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: Surface area of a gridblock, L?, m?
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NUMERICAL SIMULATION OF TRANSIENT SANDFACE AND
WELLBORE TEMPERATURE BEHAVIORS OF WELLS IN MULTILAYER
SINGLE-PHASE OIL AND GEOTHERMAL RESERVOIRS

SUMMARY

The interpretation of dynamic temperature data acquired during well tests and
distributed temperature sensors (DTS) has grown increasingly in the last decade. While
research studies are ordinarily based on sandface solutions, actual field measurements
are made in the wellbore, generally at a certain distance above the sandface for
conventional well tests. There is still a need for further fundamental studies to
emphasize the apparent differences between sandface and wellbore temperature
responses especially when it comes to history matching and production optimization
applications.

The objective of this study is to develop and present applications of a two-dimensional
(2-D) r-z, fully implicit, single-phase non-isothermal, transient coupled
reservoir/wellbore model with a single well located at the center of a cylindrical
reservoir. The model accounts for the Joule-Thomson (J-T), isentropic expansion,
conduction and convection effects for predicting the transient temperature behavior
and computing the wellbore temperature at different gauge depths. In this study, single
phase fluid flow of oil or geothermal brine from a fully penetrating vertical or inclined
well in an infinite-acting homogeneous reservoir is modeled. The coupled simulator
solves mass, momentum, and energy conservation equations simultaneously for both
reservoir and wellbore. The functional iteration procedure is used that updates fluid
properties based on available correlations as a function of pressure and temperature at
a given time step. Comparisons of the developed model for several syntetic cases with
a commercial simulator are provided.

We identify diagnostic characteristics of temperature transients at gauge locations at
the sandface and above the sandface that may arise during a well test, we examine the
sensitivity of the model parameters appearing in the coupled non-isothermal
reservoir/wellbore model through synthetically generated test data sets and history
matched field application. The drawdown and buildup sandface transient temperature
data are obtained from the coupled model and used to interpret and analyze
temperature transients. In addition to the J-T coefficient of fluid, we show that history
matching transient temperature data provides estimates for the skin zone radius and
permeability when analyzed jointly with the conventional pressure test analysis (PTA).
An investigation on the effect of gauge location on temperature data shows that the
early-time response is influenced by the wellbore phenomena while the J-T effects are
clearly identified at later times at typical gauge locations up to 100 m above the top of
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the producing horizon (refers to total pay zone). Logarithmic time derivative of
temperature transients is found as a useful diagnostic tool to differentiate the wellbore
phenomena from the reservoir response. It is also shown that the temperature transient
is more reflective of the properties of the near wellbore region (e.g., skin zone) than
the pressure transient. For this reason, analyzing temperature transients together with
the pressure transients could add more value to the analysis to better examine near
wellbore characteristics.

A comprehensive sensitivity study conducted for multi-layer systems by constructing
a 2-D (r-z) coupled model indicates beneficial remarks on PLT data. We provide well
profile outputs of pressure, temperature, and flow distributions along the wellbore to
identify most influential parameters, such as the layer petrophysical properties and the
layer thermal parameters. Several examples of regression on temperature and pressure
from multi-layer systems are considered for demonstrating the utility of the developed
simulator. Due to high number of parameters involved in multi-layer systems, a robust
characterization on thermal and rock properties is required to be able to achieve a
realistic regression on temperature profiles to compute inflow rates of individual
layers.
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COK TABAKALIL TEK-FAZLI PETROL VE JEOTERMAL
REZERVUARLARDAKI KUYULARIN KARARSIZ KUYU CIDARI VE
KUYU iCI SICAKLIK DAVRANISLARININ SAYISAL SIMULASYONU

OZET

Kuyu i¢i ve rezervuar sistemlerinin karakteristik 6zellikleri, endiistride yaygin olarak
kuyu testi uygulamalar1 ile belirlenir. Kuyu testlerinin amaci, ylizeyde iiretim
debisinde gecici ve kontrollii degisiklikler yaratarak, kuyu yiizeyine yakin yerlere
konumlandirilan basing ve sicaklik Olcerlerden elde edilen basing verilerini analiz
etmektir. Rezervuar karakterizasyonu caligsmalarinin ¢ogu, problemi basitlestirmek
adina rezervuarda izotermal bir akis oldugu varsayimina dayanir. Boyle bir varsayim,
rezervuardaki sicaklik degisikliklerini ihmal eder ve pratik ag¢idan dogrudur, clinkii
iiretim boyunca gozlemlenen sicaklik degisimleri, basing degisimlerine oranla
genellikle kiiciiktiir. Ancak, basing diistimlerinin fazla oldugu durumlarda yiiksek
sicaklik degisimleri gdzlemlenebilir. Ornegin yiiksek debiyle veya ¢ok diisiik
gecirgenlikli tabakalardan {iretim yapilmasi ya da kuyuya yakin civarda hasar
bulundugu durumlarda, petrol veya jeotermal su liretilen rezervuarlarda kararsiz akis
donemindeki sicaklik davraniglarinin  izotermal olmayan kosullarda altinda
incelenmesine ihtiyag¢ vardir.

Fiziksel ve termodinamik siirecler dikkate alindiginda, aslinda, kuyu i¢i ve rezervuar
sistemlerinde liretim veya enjeksiyonla birlikte izotermal olmayan akis kosullarinin
olustugu ve sicakligin zamanla degistigi gézlemlenir. Yazindaki son ¢aligmalarda, bu
sicaklik degisikliklerine, izentropik genlesmenin yani sira Joule-Thomson etkisinin
sebep oldugu gosterilmistir. Dolayisiyla, bu tiir etkileri iceren kararsiz akig donemi
boyunca kaydedilen sicaklik verileri, rezervuar ve akiskan 6zellikleriyle ilgili 6nemli
bilgiler icerebilir. Ornegin, rezervuar gecirgenligi, gézeneklilik, zar bolgesi yarigapi
ve gegirgenligi, kaya¢c ve akiskan sistemin 1s1 kapasitesi ve 1sil iletkenlik gibi
parametreler sicaklik davranislarii etkiler. Bu yilizden, kuyu testlerinden veya
dagitilmis sicaklik sensorlerinden (DTS) elde edilen dinamik sicaklik verilerinin
yorumlanmasi son yillarda giderek yayginlagmistir. Arastirmalar genellikle rezervuar
cozlimlerine dayali olsa da aslinda konvansiyonel kuyu testlerinden elde edilen saha
Olciimleri, kuyu i¢inde genellikle rezervuarin belirli bir mesafe {izerinde
gerceklestirilir. Ozellikle tarihsel cakistirma uygulamalar1 s6z konusu oldugunda,
kuyu yiizeyindeki ve kuyu icindeki sicaklik dl¢timleri arasindaki belirgin farkliliklar
vurgulamak i¢in daha fazla temel arastirmaya ihtiyag vardir.

Bu g¢alismanin amaci dogrultusunda, iki boyutlu (2-D) r-z, tek fazli, izotermal
olmayan, kararsiz akis doneminde kuyu i¢i ve rezervuar modellerini birlestiren,
silindir bir rezervuarin merkezinde tek kuyuya sahip, tamamiyla kapali bir halde
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(implicit) sayisal ¢oziimler iireten bir rezervuar simiilatorii gelistirilmistir. Kararsiz
akis donemindeki sicaklik davranislari, Joule-Thomson, izentropik sikisma/genlesme,
1s1 iletimi ve taginmasi gibi fiziksel etkiler degerlendirilerek modellenir ve rezervuarin
yant sira kuyu i¢inde farkli 6l¢iim derinliklerinde sicaklik ve basing hesaplanabilir.
Homojen ya da heterojen, tek ya da ¢ok tabakali bir rezervuarda, rezervuarin kalinlig
boyunca biitiiniiyle veya kismen tamamlanmis dikey bir kuyudan petrol veya jeotermal
suyun tek fazli sivi akisi, yiizey kosullarinda tanimlanmis sabit veya degisken debili
iiretim testleri ve kapama donemleri i¢in modellenmistir. Gelistirilen simiilator hem
rezervuar hem de kuyu i¢inde kiitle, momentum ve enerji korunumu denklemlerini
kuyu i¢i ve rezervuar modellerini birlestirerek beraber ¢ozer. Belirli bir zaman
adiminda, basmcin ve sicakligin bir fonksiyonu olarak mevcut korelasyonlar
kullanarak akiskan o6zelliklerini giincelleyen fonksiyonel yineleme prosediirii ile
coziimler gelistirilmistir. Gelistirilen sayisal modelin endiistride kullanilan ticari
izotermal olmayan bir simiilator ile karsilastirilmasi saglanmistir.

Kuyu yiizeyine yakin yerlere konumlandirilan basing ve sicaklik dlgerlerden elde
edilen sicaklik verilerinin, kararsiz akis donemi davraniglarini tanimlamak igin
sentetik olarak kuyu testi verileri olusturulmus ve gergek saha verilerine tarihsel
cakistirma yapilmistir. Sentetik veriler, izotermal olmayan kuyu i¢i ve rezervuar
birlesik simiilatériimiizden elde edilmistir. Uretim ve kapama sirasinda kararsiz akis
donemindeki sicaklik davraniglarinin model parametrelerine olan duyarlilig
incelenmistir. Akiskanin Joule-Thomson katsayisinin bulunabilmesine ek olarak,
tarihsel cakistirma yapilan kararsiz sicaklik verileri, geleneksel basing testi analizi
(PTA) ile birlikte kullan1ldiginda zar bolgesi yaricapr ve gecirgenligi i¢in tahminler
saglar. Kuyu testleri esnasinda 6zellikle tiretim donemi boyunca genellikle ylizeyde ya
da kuyu dibindeki operasyonel etkiler, 6l¢iim aletlerinde kaydedilen verilere olumsuz
yansimaktadir. Bu sebeple, iiretim boyunca kaydedilen basing verileri, bu karakteristik
ozellikleri tasimasi sebebiyle, kuyu testleri analizi yapilirken ¢ogu zaman
degerlendirilmez. Fakat iiretim boyunca kaydedilen sicaklik verileri bu calismada
gosterildigi gibi yararli bilgiler saglayabilir. Saha verilerine tarihsel c¢akistirma
orneginde ayrintili olarak gosterildigi gibi, kapama donemi basing verileri, iiretim
boyunca kaydedilen sicaklik verileriyle birlikte analiz edildiginde, kuyu ig¢i ve
rezervuar sistemini anlamamiza yardimeci olabilir. Ayrica, iyi bir tarihsel sicaklik
cakistirmasi icin, etkin kuyu yarigap1 adiyla yeni bir parametre tanimlanmasina ihtiyag
duyulmustur. Konvansiyonel kuyu testleri operasyonlarinda, kuyu dibinde kuyu
ylizeyine yakin yerlere bircok mekanik alet yerlestirilmektedir. Fakat, bu aletler, sivi
akisinin kuyu yiizeyinin {izerinde nispeten daha kii¢lik bir hacimde gergeklesmesine
sebep olmaktadir. Kuyu dibinde akigkan hacminin sicaklik tepkisi {izerine etkisi ¢ok
kritik oldugundan, bu yeni parametre (etkin kuyu yaricapi) saha verileriyle tarihsel
cakistirma gerceklestirilirken bir bilinmeyen olarak degerlendirmeli ve tahmin
edilerek bulunmalidir.

