3-3-a-4-compd_E100)
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Fig. 3.4: RB_Z11-base case history match (observéattom hole pressure (green dots) & gas rate

(red curve) vs. simulated)
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=—iiiGPR:RB_Z03 vs. DATE(RB_ca? lowswi-1-3-y-2-1-4-3-8-3-2-1-3-3-a-dcomph_E1000 =—"iiBHP:RB_7D8& we. DATE (RB_cal_lowswi-1-a-y-a-1-4-3-8-2-3-1-3-3-a3-d-compf_E100)
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Fig. 3.5: RB_Z08-base case history match (observéattom hole pressure (green dots) & gas rate
(red curve) vs. simulated)
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Fig. 3.6: RB_Z09-base case history match (observedater rate (light blue) vs. simulated (dark
blue))
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\WPRH.OT_Z02 vz, DATE(RE cal_lowsui gz 113324 o4 24 14hp-8_EI00)
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Fig. 3.7: OT_ZO2-base case history match (observadater rate (light blue) vs. simulated (dark
blue))
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Fig. 3.8: RB_Z06-base case history match (observedater rate (light blue) vs. simulated (dark
blue))
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Fig. 3.9: RB_Z13-base case history match (observedater rate (light blue) vs. simulated (dark
blue))
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Fig. 3.10: RB_Z11-base case history match (observedater rate (light blue) vs. simulated (dark
blue))
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Fig. 3.11: RB_Z08-base case history match (observedater rate (light blue) vs. simulated (dark
blue))
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Nomenclature

In Chapter IV:

A= drainage area, ha (Hectares)

b= decline exponent

By= gas formation volume factor’hm®
C;= total compressibility, bdr

Di = initial decline rate, day

D= linear Non-Darcy flow coefficient, [iuay]-1

Fcp = fracture conductivity, mDarcy.m

G = specific gas gravity

h= formation thickness, m

k= permeability, mDarcy

kh= well flow capacity, mDarcy.m

P, = initial pressure, bar

Pw= well flowing pressure, bar

Psc= pressure at standard condition, bar
q= flow rate, nYday

q = initial flow rate, nVday

Ood = decline curve dimensionless flow rate

o = dimensionless flow rate

Qpog= decline curve dimensionless cumulative
Qoa= normalized rate cumulative, {fday]/ [baf/ mpa.s]

fw= wellbore radius, m
fe = effective wellbore radius, m
S= skin, dimensionless

Sy= water saturation

t= time, days

tp = dimensionless time

tog = decline curve dimensionless time

toe= the constant rate time, days
te=  pseudo normalized time, days
T = temperature, °C

Ts= temperature at standard condition, °C

ws = fracture width, m
x = fracture half length, m
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Z= z-factor, dimensionless

Symbols

a = storativity ratio

A= interporosity coefficient
K = viscosity

@ = porosity

Subscripts

m = matrix

f= fracture

D = dimensionless
o = oil

w = water

g=gas

r= reservoir

t = total
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