Kararsiz akis doneminde gozlemlenen sicaklik verilerinin logaritmik tiirevi, kuyu ici
etkilerinin rezervuar tepkisinden ayirt edilmesine faydali bir teshis araci oldugu
goriilmistiir. Kuyu ylizeyine belirli bir uzakliga yerlestirilen 6l¢iim aletlerinden elde
edilen kararsiz sicaklik davranislari analiz edildiginde, kuyu i¢i etkilerinin bu
caligmada Onerilen logaritmik tiirev analizinde tiimsek olusturuldugu gézlemlenir. Bu
calismada sunulan ¢oziimler, tiim bu 6l¢iim aletlerinden gelen basing ve sicaklik
verilerinin ne tip bir bilgi icerebilecegini arastirmamiza olanak saglamistir. Olgiim
aletlerinin kuyu dibine yerlestirildikleri konumun sicaklik verileri lizerindeki etkisine
iligkin bir arastirmamiz, sicakligin erken zaman tepkisinin, kuyu ici akistan
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etkilendigini gostermistir. Rezervuardaki Joule-Thomson etkilerinin ise daha sonraki
zamanlarda kuyu yiizeyinden 100 metreye kadar uzaga konumlandirilan 6l¢iim
aletlerinden elde edilen verilerde agik¢a gozlemlenebildigini gosterilmistir. Bu
sebeple, kuyu testleri boyunca 6l¢iim aletlerinin kuyu yiizeyine en yakin konuma
yerlestirilmesi hedef alinir, fakat bu bazen miimkiin olmayabilir. Radyal akis rejimi
donemleri i¢in yar1 logaritmik ve logaritmik tiirev analiz metotlar1 kullanilarak kuyu
ylizeyinden olduk¢a uzakta Olglilen sicaklik verilerinin, gilivenilir bilgiler
icermeyebilecegi anlagilmistir. Tipik konumlara yerlestirilen 6l¢iim aletlerinden elde
edilen iiretim donemi sicaklik verilerinde, kuyu ici etkilerinin sonrasinda rezervuar
tepkisi goriiliir. Ancak, kapama donemi sicaklik verileri ise daha ¢ok kuyu i¢i etkilerini
takiben, Ol¢iim aletlerinin yerlestirildigi konumu ¢evreleyen kaya¢ formasyonuna olan
1s1 kayiplarinin etkisinde kalir.

Kararsiz akis doneminde gozlemlenen sicaklik verilerinin, basing verilerine nazaran,
yakin kuyu bdlgesinin (6rnegin, zar bolgesi) ozelliklerini daha fazla yansittig1 da
gosterilmistir. Sicaklik verileri incelenirse basinca gore daha yavas ilerledigi
gozlemlenir. Bu durum, sicaklik verilerinin, 6zellikle kuyu civariyla ilgili, basincin
goremedigi daha fazla bilgiyi yansitmasini saglar. Bu nedenle, kararsiz zamandaki
sicaklik ve basing verilerini birlikte analiz etmek, kuyuya yakin bolgelerin 6zelliklerini
daha iyi incelememizi saglayabilir. Basing tiirev analizine benzer sekilde, sicaklik
verilerinin tiirevlerinden sicakliga 6zgili davraniglar1 belirlemek miimkiindiir. Zar
faktorii etkisi olmadiginda, erken zamanlarda kuyu i¢i etkilerini ve bunu takip eden
Joule-Thomson katsayisiyla iligkili olan ge¢ zaman davranisini gérmekteyiz. Zar
faktorii etkin oldugunda ise siiresi zar bolgesinin gegirgenligi ve yarigapiyla iliskili
olan ara bir sicaklik davranisi belirmektedir. Sonrasinda zar bolgesi etkileri sona
erdiginde, zar bolgesi disindaki 6zellikleri gosteren ge¢ zaman sicaklik davranisi
belirmektedir.

2-boyutlu (r-z) birlesik kuyu i¢i ve rezervuar modelleri olusturarak ¢ok katmanl
sistemler lizerinde kapsamli parametre duyarlilii ¢alismalari sunulmustur. Kuyu i¢i
basing ve sicaklik profilleri ile akig debi (PLT) profilleri, bu sonuglari kontrol eden en
etkin parametreleri (katmanlarin petrofiziksel ve termal ozellikleri gibi)
belirleyebilmek amaciyla ayrintili sekilde gosterilmistir. Endiistride PLT saha
operasyonlarindan elde edilen veriler, kuyu i¢i akigkan tipi tanimlamalarin1 ve
katmanlarin akis debilerinin yiiksek ¢oziiniirliikklii 6lglimlerini saglayarak, kuyularin
performansin1 degerlendirmek amaciyla kullanilir. Tipik bir PLT aleti, kuyunun
temsili bir iiretim veya enjeksiyon profilini olusturmak i¢in kuyu dibinde fiziksel
Olciimler yapan bir¢ok sensor ve mekanik aletten olusur. Bu aletler, kuyu i¢inde belirli
konumlarda sicaklik ve basing Olgiimlerini, akiskan tipi tanimlamasini, akiskan
hacimlerini ve birbirleriyle oranlarini, katmanlara 6zel akiskan debilerini sunmaktadir.
Bu mekanik aletler, kuyu i¢inde akis sirasinda ¢ok diisiik ya da ¢ok yiiksek debili
rezervuar katmanlarinin bulundugu o6l¢iim noktalarinda diizgiin ¢alismayabilir ve
katmanlara 6zel akiskan debilerini, dogru bir sekilde hesaplayamayabilir. Bu yiizden,
PLT operasyonu boyunca, kuyu icinde yapilan basing ve sicaklik 6lgitimleri ve kuyu
ici akig debi (PLT) profillerinin olusturulmas: iizerinde g¢alisilmistir. Bu sebeple,
gelistirilen simiilatoriin faydasini1 da gostermek amaciyla ¢cok katmanli sistemlerden
sentetik olarak olusturulmus basing ve sicaklik profili verileri kullanilarak birgok
regresyon Ornegi ele alinmistir. Bu 6rneklerde, kuyu boyunca her bir katmanin debisini
sicaklik ve basing profillerinden bulunan parametrelerle hesaplayarak, kuyu i¢i akis
debi (PLT) profillerinin bulunmas1 hedeflenmistir. Fakat, ¢ok katmanli sistemlerde
parametre sayisinin fazla olmasi sebebiyle, gercekei bir regresyon yapabilmek igin, 1s1l
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Ozelliklerin dogru tespit edilmesi gerektigi goriilmiistiir. Gelistiren simiilatorle, ¢ok
katmanl sistemlerin davraniglari; farkli rezervuar ve kuyu parametrelerine sistemin
verdigi tepkiler arastirilmistir. Bu tip bilgiler, PLT testlerinin dizayn edilmesinde
kullanilabilir. Bir diger uygulama da kuyu icine yerlestirilen dagitilmis sicaklik ve
basing sensorlerinin toplayacagi verilerin analizi olabilir. Gergeklestirilen bir 6rnekte,
bir perforasyonun tikanmasinin sicaklik verileri iizerine etkisi gosterilmistir. Ayrica,
gelistiren simiilatoriin, gelecekte gerceklestirilebilecek olasi yapay zeka uygulamalari
icin ¢ok hizli ve efektif ¢iktilar iretmesi hedeflenmistir.
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1. INTRODUCTION

The characteristic properties of the wellbore/reservoir systems are typically inferred in
the industry by conventional well testing applications. The objective of well testing is
to create temporary and controlled changes in surface production rate to acquire
measurements of transient-pressure responses which are usually accompanied with
corresponding temperature data. Most of the reservoir characterization studies are
simplified by a common assumption of isothermal fluid flow in conventional
reservoirs. Such an assumption neglects temperature changes in the reservoir and is
correct from a practical point of view as the changes in temperature with production
for conventional reservoirs are usually small when compared to changes in pressure.
Nevertheless, high temperature changes may be observed in wells producing under
drawdown which would be the case if the well is produced with high production rates
or highly damaged or completed in a tight formation. Therefore, there is a need to
study the temperature transients behaviors of reservoirs producing oil and geothermal
water under nonisothermal conditions. Indeed, physical and thermodynamic concepts
prove non-isothermal flow in wellbore/reservoir systems and produce transient-

temperature responses alone and jointly with production or injection.

Recent studies show that if the drawdown at the well is significant due to high
production rate or due to presence of a skin zone around the wellbore, the temperature
changes caused by isentropic expansion as well as Joule-Thomson effects could be
significant and hence, the temperature transients due to such effects can reveal some
important characteristics of the formation and fluid properties; e.g., reservoir
permeability, porosity, skin zone radius and permeability, volumetric thermal capacity

of the rock and fluid system, and even thermal conductivity during buildup periods.

1.1 Literature Review

A conventional well testing operation is generally divided into two groups:
exploration/appraisal well tests that are performed following the drilling operations,

and production well tests that are performed in an existing well usually after a long



shut-in. For exploration well tests, temperature measurements are valuable for flow
history and fluid losses estimation while for production tests, temperature
measurements have been shown to be useful to provide information such as completion
and reservoir characteristics (Sidorova et al., 2015). Conventional well test analysis
relies on the assumption that the process is isothermal in spite of the fact that
temperature changes occur due to pressure decline in a negligible extend for PTA.
Non-isothermal behavior stems from fundamental physical phenomenon such as J-T,
isentropic expansion/compression, conduction and convection (Onur and Cinar,

2017a).

Early research studies in the literature focused on investigating sandface temperatures
analytically through decoupling the pressure diffusivity and the thermal energy
balance equations (Chekalyuk, 1965; Garg and Pritchett 1977, 1984; Ramazanov and
Nagimov, 2007; Duru and Horne 2010a, 2010b, 2011a, 2011b). A number of
researchers in the last decade (App, 2010; Palabiyik et al. 2013, 2015; Sidorova et al.,
2015; Onur and Cinar, 2016; Palabiyik et al., 2016) have developed non-isothermal
reservoir models which couple both mass and energy balance equations. Some of these
studies typically verified their work with commercial non-isothermal flow simulators,
such as TOUGH2 (Pruess et al, 1999) for geothermal reservoirs, and CMG-STARS
(2020) for oil and gas reservoirs that use fully implicit numerical procedures to
simulate transient temperature and transient pressure. In all these studies, temperature
measurements are conducted at the sandface. Yet, generally in almost all well testing
field applications, downhole pressure and temperature gauges are placed at a shallower

depth in the wellbore, usually dozens of meters above the top of the reservoir.

Modelling dynamic features of flow in the wellbore requires the solution of
conservation equations for mass, momentum and energy through multi-dimensional
formulation of wellbore with the compressible Navier-Stokes equations. This
computationally expensive solution requires challenging coupling conditions at
boundaries with reservoir (Amara et al., 2009). Since changes in the radial direction in
the wellbore are negligible when compared to changes along the wellbore, a one-
dimensional axial model can correctly simulate the transient wellbore behaviors with
simplified coupling techniques that may include proper source terms in the mass,

momentum and energy balance equations (Forouzanfar et al., 2015). Therefore, the



task is to couple 1-D (z) wellbore model, solving mass, momentum, and energy

equations, together with 2-D (r-z) non-isothermal reservoir model.

Earlier research studies used Ramey’s traditional work (1962) that predicts wellbore
temperature distribution by an analytical temperature equation that solves the transient
heat conduction equation under transient conditions while ignoring the momentum
effects. An overall heat transfer coefficient was introduced for the heat loss to
formation by resistances to heat flow in the wellbore caused by tubing wall, tubing
insulation, fluid in the casing/tubing, annulus, casing wall, and cement. Willhite (1967)
provides a method to estimate overall heat transfer coefficient for wellbore. Numerous
investigators such as Curtis and Witterholt (1973), Wu and Pruess (1990), Alves et al.
(1992), Hasan and Kabir (1994, 2002), Hagoort (2004) proposed enhancements to
Ramey’s model. There are many studies mainly intended to serve full field reservoir
simulations with various wells by developing general purpose numerical reservoir
simulators which are capable of solving non-isothermal multiphase flow problems
based on compositional models, black-oil models or both, e.g., Pourafshary et al.
(2009) compared their results with compositional simulator called general-purpose
adaptive simulator (GPAS) (Wang et al., 1997, 1999; Han et al., 2005) developed at
The University of Texas at Austin whereas Semenova et al. (2010) and Livescu et al.
(2010) used Stanford’s general-purpose research simulator (GPRS) (Cao, 2002; Jiang,
2007).

In this study, we divert the focus on investigating well-testing problems which
demands a single well coupled with a reservoir model as in earlier works which are
typically based on developing semi-analytical coupled wellbore/reservoir models for
describing the wellbore non-isothermal transient effects. Hasan et al. (2005) presented
the first transient analytical single phase wellbore temperature equation for predicting
transient temperatures along the wellbore for drawdown and buildup tests, and verified
it with their rigorous model (Hasan et al., 1997). Izgec et al. (2007) proposed a hybrid
numerical-differentiation scheme to substitute the constant overall-heat-transfer-
coefficient introduced in the analytical wellbore temperature equation of Hasan et al.
(2005). Spindler (2011) presented a dimensional analysis to modify the analytical and
semi-analytical solutions of Hasan et al. (2005) and Izgec et al. (2007), and also
proposed an analytical temperature solution which considers conduction along the

wellbore for the first time in literature. Duru and Horne (2010a) modified transient



wellbore temperature solutions of Hasan et al. (2005), and predicted sandface
temperature as a function of time from their non-isothermal reservoir flow model
developed without momentum balance. Sui et al. (2008) discretized non-isothermal
wellbore model but with the assumption of steady-state mass, momentum and thermal
energy balance equations in their non-isothermal reservoir flow model. Onur et al.
(2016a) used transient mass, momentum, and thermal energy balance equations to
propose a semi-analytical non-isothermal reservoir flow model that can simulate
bottomhole temperature with wellbore storage and skin effects, and a transient
analytical wellbore model based on decoupling of transient isothermal mass-
momentum balance equations and transient wellbore temperature model of the
modified versions of Hasan and Kabir equations for drawdown and shut-in periods. In
a series of papers, Onur et al. (2016a, 2016b, 2017) and App (2017) aimed to
investigate the information content of transient temperature measurements made under
single-phase flow of slightly compressible fluid within a vertical wellbore during
drawdown and buildup tests. Furthermore, Onur (2017) provided additional analyses
based on their previous studies. Onur et al. (2019) used the similar solution method
and included skin effects to identify the information content of such transient wellbore

data.

1.2 Scope and Purpose of the Thesis

The interpretation of dynamic temperature data acquired during well tests and
distributed temperature sensors (DTS) has grown increasingly in the last decade. While
research studies are ordinarily based on sandface solutions, actual field measurements
are made in the wellbore, generally at a certain distance above the sandface for
conventional well tests. There is still a need for further fundamental studies to
emphasize the apparent differences between sandface and wellbore temperature

responses especially when it comes to history matching applications.

The objective of this project is to develop and present applications of a two-
dimensional (2-D) r-z, fully implicit, single-phase non-isothermal, transient coupled
reservoir/wellbore model model with a single well located at the center of a cylindrical
reservoir. The model accounts for the Joule-Thomson (J-T), isentropic expansion,
conduction and convection effects for predicting the transient temperature behavior

and computing the wellbore temperature at different gauge depths. In this study, single



phase fluid flow of oil or geothermal brine from a fully penetrating vertical well in an
infinite-acting homogeneous single layer reservoir is modeled. The coupled simulator
solves mass, momentum and energy conservation equations simultaneously for both
reservoir and wellbore. We use the functional iteration procedure that updates fluid
properties based on available correlations as a function of pressure and temperature at
a given time step. Comparisons of the developed model with a commercial simulator

is provided.

To understand and identify diagnostic characteristics of temperature transients at
gauge locations at the sandface and above the sandface that may arise during a well
test, we examine the sensitivity of the model parameters appearing in the coupled non-
isothermal reservoir/wellbore model through synthetically generated test data and
history matched field application. The drawdown and buildup sandface/wellbore
transient temperature data are obtained from the coupled model and used to interpret
and analyze temperature transients. In addition to the J-T coefficient of fluid, history
matching transient temperature data provides estimates for the skin zone radius and
permeability when analyzed jointly with the conventional pressure test analysis (PTA).
An investigation on the effect of gauge location on temperature data shows that the
early-time response is influenced by the wellbore phenomena while the J-T effects are
clearly identified at later times at typical gauge locations up to 100 m above the top of
the producing horizon. Logarithmic derivative of temperature transients is found as a
useful diagnostic tool to differentiate the wellbore phenomena from the reservoir
response. It is also shown that the temperature transient is more reflective of the
properties of the near wellbore region (e.g., skin zone) than the pressure transient. For
this reason, analyzing temperature transients together with the pressure transients

could add more value to the analysis to better examine near wellbore characteristics.

In this study, we emphasize the value of transient wellbore temperature responses for
a conventional well testing configuration where the actual pressure and temperature
field measurements are acquired at gauges that sit on downhole gauge assembly
(DGA) located generally at a certain distance, from 30 m up to 100 m above the top of
reservoir (Sidorova et al., 2014). Thus, a fully implicit coupled 1-D wellbore and 2-D
reservoir numerical simulator have been developed by solving the equations of mass,
momentum, and energy conservation along axial z coordinate for wellbore, and

cylindrical -z coordinate for reservoir along with the appropriate initial and boundary



conditions. The numerical simulator developed is able to generate pressure and
temperature transients resulting from production in a vertical well for single-phase
fluids (water or oil) in a single layer reservoir where the inner zone adjacent to the
wellbore may represent a skin zone (Figure 1.1). First, the mathematical formulation
of both 1-D (z) wellbore and 1-D (r) and 2-D (7-z) reservoir models and their coupling
technique are presented with the definition of the initial and boundary conditions
followed by the solution algorithm of the coupled system (refer to Appendix).
Secondly, comparison of numerical solutions with those computed from a well-known
commercial simulator CMG-STARS (2020) is provided. Then, a thorough sensitivity
study on different parameters affecting temperature transients is considered and
followed by nonlinear regression techniques to investigate the effect of gauge location
on parameters estimates based on temperature response. Finally, parameter estimation

cases are performed followed by a history matching of a well test from an oil reservoir.
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Figure 1.1: Schematic view of the coupled non-isothermal wellbore and reservoir
system.



2. NUMERICAL IMPLEMENTATION FOR SLIGHTLY COMPRESSIBLE
FLUID FLOW IN A COUPLED 1-D (*) RESERVOIR AND 1-D (7)
WELLBORE SYSTEM

Mathematical model formulations described in the Appendix refer to physical
processes such as the flow of fluids in porous media and in wellbore characterized by
PDEs describing spatial and temporal changes of temperature and pressure based on
conversation of mass and energy for reservoir whereas mass, momentum and energy
for wellbore. Therefore, pressures, temperatures, and rates at any wellbore depth as
well as pressure and temperatures at any location within the reservoir are
simultaneously calculated for any given time. In this work, finite difference approach
is used to convert PDEs into a numerical model by discretizing with geometrically
spaced radial grid system for reservoir and user defined spaced for wellbore with
respect to appropriate initial and boundary conditions for each domain. The numerical
simulator developed considers block-centered grid system in which temperature and
pressure variables are defined at the center of the gridblocks whereas flow rate
variables are defined at the gridblock faces. In addition, bottomhole rates and wellhead
flowing pressure/temperature are calculated by the simulator for design purposes of

such tests.

2.1 Initial and Boundary Conditions

In the reservoir model, the initial pressure and temperature represent the pressure and
temperature at the midpoint of all reservoir gridblocks and also at the bottommost
wellbore gridblock which is adjacent to the reservoir. For wellbore gridblocks above
the sandface, pressure is calculated by use of the hydrostatic gradient of the fluid where

temperatures are dependent upon the geothermal gradient (see Figure 3.1).

2.1.1 Reservoir

Here, p, and T, denotes pressures and temperatures in the reservoir domain. The outer
reservoir boundary conditions at 7=r. in the reservoir model are a no-flow (insulated)

for pressure (Op,/Or=0) and the constant earth temperature (7%) at the corresponding



depth based on geothermal gradient. Note that for the physical system considered,
while 7 goes to infinity, temperature would reach 7. at the corresponding depth. In
order to model infinite acting flow, the reservoir outer radius (7.) is taken so large that
the effect of outer temperature boundary cannot be observed throughout the entire flow
history. The inner boundary conditions for temperature and pressure at »=r,, in the
reservoir correspond to (Op,/0r),=r. and (0T,/0r),=r, terms of second order derivatives
in mass and energy conservation equations given in Appendix A (Equations A.38 and
A.75). The inner-boundary condition for temperature assumes that heat flux is
continuous at the boundary, according to the relationship given in Equation 2.3. The
inner-boundary condition for pressure requires information from wellbore gridblock

(pwj) that is adjacent to the first reservoir gridblock (p,, j) for a layer j, and given as:
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2.1.2 Wellbore

We consider a no flow boundary at the bottom of the well by setting the velocity to
zero (qwo=0). The boundary condition at the top of the well is the specified constant
surface flow rate (gwnz—qsc) which is the only constraint to start the flow in coupled
system of the numerical simulator developed. During a buildup, the well can be shut-
in from any preferable wellbore gridblock simply setting its flow rate to zero and
excluding the overlying wellbore gridblocks from computations. In addition, the
second order derivatives of energy balance equation require definitions at upper and
lower boundaries. One may simply consider insulated boundary conditions for
temperature (07/0z=0) as the conductive heat transfer along the wellbore has negligible
effects. Otherwise, a ghost gridblock at the top of the wellbore is required to be added
to the model and to the solution matrix to be solved simultaneously for temperature
(and also for pressure) with a simple linear interpolation between the first two neighbor
gridblocks. A ghost gridblock at the bottom of the wellbore is not required because
convective terms cancel out (¢,0=0) and heat conduction to underburden layer is not
considered due to insulated boundary condition for temperature at the bottom of the

wellbore (07/0z=0).



2.1.3 Heat losses

The well-known basic equation used widely to calculate the wellbore heat losses per
unit length of pipe is given as Qioss=(Te—1w)/Ri in which R, is typically represented as
1/2nrwUs) where Uy is the overall coefficient of heat transfer for a wellbore system
composed of tubing, annulus, casing and cement (Ramey, 1962). In the derivations of
wellbore equations (see Appendix C), the second order derivative of the conduction
term in radial axis (4,) of Equation C.27 which is defined by thermal conductivity of
fluid at the boundary between wellbore gridblock and its surrounding rock is replaced

by overall coefficient of heat transfer (U;) as:
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where 7. depends on the geothermal gradient for the corresponding depth. U; may be
recalculated to account for changes in wellbore design due to different tubing, annulus,
casing or cement. In the derivations of reservoir equations (see Appendix A), the
calculated value of overall coefficient of heat transfer U; at the boundary between
bottommost wellbore gridblocks that are adjacent to the first reservoir gridblocks

replaces the thermal conductivity of the fluid-saturated rock in radial direction (4;,.)

which appears in the second order derivative (Equation A.75). This also conforms with

the reservoir inner boundary condition by assuming constant heat flux at the interface.
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2.1.4 Discretization

A fully implicit discretization of equations is applied for both reservoir and wellbore
domains in which a backward difference in time derivative is considered. Functional
iteration method is chosen for solving the reservoir and wellbore equations iteratively
in a single solution matrix from time step #* to #**! by starting with an initial guess at
¢" and then by updating the all unknown pressure, temperature, rates as well as all terms

that are dependent on pressure and temperature until convergence is achieved.

For discretizing the spatial derivatives in conservation equations of the reservoir

model, a forward first-order finite-difference scheme is used. Therefore, discretized



terms containing the convective heat transfer coefficients (see Appendix B) for a
production well are all negative as the pressure solution propagates from outer
boundary to inner boundary for producing from a cylindrically shaped reservoir as
given in Equation B.6 through B.9. Reservoir gridblocks are numbered from the inner-

most to outer-most gridblocks with respect to wellbore.

A backward first-order finite-difference scheme is used for discretizing spatial
derivatives of the conservation equations for the wellbore (see Appendix D). Thus, the
convective terms do not require information from outside the domain at the upper-
most gridblocks. As mentioned earlier, convective terms cancel out for the bottom-
most gridblock as we define no flow boundary at the bottom of the well (gwo"=0). As
wellbore gridblocks are numbered in an increasing order from the bottom-most to the

surface (jth gridblock is above (j-1)th gridblock), convective derivatives discretized

n+1 n+1

. g 0Ty Twj ™ —Twj_4
about the jth gridblock for temperature as — I and for pressure as
j j7Zj-1
(apw) _pwiTtpw Y
0z /j Zj=Zj_q

There exist (N:-1) unknown rates from momentum conservation equations as gs."
defined at the top of the well is the only well constraint that controls the entire coupled
model from the wellhead. Therefore, a forward first-order finite-difference scheme is
required to account for the boundary information when discretizing spatial derivative

n+1 n+1

. . . . 3} Pwj ~~Pwj
of pressure in momentum balance given in Appendix D such as (—;W) =—1
'y
J

Zj=Zjt+1

2.1.5 Coupling reservoir and wellbore

Coupling occurs at the boundary in radial direction between the bottom-most wellbore
gridblock and the first reservoir gridblock that is adjacent to it. The continuity of
pressure and temperature is achieved through this boundary which requires pressures
and temperatures from both domains for heat transfer (Equations 2.2 and 2.3), inner-
boundary for pressure (Equation 2.1) and convection in radial direction within
wellbore mass and energy balance (Equations A.38 and A.75). As stated earlier,

volumetric rate calculated by Darcy’s law for a layer j, and given as:

1 TW kr 1 1
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n+1

This method is more rigorous as no manipulation (such as setting ar’ =0 during

buildup) is required to prevent cross-flow between reservoir and wellbore.

2.2 Comparison of Pressure and Temperature Solutions

Several synthetic examples were used to benchmark numerical solutions with those
generated from the commercial non-isothermal simulator CMG-STARS (2020), which
can simulate transient pressure and temperature responses for an arbitrary sequence of
production and shut-in periods in a coupled reservoir and wellbore model in which
there exists a one-to-one correspondence between reservoir and wellbore gridblocks
(i.e., an equal number of reservoir layers and wellbore gridblocks that are adjacent to
them). When comparing the commercial simulator with the model proposed in this
study, water is used as the reservoir fluid. The main reason for using water is the fact
that thermodynamic properties of a single component water is well established. The
commercial simulator solves enthalpy in energy balance; therefore, the J-T effects are
implicitly accounted for without a need for an explicit definition of the J-T coefficient.
On the other hand, the numerical simulator developed solves temperature, thus an
explicit definition of the J-T coefficient is required. Thus, for an accurate comparison,
a pure component with well-established thermodynamic properties is needed. Water
would be the obvious choice. In the case of single-phase oil, it is recommended that,
if available, measured thermal properties based on experimental data should be used.
Otherwise, a tuned EOS is required for the calculation of a consistent set of
thermodynamic properties, a challenging task for a standard cubic EOS such as Peng-
Robinson (Peng and Robinson, 1976). Explicit definition of J-T coefficient in the
proposed model makes it possible to estimate this parameter through history matching

which is not possible with the commercial software.

Water properties are obtained from the equation of state (IAPWS, 2018). Therefore,
when modeling pressure and temperatures in the simulator, water physical and thermal
properties (density, viscosity, J-T coefficient, isothermal compressibility, isobaric
thermal expansion, specific heat capacity, thermal conductivity) are treated as variable
with pressure and temperature. The porosity given in Equation 2.5 and formation
volume factor (FVF) of water (B=ps/p(p,T)) are also calculated as a function of

pressure and temperature.
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d) = (pref [1 + Cm(pr - pref) - ﬁm(Tr - Tref)] (25)

Here, the reference pressure and temperature are evaluated at initial reservoir
conditions. The properties of water and solid matrix calculated at initial reservoir
pressure and temperature are given in Table 2.1. Solid matrix thermal properties in
numerical solutions are treated as constant at the initial pressure and temperature. The
example case is based on flow rate history that consists of a 2-day production at a
constant surface flow rate of 1000 sm*/D followed by a 4-day buildup. In the numerical
simulator developed, the only well constraint is the rate at the wellhead conditions.
There are 41 gridblocks in the wellbore with uniform length of 25 m whereas 200
logarithmically spaced gridblocks in the reservoir. Reservoir outer radius (r.) is taken
very large to represent an infinite acting flow throughout the entire flow history. The
sandface pressure and temperature refer to computed gridblock pressure and

temperature of the first reservoir gridblock that is adjacent to the wellbore gridblock.

Table 2.1: Simulation input data used for comparison example.

Model Properties Water Properties Rock Properties
7y (M) 0.15 p (kg/m?) 1003.9 o (kg/m?) 2347
re (m) 25000 ¢, (J/kg.K) 4088.4 cpm (J/kg K) 1000
hyes (m) 25 gr(K.Pa)  -2.027x107 A4, (J/msK)  3.67
Zy (M) 1025 1 (Pa.s) 0.479x1073 cm (Pa™) 4x10"°
pin (MPa) 50 A (J/m.sK) 0.678 B (K 9x10°
Tin (K) 333.15 BEK™) 5%10™
gsc (sm*/D) 1000 c(Pa™) 4.57x107"°
Geo. grad. (K/m) 0.03 B (m*/sm?) 0.995
U, (W/m.s.K) 29
k (mD) 50
) 0.1

Using the data presented in Table 2.1, pressures and temperatures at any given point
within the reservoir as well as pressure, temperature and flow rate profiles along the
wellbore with respect to time are computed by the numerical simulator developed for
any given flow history, which may consist of numerous drawdown and buildup
periods. Commercial simulator computes pressures and temperatures at any given
point within the reservoir with respect to time as well. On the other hand, well profiles
are only computed from the top to the bottom boundaries of the producing horizon.
The commercial simulator does not construct any wellbore gridblocks that are not

adjacent to a reservoir gridblock. Hence, comparisons are performed only at the
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sandface and wellbore gridblocks that have one-to-one correspondence at the

producing horizon.

Skin effects are included by incorporating a skin factor into the finite difference model
by the thick skin concept of Hawkins (1956). Specifically, a skin region is represented
by a zone of altered permeability adjacent to the producing horizon. The permeability
of the skin zone, & is defined by specifying the radius of the skin region, ry, the skin

factor, s, and using the following equation:

s = (kﬁ _ 1) In (r%) (2.6)

Here, the synthetic example considered present results for a single value of skin factor
(s = 5) having a radius of 1.5 m and permeability of 26 mD. In following sections,
individual effects of these skin-zone parameters on both drawdown and buildup

temperatures are discussed in detail.

Figures 2.1 and 2.2 compares the sandface/wellbore temperatures and pressures
respectively from the numerical simulator developed and the commercial simulator for
the entire flow history. Figure 2.3 compares the corresponding drawdown
sandface/wellbore temperatures on a semi-log plot whereas Figure 2.4 similarly
compares for buildup sandface/wellbore temperatures plotted as a function of shut-in

time. As seen, all pressure and temperature solutions match quite well.

Comparing two different simulators with different numerical implementations is not a
trivial task for such complex processes since numerical parameters could affect the
output significantly. It is not a focus of this study to present an exact match with the
commercial simulator. The implementation for numerical simulator developed is
primarily different from the commercial simulator in solving the energy equation and
coupling wellbore and reservoir gridblocks. Commercial simulators are black box
software and our reach of their implementation is limited with their user manual. Thus,
the numerical details of their implementation are not available to us. There are still a
lot of gray area and to our knowledge, there is no commercially available software that
rigorously solves the problem described. The coupling part of the commercial
simulator used in this study is still under development as 2017 and 2020 versions
produce different results in temperature for the case considered at the very early times.

Thus, inconsistencies observed in figures are acceptable. The absolute differences in
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temperature are very small, i.e., in the range of 0.1 K. This might well be explained

with numerical errors.

Considering the temperature response in this example, the J-T expansion leads to
heating during drawdown at late times, and cooling during buildup due to its negative
sign for the fluid considered. Figure 2.3 allows us to have a closer look at the match
on a semi-log plot where the J-T expansion takes place at the later times of drawdown
period. On the other hand, the isentropic expansion and compression mechanism leads
to a cooling effect during drawdown while causing a heating effect during buildup,
which occurs due to the fluid expansion near wellbore at very early times of drawdown
and buildup. The difference in drawdown temperature responses between the sandface
and the wellbore block adjacent to the reservoir is caused by the extra pressure drop in

the wellbore.
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Figure 2.1: Comparison of sandface and wellbore temperatures with skin effects for
entire flow history.
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Figure 2.2: Comparison of sandface and wellbore pressures with skin effects for
entire flow history.
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Figure 2.4: Comparison of sandface and wellbore temperatures with skin effects for
buildup on semi-log plots.

2.3 Impact of Gauge Distances

Now, we investigate the transient temperature responses using numerical simulator
developed for the base case described above (with no skin effects) for different gauge
locations; sandface, wellbore block adjacent to sandface, z= 10 m,z=30m, z=50 m
and z = 90 m. Note that z = 0 refers to the top of the producing horizon throughout this
chapter. In order to place the gauges exactly on these corresponding depths, the height
of wellbore gridblocks is set to 20 m. Therefore, the reservoir thickness is also taken
20 m due to one-to-one correspondence at the bottomhole. Also, the durations of
drawdown and buildup periods are changed to 10 and 100 hours respectively. We keep
all other parameters the same as in Table 2.1.

Figure 2.5 compares drawdown temperature differences (A7) which is the substraction
from its initial value and logarithmic derivatives of drawdown temperatures (07/0In¢)
whereas Figure 2.6 compares drawdown temperatures on a semi-log plot with respect
to time. In addition, the derivative of pressure change, derivative of temperature and
sandface flow rate (g, is given in Equation 2.4) are all plotted with respect to time for

drawdown on a semi-log plot in Figure 2.7. Similarly, Figures 2.8 and 2.9 makes the
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same comparison of Figures 2.5 and 2.6 for the buildup period as a function of shut-in
time.

Considering drawdown, the derivative of the wellbore temperature exhibits a hump at
all gauge locations, seen clearly on Figure 2.5 similar to the signal in pressure during
wellbore storage dominated flow. When the pressure difference and temperature
derivative responses are compared (Figure 2.7), a shift in time is clear between two
humps. As it is well known, during wellbore storage dominated flow, the wellbore
fluid expands and accounts for the difference between the sandface and wellbore rates.
The wellbore storage dominated flow region ends when the sandface and wellbore
rates become equal. In the wellbore temperature response, the fluid expansion in the
wellbore leads to an initial decrease in temperature during the wellbore storage
dominated flow, since the higher temperature fluid from the lower locations has not
reached the gauge location in large quantities. Once the sandface rate starts to become
larger, a transition zone where a temperature change through mixing is observed at a
fixed gauge location. When the hump in the derivative disappears, the derivative
becomes almost constant. In this period, temperature difference and temperature
exhibit a constant slope converging to the slope of the sandface response. Thus, once
the transition period ends, the reservoir response is observed at the gauge location.
Note that during this period the reservoir response is caused by the J-T phenomenon.

A slight decrease in temperature is observed due to heat losses.

Similarly, the wellbore buildup response exhibits a more pronounced effect of
compression during early times compared to sandface. As there is no rock in the
wellbore, this behavior is solely due to the wellbore fluid compression, leading to
heating. Similar to drawdown, a transition zone is observed in the temperature
derivative due to mixing, following a stabilization. Also, the temperature eventually
becomes the same as the initial temperature at the corresponding location at later times.
The only wellbore temperature converging to the sandface response is the gridblock
adjacent to the reservoir. Therefore, the wellbore buildup response does not contain
information regarding the reservoir at late times when temperature is measured in the
wellbore above the producing horizon. The wellbore phenomena dominate buildup

response in the time frame of a conventional test.
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2.4 Impact of Parameters

Here, we investigate the impact of the fluid and rock parameters on transient
temperature responses using numerical simulator developed with no skin effects. It is
important to note that the assumption of single-phase fluid flow where the gauges are
located in the wellbore (z = 30 m) is endorsed. The important parameters such as
porosity, permeability, heat loss coefficient, flow rate, well radius are listed in Table
2.2 and sensitivity to these values are inspected on semi-log plots of wellbore
temperature differences (A7) and logarithmic derivative of temperatures (07/0In¢) for

both drawdown and buildup period.

Since the gauge location for a typical well test is 30 m and higher above the producing
horizon (Duru, 2010a), sensitivities on the magnitude of a parameter shown on semi-

log plots contain wellbore temperature solutions from this gauge location only (30 m).

In Table 2.2, an effective radius of wellbore () is introduced to account for volume
changes in wellbore due to the placement of several operational tools (DGA, downhole
valves, packer, joints, etc.) causing the fluid flow in the wellbore to occur in a relatively

smaller volume above the sandface. Since the volume of the wellbore fluid is critical
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for temperature response, an effective wellbore radius is introduced. Sidorova et al.
(2014, 2015) showed detailed sketches of the cross section of wellbore with DST string

and gauge placement.

Table 2.2: Parameters used in synthetic cases for sensitivity analysis.

Parameters Case 1 Case 2 Case 3
¢ 0.05 0.22 0.40
k (mD) 30 100 1000
U, (W/s.K) 20 60 120
rwp (M) 0.08 0.11 0.14

2.4.1 Effect of porosity

Figures 2.10 and 2.11 show the effect of porosity on drawdown and buildup wellbore
(z = 30 m) temperatures, respectively. In the implementation of numerical simulator
developed, an instant equilibrium of rock and fluid temperatures is assumed such that
only a single temperature is solved. Changing porosity would result in a change in
fluid and rock mass in a control volume. Rock and fluid have different heat capacities.
As the pressure decreases, fluid expands and the expansion results in a temperature
decrease since work is done. The energy (work) required comes from the stored energy
in internal forms with different contributions of rock and fluid depending on their mass
in the control volume that is controlled by porosity. Volumetric heat capacity of rock
dominates the final temperatures within a time step because porosity is generally below

forty percent.

During the isentropic expansion for the high-porosity case, a larger temperature
decrease occurs compared to the low-porosity case since the fluid mass in the control
volume is larger, requiring more energy for expansion. This deviation exhibits as a
shift in temperature at later times where the J-T effects dominates since the change in
pressure with respect to time becomes smaller whereas the change in pressure with
respect to position becomes larger. Effect of porosity is observed through the
isentropic expansion and sensitivity of porosities fades out in the J-T dominated times.
This is clearly observed in the temperature derivative since, at early times when the
isentropic expansion dominates, the temperature derivative changes with respect to
porosity, however, in the J-T dominated period all the temperature derivatives
converge to the same value. The buildup behavior is similar but reversed: At about
after 10 hours the system tries to recover and reach the initial temperature through

conduction. If the buildup time is unrealistically larger (for practical purposes), the
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temperature goes back to the initial value and a change is observed in the temperature

derivative response.

When considering the temperature response in the wellbore, the initial decrease in
temperature occurs due to the isentropic expansion of the wellbore fluid. Hence, no
effect of porosity is observed during this period (A negligible difference resides due
to the transition). The temperature derivative exhibits a transition zone and converges
to the same value. This flattening of derivative represents the period at which the
reservoir response is observed in the wellbore. The buildup response in the gauge
location does not reflect any reservoir response. A heating due to compression of the
wellbore fluid is followed by a transition period due to mixing as explained before.
Once transition period ends, as it is indicated by the derivative response, heat loss in
the wellbore dominates and the temperature reaches the initial temperature. The
difference observed in the graph at late times between different porosity values is
caused by the temperature difference between the cases at the instant of shut-in. Since
the temperature difference (A7) is calculated based on the temperature at shut-in, a
shift is observed, however, all the temperature values go to the same initial temperature
at the gauge location. The only parameter that is affected by porosity in the built-up

response is the temperature at the instant of shut-in.

In this porosity example, there is a significant difference in magnitude of porosity
between the lowest and highest cases (0.05-0.40). Even for such a case, the deviation
in temperature with respect to porosity is not too much in the drawdown. In the
buildup, however, at the gauge location, the effects are masked by the heat losses. For
all practical purposes, estimating porosity from the drawdown temperatures seems to
be not a trivial task since drawdown data is not clean and the changes in temperature
are small. Eventually, the decrease in temperature depends on the heat capacity of rock.
If it is larger, then the change in temperature difference becomes lower due to the

isentropic expansion/compression, and in some cases, it is not observed.
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Figure 2.10: Effect of porosity in the wellbore on drawdown temperature.
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Figure 2.11: Effect of porosity in the wellbore on buildup temperature.
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2.4.2 Effect of permeability

Figures 2.12 and 2.13 show the effect of permeability on drawdown and buildup
wellbore (z = 30 m) temperatures, respectively. The magnitude of pressure drawdown
determines how temperature changes. A higher permeability rock allows a lower
pressure drawdown, which, in turn, reduces the impact of the isentropic
expansion/compression and J-T heating/cooling on temperature. The temperature
derivative response at the gauge location exhibits an isentropic expansion, initially
depending on the wellbore pressure, then a transition zone, and later becoming
constant. Clearly, the wellbore temperature derivatives exhibit a major downward shift
with increasing permeability at later times. When the permeability is sufficiently high,
the system behaves almost isothermal. During drawdown, the late time slope of the AT
curve is affected by permeability. As it is shown by Onur and Cinar (2017b), the slope
at late times during drawdown is controlled by the transmissibility and J-T coefficient.
The buildup response at the gauge location again is not very useful since it is

dominated by the wellbore phenomena.
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Figure 2.12: Effect of permeability in the wellbore on drawdown temperature.
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Figure 2.13: Effect of permeability in the wellbore on buildup temperature.
2.4.3 Effect of heat loss

Figures 2.14 and 2.15 show the effect of overall heat transfer coefficient on drawdown
and buildup wellbore (z = 30 m) temperatures, respectively. In the treatment of
numerical simulator developed, overall the heat transfer coefficient is constant. As
expected, when the overall heat transfer coefficient is higher, the heat loss becomes
larger, and temperature decreases at the gauge location. The drawdown temperatures
and derivatives show negligible changes for different values at late-times. The duration
of the transition zone does not seem to change due to heat loss. The primary difference
is in the buildup case such that when the overall transfer coefficient is larger, the
temperature reaches the initial temperature much more quickly as expected, leading to
a shift in the temperature derivative. This shift in the derivative hump is directly
correlated with the overall transfer coefficient. Figure 2.16 shows the temperature
profile in the wellbore at the end of drawdown. The cooling due to heat losses is

obvious when the fluid travels towards the wellhead.
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Figure 2.14: Effect of heat losses in the wellbore on drawdown temperature.
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Figure 2.15: Effect of heat losses in the wellbore on buildup temperature.
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Figure 2.16: Effect of heat losses across the wellbore at the end of drawdown.

2.4.4 Effect of well radius

Here, we discuss the effect of change in well radius which causes a notable shift in
wellbore temperature responses during the early times when the wellbore phenomena
dominate. Therefore, the definition of an effective radius of wellbore (7.s) is needed
to reflect the field data correctly. Otherwise, if the same radius is considered for both
wellbore and the producing horizon, a shift in temperature match is inevitable. Figures
2.17 and 2.18 show the impact of effective wellbore radius (7) on drawdown and
buildup wellbore (z = 30 m) temperatures, respectively. The temperature deviation in
wellbore is dominated by the wellbore phenomena through mixing at early times, thus
the effect of the volume of the wellbore fluid is investigated through well radius. For
a large diameter wellbore, the isentropic expansion dominates over a larger time
interval at the early times since the volume of the fluid is larger. Consequently, the
transition zone shifts to later times and the reservoir response is observed later. The
buildup temperature response is similar to drawdown. It takes a longer time to reach

the initial temperature at the gauge location due to different fluid volumes.
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2.4.5 Effect of flow rate

Figures 2.19 and 2.20 show the effect of flow rate on drawdown and buildup wellbore
(z=30m)/sandface temperatures, respectively. The flow rate has a major effect on the
temperature change since the pressure drop becomes larger with increasing flow rate.
Thus, the temperature change is larger. Second, for larger flow rates, the duration of
the transition zone in the wellbore temperature measurements is smaller. Since the
flow rate is large, it takes less time for the fluid to mix in the wellbore. For the buildup,
this same observation is not valid. The duration of the transition period is almost the
same since it is controlled by heat losses in the wellbore that is a parameter assumed
constant. The primary difference is the magnitude due to the value of temperature at

the instant of shut-in.

Conduction has a negligible effect on the drawdown temperatures while it becomes
effective on the late-time buildup sandface temperatures when the velocity becomes
zero within the reservoir. Similar to pressure propagation in porous media, heat
conduction is a diffusive process. It takes a substantial amount of time (more than any
practical limits of a test) for the temperature to reach the initial reservoir temperature
since thermal diffusivity is much smaller than the mass diffusivity. Thus, pressure
propagates faster than temperature (Onur et al., 2016b). When the buildup response in
the wellbore is considered, it is dominated by the wellbore phenomena. No effect of
thermal conductivity of the reservoir is observed. The temperature reaches the initial
temperature almost at the same time. No shift in time is observed between humps yet
the magnitudes differ since the flow rate reaches to zero. Figure 2.21 shows the
temperature profile at the end of drawdown. The velocity of the wellbore fluid is higher
for the high flow rate case. Consequently, the temperature change along the wellbore
is less. If the velocity is lower, more cooling is observed due to heat losses. This is due

to the residence time of the wellbore fluid.
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Figure 2.21: Effect of flow rates across the wellbore at the end of drawdown.

2.4.6 Effect of skin

As stated earlier, skin is modelled as a composite zone near the wellbore through the
Hawkins formula (1956) given in Equation 2.6. The skin factor is a lumped parameter
including many different wellbore effects including permeability alteration in near
wellbore region. In this approach, an equivalent composite reservoir model is
generated to account for pressure drop due to skin. In Table 2.3, the cases studied are
reported, with calculated skin factor, and respective skin-zone permeability and skin-
zone radius. In each case, a single parameter is kept constant to investigate the
individual effects of parameters on wellbore temperature differences (A7) and
logarithmic derivative of temperatures (07/0In¢) for both drawdown and buildup period
on semi-log plots. For a better illustration of essential aspects, the reservoir
permeability is increased to 100 mD, the drawdown duration is increased to 100 hours

and the well radius is decreased to 0.1 m.
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Table 2.3: Parameters used in synthetic cases for sensitivity analysis in the presence
of skin effects.

Case No  k(mD) ks (mD) rs (m) s
1 0.5 3
2 100 35 1.5 5
3 4.4 7
4 47 3
5 100 35 1.5 5
6 28 7
7 24 0.5
8 100 35 1.5 5
9 43 4.5
10 1471 0.5
11 100 224 1.5 -1.5
12 165 4.5

Firstly, we investigate transient wellbore and sandface temperature responses for
drawdown through Figures 2.22 through 2.27. Sandface temperature solutions are also
included in each figure (right) for comparison purposes. In Figures 2.22 and 2.23, the
skin zone permeability is kept constant (ks= 35 mD) while having different skin radius
whereas, in Figures 2.24 and 2.25, the skin radius is taken as the same value (5= 1.5
m) while having different skin permeabilities. Cases 1 and 4 result in an equal low skin
factor (s = 3) likewise Cases 3 and 6 result in an equal high skin factor value (s = 7)
although different skin permeability and skin radius values are used as listed in Table
2.3. Figures 2.26 and 2.27 present the combined effects of these two skin zone

parameters when the skin factor is kept constant (s = 5).

Onur (2017) shows that the sandface temperature-derivative data indicates an
intermediate time stabilization, which reflects the skin zone properties, and a late-time
stabilization, which reflects non-skin zone properties. In the new representation of
temperature derivative which is the logarithmic derivative of temperature (07/0Int) on
a semi-log plot, two distinct stabilizations are identified. Likewise, two distinct slopes
are identified in the temperature difference. A positive skin in the temperature
derivative is recognized with two distinct stabilizations: The hump reflecting wellbore
phenomena is followed by the initial stabilization indicating skin permeability
followed by a second stabilization at a lower value reflecting reservoir permeability.
The slope of the semilog straight line of temperature difference decreases since the
permeability of the reservoir is higher than the skin zone permeability. The
temperature measurements at the gauge location (30 m above the producing zone) still

contains information regarding skin zone properties, however, if skin zone radius is
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smaller, could be masked by the wellbore phenomena. The skin zone radius controls
the duration of the skin zone dominated period: The larger the skin zone radius, the
longer the effects prevail as seen in Figures 2.24 and 2.25. Thus, the contrast in
permeability on the near well region is clearly observed in the drawdown transient
temperature data. The pressure response does not contain such a resolution since the

process is diffusive.
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Figure 2.22: Effect of skin permeability with positive skin in the wellbore on
drawdown temperature.

Figures 2.22 and 2.23 provides a comparison when skin zone permeability varies while
skin radius is kept constant. As expected in all cases, the reservoir response is observed
at the same time (around half hours) because all the derivatives reach the second
stabilization at the same time as well. The major difference is the slope of the
temperature difference. During the initial stabilization, each curve exhibits a different
slope, however, during the second stabilization period, all curves converge to the same

slope indicating the reservoir permeability.
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Figure 2.23: Effect of skin permeability with positive skin in the sandface on

drawdown temperature.
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Figure 2.24: Effect of skin radius with positive skin in the wellbore on drawdown
temperature.
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Figure 2.25: Effect of skin radius with positive skin in the sandface on drawdown
temperature.
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Figure 2.26: Effect of the positive skin value in the wellbore on drawdown
temperature.
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Figure 2.27: Effect of the positive skin value in the sandface on drawdown
temperature.

Figures 2.24 and 2.25 clearly shows the resolution of temperature data. In all cases the
skin is constant but the skin zone permeability and radius differ. Both parameters affect
the temperature response as aforementioned before. Even if the skin is the same for all
cases, the temperature response clearly deviates due to the changes in skin zone
permeability and radius. Such a resolution is not possible for pressure since the
pressure is a diffusive process; thus, near wellbore resolution is lost through averaging.
Another observation worth to mention is the masking of skin zone parameters when
the skin radius is small in the wellbore temperature response. In the case where skin
radius is 0.5 m, the wellbore transition zone masks the first stabilization making it
impossible to deconvolve any skin parameters, however, this 7y value should not be
considered as a limit. We successfully generated cases where the first stabilization is
observed when 7 is lower. The radius and flow rate are critical parameters that control

the duration of the wellbore phenomena with regarding temperature.

In the case of negative skin (Cases 10-12), the observations are similar a seen in
Figures 2.28 and 2.29. Since the permeability of the skin zone is higher than the
permeability of the reservoir, the first stabilization is lower in magnitude than the

second stabilization indicating an initial lower slope followed by a higher slope in
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temperature difference. The wellbore response reaches to the initial temperature once
the wellbore effects fade out. One particular observation, for the case with 4.5 m of
skin radius, the reservoir response is not observed in the temperature signal. There
seems to be a clear radius of investigation for temperature signal that is limited to near

wellbore region, possibly larger than logs
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Figure 2.28: Effect of the negative skin value in the wellbore on drawdown
temperatures.

Figures 2.30 through 2.33 show the temperature responses of the buildup period with
respect to shut-in time in the same fashion for the positive and negative skin,
respectively. Unlike sandface responses, the wellbore temperature response at the
gauge location does not indicate reservoir properties during the buildup for the test
durations considered. In all cases the temperature response is dominated by the

wellbore phenomena.
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Figure 2.29: Effect of the negative skin value in the sandface on drawdown
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Figure 2.33: Effect of the negative skin value in the sandface on buildup
temperature.

2.5 Parameter Estimation using Transient Drawdown Temperature Data

Base

d on analyses in the previous section the following conclusions are obtained

regarding the information content of temperature transient measurements.

Here

The radius of investigation of temperature transients during buildup is lower
than the pressure transients possibly larger than logs.

The temperature transients during drawdown reflect contrast in reservoir
properties in near wellbore region.

Since the thermodynamic parameters &r, £ and ¢, are related to each other
through thermodynamic relations, any estimated thermodynamic parameter
needs to be consistent with the thermodynamic parameters used as input.
There seems to be a sensitivity to porosity, which is worth to investigate.

The buildup temperature response reflects the wellbore phenomena in general.

, we emphasize to use the drawdown transient temperature data for estimation of

parameters that cannot easily be acquired from conventional well test applications such

as porosity and skin zone properties (skin radius and skin permeability). In addition,
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unique to temperature measurements, the J-T coefficient is also included as a

parameter.

We performed numerous regressions on estimating each parameter discussed
throughout this study. Transient drawdown wellbore temperature data acquired not so
far away from sandface (=> 90 m) provides almost exact estimates when each
parameter is investigated alone. However, in real field applications, parameters are
estimated as a set. Panini and Onur (2018) suggests using the permeability acquired
from PTA as an initial guess in temperature regression. Similarly, reservoir
permeability assumed as a known parameter from PTA, thus it is not included in the
regression for synthetic cases discussed here. When J-T coefficient is included in the
regression, it does not vary with pressure and temperature thus kept constant

throughout each simulation run.

The nonlinear regression problem is solved using the Levenberg-Marquardt algorithm
for minimizing an objective function given in Equation 2.7, in which 7, is the number
of observed temperature data (7.ss) and the model vector m consists parameters as
m=[¢ &r ks rs]. The algorithm Lmfit (Newville et al., 2014) provides enhanced
features to estimate the confidence intervals and automatically calculate correlations
from the covariance matrix. Parameters can be constrained by an algebraic expression
and/or with upper and/or lower bounds. The method of computing the Jacobian matrix
for numerical estimations, the loss function to reduce the influence of outliers on the
solution and the tolerance for termination are some of the most influential properties

that can be used to improve regression results of Lmfit:

O(m) = Z[Tobs - Tw(m)]z (27)

Panini and Onur (2018), discuss procedures to provide initial estimates to the nonlinear
regression problem. Instead, we use the bounds for each parameter to be estimated
because the minimum and maximum values that each parameter can possibly take is
known. The lowest values of unknown parameters are used as initial guesses for
regression. In addition, temperature responses are corrupted from numerical simulator
developed to simulate observed data by using normally (Gaussian) distributed random

errors with a standard deviation of 0.0025 K. It is important to note, as skin radius is
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not kept constant during regression, in each run, geometrically spaced grid system for

reservoir is reinitiated to represent the altered skin radius precisely.

The effect of gauge location is tested on the output of estimated parameters. The
observed data (n; = 300) are the simulated temperature responses at different gauge
locations (z =30 m, z= 50 m, z = 90 m) for a drawdown duration of 12 hours. For four
different synthetic cases with skin effects are considered having the input data
described so far unless otherwise stated in Table 2.4. Figures 2.34 and 2.35 present the
drawdown temperature difference (A7) and the logarithmic derivative of drawdown
temperature (07/0In¢) on a semi-log plot with respect to time from the corresponding
gauge locations for Case 1 and 3, respectively. The regression results include
estimates, confidence intervals and cross-correlation coefficients matrix are tabulated

individually for each case in Tables 2.5 through 2.8.

Table 2.4: Parameters used in synthetic cases for nonlinear regression (NR).

NR Case 1 2 3 4
k (mD) 50 300 30 100
N 5 10 -2 -1
¢ 0.10 0.22 0.07 0.30
ks (mD) 17.6 29.7 228.3 264.1
rs (m) 1.5 0.3 1.0 0.5
s (sm*/D) 500 1000 500 1000

In general, the estimated values of the J-T coefficient and skin properties such as the
radius and the permeability of skin region are in good agreement with the true input
values. As the gauge is placed further away from sandface, the confidence intervals
keep increasing in general, meaning the information losing its reliance. As seen in
Table 2.4, the first two cases investigate the positive skin effects whereas the
remaining two cases explore the negative skin effects. As the first case has the largest
radius of skin in all cases given, intermediate and late time slopes are easy to be
identified as seen in Figure 2.34. Therefore, estimated values of the parameters
obtained by the regression in Table 2.5 are good and the confidence intervals for all
parameters also small, indicating all parameters are well determined by the data. Since
the second case has a higher skin value with a lower radius of skin when compared
with the first case, it is harder to distinguish the slopes of intermediate and late times
(although not shown here) resulting in much higher cross-correlation coefficients for

all parameters in Table 2.6 due to the correlation between each other. Having cross
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correlation coefficients above 0.9 or below -0.9 means that parameters cannot be
estimated independently. Therefore, some attempts such as reducing the number of
parameters to be investigated is required for lowering these reported correlations
between unknown parameters in the regression. For instance, from the conventional
well testing applications, in addition to the permeability, skin value can be acquired
and provided to the regression problem as a known parameter to improve the results.
Apart from the high correlation coefficients, the estimates are still in good agreement

with the input values except for porosity.

The last two cases investigate the parameters in the presence of negative skin effects.
As seen in Figure 2.35, the third case indicating two distinct slopes for the intermediate
and late times has a higher radius of skin when compared with the forth case. Although
both slopes are well distinguished, the cross-correlation coefficients between the J-T
coefficient and skin are still reported quite high in Table 2.7. Thus, these parameters
cannot be estimated independently. It is clear that the J-T coefficient is the most
influential parameter that controls the temperature changes, particularly in the late
times of drawdown. Therefore, many parameters are expected to be highly correlated
with it. However, in the presence of high cross correlation coefficients such as above
0.9 or below -0.9, it is recommended to decrease the number of parameters to be
estimated by assuming that both permeability and skin values are determined correctly
from PTA and provided to the regression problem. While the intermediate times for
the forth case are mostly not seen on the wellbore temperature responses, the reported
estimates in Table 2.8 are still good, and the cross-correlation coefficients are lower

when compared with the third case that also has negative skin effects.

Although there is a sensitivity to porosity, for all practical purposes, it would be
extremely difficult if not impossible to find porosity since the sensitivity is within the
range of uncertainty of several other parameters assumed. The confidence levels of

porosity are high even in a synthetic case.
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Table 2.5: Regression results of parameters; NR Case 1.

z=30m z=50m z=90m
Estimated Conf. interval (%) Estimated Conf. interval (%) Estimated Conf. interval (%)
@ 0.098 2.99 0.099 3.18 0.099 3.61
&r (K/Pa) -2.0262x1077 0.02 -2.0261x107 0.02 -2.0258%1077 0.02
7s (m) 1.494 0.55 1.492 0.58 1.490 0.63
ks (mD) 17.6 0.13 17.561 0.14 17.561 0.16
s calculated 4.99 4.99 4.99
i &JT 7 ks ¢ &IT 7 ks ) &JT 7 ks
Cross ¢ | 0.466 -0.711 -0.937 @ 1 0.540 -0.707 -0.942 ¢ 1 0.636  -0.721 -0.950
correlation &Jr 0.466 1 -0.556 -0.635 &Jr 0.540 1 -0.617 -0.686 e 0.636 1 -0.686 -0.749
coefficients rs -0.711 -0.556 1 0.825 Ts -0.707 -0.617 1 0.827 Ts -0.721 -0.686 1 0.839
ks -0.937 -0.635  0.825 1 ks -0.942 -0.686  0.827 1 ks -0.950 -0.749  0.839 1
Table 2.6: Regression results of parameters; NR Case 2.
z=30m z=50m z=90m
Estimated Conf. interval (%) Estimated Conf. interval (%) Estimated Conf. interval (%)
o 0.245 15.07 0.227 18.57 0.142 32.62
&r (K/Pa) -2.0265%1077 0.03 -2.0263x1077 0.03 -2.0271x107 0.05
7s (m) 0.297 1.57 0.299 1.82 0.311 2.16
ks (mD) 29.5 0.96 29.6 1.12 30.3 1.39
s calculated 9.98 10 10.07
¢ &r rs ks ¢ &r rs ks ¢ &r rs ks
Cross @ 1 <0.1 -0.987 -0.993 @ 1 0.375  -0.987 -0.993 @ 1 0.894  -0.986 -0.994
correlation &Jr <0.1 1 -0.137 -0.154 &Jr 0.375 1 -0.412 -0.425 er  0.894 1 -0.902 -0.91
coefficients rs -0.987 -0.137 1 0.998 7s -0.987 -0.412 1 0.998 Ts -0.986 -0.902 1 0.998
ks -0.993 -0.154  0.998 1 ks -0.993 -0.425  0.998 1 ks -0.994 -0.91 0.998 1
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Table 2.7: Regression results of parameters; NR Case 3.

z=30m z=50m z=90m
Estimated Conf. interval (%) Estimated Conf. interval (%) Estimated Conf. interval (%)
@ 0.073 8.63 0.073 7.44 0.071 7.37
&r (K/Pa) -2.0244x107 0.21 -2.0246x107 0.17 -2.0257%107 0.16
s (m) 0.995 0.47 0.995 0.49 0.995 0.53
ks (mD) 226.3 3.59 226.6 3.15 229.6 3.30
s calculated -1.99 -2 -1.99
¢ &Ir rs ks ¢ &r rs ks ¢ &r rs ks
Cross ¢ 1 0.963 -0.151 -0.980 ) 1 0956 -0.125 -0.973 @ 1 0959 -0.101 -0.968
correlation er  0.963 1 <0.1 -0.969 &Jr 0.956 1 <0.1 -0.962 &Jr 0.959 1 <0.1 -0.962
coefficients re -0.151  <0.1 1 <0.1 re  -0.125 <0.1 1 <0.1 re  -0.101 0.1 1 -0.104
ks -0.98 -0.969 <0.1 1 ks -0.973 -0.962 <0.1 1 ks -0.968 -0.962 -0.104 1
Table 2.8: Regression results of parameters; NR Case 4.
z=30m z=50m z=90m
Estimated Conf. interval (%) Estimated Conf. interval (%) Estimated Conf. interval (%)
@ 0.365 13.71 0.375 12.06 0.348 19.82
&r (K/Pa) -2.0276x107 0.06 -2.0272x107 0.05 -2.0268%107 0.05
rs (m) 0.502 1.16 0.502 1.12 0.504 1.28
ks (mD) 2442 5.50 241.2 493 248.4 8.23
s calculated -0.95 -0.94 -0.97
@ &Jr 7 ks @ &Jr 7 ks @ &Jr 7 ks
Cross @ 1 <0.1 -0.549 -0.995 ) 1 0.122  -0.190 -0.992 @ 1 0.507 -0.350 -0.996
correlation er  <0.1 1 0.181 <0.1 er  0.122 1 0218 -0.190  &r  0.507 1 <0.1 -0.544
coefficients s -0.549 0.181 1 0.478 s -0.190 0.218 1 <0.1 s -0.350 <0.1 1 0.280
ks -0.995 <0.1 0.478 1 ks -0.992 -0.190 <0.1 1 ks -0.996 -0.544 0.28 1
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2.6 History Matching Field Data

A nonlinear regression was performed for history matching the field temperature and
pressure data, which were obtained from a DST well testing operation that involved a
single production period of 20.178 hours with a stabilized surface oil flow rate of 314
sm?/D followed by a buildup period of 48 hours. A vertical well (fully penetrated) of
length 4000 m having a radius of 0.15 m was tested. The temperature and pressure
measurements were recorded at the gauges placed 60.9 m above the top of the
producing horizon. A pressure control valve at the bottomhole some distance above
the gauge operates the flow to the surface. Similarly, in the numerical simulation, the
well is shut-in two gridblocks above the gauge location during buildup. Table 2.9
summaries the model and fluid properties used in the regression. The reference
pressure (77.863 MPa) and temperature (428.96 K) measured at the gauge location
were used to calculate the fluid properties that were obtained from PVT correlations
based on the surface measurements available during the DST operation i.e., API (45°),
GOR (550 ft*/bbl), specific gas gravity (0.83). In addition to FVF and porosity given
in Equation 2.5 and FVF, the oil density is also calculated similarly as a function of
pressure and temperature from Equation 2.8. The remaining oil physical and thermal
properties listed in Table 2.9 are constant throughout the numerical simulation. Solid
matrix thermal properties are taken same values listed in Table 2.1 and also treated as
constant. The bubble point pressure was lower than the pressures recorded at the
wellhead throughout the entire flow period in which the assumption of single phase
flow of oil along the wellbore remained valid. A local equilibrium between wellbore
and the surrounding rock is assumed prior to fluid flow, thus, the initial wellbore
temperatures were identical to the surrounding rock temperatures calculated by the
geothermal gradient (0.03 K/m), increasing from 298 K at the top of the well to 430.22
K at the bottom of the well that is adjacent to the first reservoir gridblock. Since the
stabilization of production rate did not occur before 1.4 hours of fluid production at
surface, the transient behavior of both temperature and pressure measured in the
wellbore some distance above the sandface need to be represented by a transient-

thermal coupled simulator.

p= pref(e[C(p—pref)_B(T_Tref)]) (28)
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The simulation model constructed here to represent the system described above is only
able to response for an infinite acting composite reservoir system. The reservoir is
represented with 100 gridblocks geometrically spaced (as default) whereas 98
gridblocks used in the wellbore with uniform length of 40.6 m which is chosen to place
the gauge exactly on reported depth and also represent the entire wellbore to the
surface. The bottommost gridblock in the wellbore and the reservoir gridblock that is
adjacent to it have always the same thickness and the well radius for the coupling
purposes. Outer diameter of the reservoir is taken very large as in the previous models

discussed (7.=25,000 m) to model infinite acting radial flow.

Table 2.9: Parameters used in history matching.

Model properties Oil properties
7y (m) 0.15 0 (kg/rn3) 686
hres (m) 192 Cp (J/kg.K) 2050
z,, (M) 4000 1 (Pa.s) 0.6x103
qsc (sm3/D) 1975 A (J/m.s K) 0.40
Geothermal grad. (K/m) 0.03 BEK™) 4.65%10™
pin (MPa) [z=60.9 m] 77.863 c (Pa'l) 8.05x107!°
T (K) [z=60.9 m] 428.96 B (m3/sm3) 1.27
107
m o observed [AP]
% o observed [0AP/dInt]
a>) —— analytical model [AP]
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Figure 2.36: Buildup pressure derivative of field data.
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Figure 2.36 shows a log-log plot of the pressure change and its derivative versus time
from the buildup period following the constant-rate drawdown. The analysis is
conducted using Saphir module (Kappa, 2020). Clearly, the buildup pressure-
derivative data display an early time 2 slope reflecting an infinite conductivity
fractured system followed by an intermediate time derivative, which suggests a double
porosity behavior. The parameters estimated from the buildup pressure analysis are
tabulated in Table 2.10. The high value of omega (in the order of 0.1) implies a
multiple layer system rather than a naturally-fractured system (Bourdet, 2002).

Table 2.10: Buildup PTA results of field data from the analytical model.

Wellbore storage type Constant
Well type Vertical fractured uniform flux
Reservoir type Dual porosity PSS
Initial reservoir pressure (MPa) 79.353
k (mD) 2.785
C (m*/MPa) 3.0943x107
Skin 0
X7 (m) 4.69
Omega 0.455372
Lambda 4.03251x10°

The drawdown temperature difference (A7) and logarithmic derivative of temperature
(0T/0Int) recorded at the gauge location are shown in Figure 2.37. The derivative
exhibits a wellbore transition period followed by the first and second stabilizations
(highlighted as gray in Figure 2.37). The magnitude of the first stabilization, which is
lower than the second stabilization indicates a negative skin. As stated earlier in the
sensitivity cases, the first stabilization represents the skin region properties (such as
skin radius and skin permeability) whereas the second stabilization reflects reservoir
properties. Similarly, the temperature difference exhibits two distinct slopes. This is
consistent with the buildup analysis in which we observe a fractured well having a
small half-length in a sense that, when analyzed with a non-fractured model, the

buildup gives a negative skin.

& Tops _TW(m) ’ N obs w(m) ’
o(m) = Z (”W—T> ]+Z [(%) ] 2.9)

During history matching, the objective is to estimate k, 7., &7, rs and k; by regressing

the drawdown pressure and temperature data together. While regressing on the field
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data from such a typical DST operation, in which a packer is set to isolate the tested
producing horizon restricting the flow into the tubing, an effective well radius is
required to be estimated for a descriptive temperature match. In the nonlinear
regression, the objective function to be minimized is given in Equation 2.9 where n,
and n, are the numbers of temperature and pressure observed data, respectively. wr
(1.235) and w, (11.82x10°) represent the weights used for the temperature and
pressure, respectively, and are chosen such that both responses have a similar influence
on regression. The results of the nonlinear regression for the unknown model vector m
consisting of the parameters as m = [k r» &1 s ks] include the estimates, confidence
intervals and cross correlation coefficients listed in Table 2.11. The unknown
parameters, bounded with the min and max values that they could possibly have, are
also given in Table 2.11 and their lowest values are used as the initial guess. We also
observe that the drawdown temperature data shows a significant sensitivity to the
gauge location and geothermal gradient while not causing any major changes in its
pressure response. One may also investigate these parameters through regression if

there exists any uncertainty.
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Figure 2.37: Drawdown temperatures of field data.
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The skin value is calculated using the Hawkins formula (1956) with the estimates of
skin permeability and radius of skin values during regression unlike the synthetic cases
discussed in the parameter estimation section where the skin permeability is the
calculated value. Similarly, the confidence interval of skin is reported in the results
although the parameter is not regressed. All estimates seem to have acceptable values
of the confidence interval. Skin is calculated as -0.6 from the estimate of skin
permeability and skin radius. We also observe that the drawdown temperature data
shows a significant sensitivity to the gauge location and geothermal gradient while not
causing any major changes in its pressure response. One may also investigate these

parameters through regression if there exists any uncertainty.

Table 2.11: Regression results of parameters; History matching case.

Estimated Conf. interval (%) Bounds

k (mD) 4.97 1.34 [1to 10,000]
&1 (K/Pa) -1.87x107 2.16 [-1x10°to -1x107%]

7, (m) 0.5244 6.62 [0.20 to 4]

ks (mD) 9.52 2.19 [1to 10,000]

P (M) 0.1076 0.43 [0.05 to 0.15]

k &Jr ¥s ks T'wb

Cross k 1 0.343 -0.636 <0.1 <0.1
collltion er 0.343 1 -0.701 -0.787 -0.480
cocfficients rno <0636 -0701 1 0168 0457

ks <0.1  -0.787 0.168 1 0.181
rwo <01  -0.480 0.457 0.181 1

When the permeability values are compared between the regressed value (~5 mD)
from the drawdown temperature data and the calculated value (~3 mD) from the
buildup PTA results, there exists a difference although the temperature match of field
and regressed drawdown temperature difference (A7) and logarithmic derivative of
temperature (07/0Inf) data are in good agreement as seen in Figure 2.38. The main
reason of the difference observed in estimated permeabilities relies on the nature of
the processes. After the well is shut in, the fluid in the wellbore generally reaches a
quiescent state in which bottomhole pressure increases are smooth and easy to measure
by gauges. On the other hand, the drawdown data are mostly noisy at gauge level due
to the variations in flow rate measurements at the wellhead. Therefore, attempts of
analyzing the drawdown pressure transients fail due to the noise which corrupts the
most of recorded pressure data and causes extreme difficulties for the analyst to

distinguish the regions of interest. Figure 2.45 shows the drawdown pressure responses
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from the field and regressed data. It is obvious that the flow rate variations at wellhead
are significant when a constant specified surface flow rate is considered in the
numerical simulations of regression. All in all, the buildup permeability and

permeability obtained from drawdown pressure and temperature agree well (see also
Figures 2.40 and 2.41).
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Figure 2.38: Comparison of temperature for the drawdown period; HR case.
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Figure 2.39: Comparison of pressure for the drawdown period; HR case.
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Figure 2.41: Comparison of pressure for the drawdown; HR case.

The buildup derivative field response in Figure 2.36 indicates that the temperature

deviation during this period is wellbore dominated. No reservoir response is observed.
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As shown in Figure 2.40, the initial temperature shoot at the instant of shut-in is
represented with the model (controlled by ¢), however, the sharp decline following is
inconsistent with the pressure recordings. For this period, matching through
optimization of overall heat transfer coefficient does not produce the same behavior.
In this period, the wellbore fluid usually cools down due to heat losses, however, in
this example, a set of tools having a high heat capacity are in place. It seems that the
presence of these tools slows down the conductive cooling of the wellbore fluid. In

this period, the model and the true system become inconsistent.
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Figure 2.42: Buildup temperatures of field data.
2.7 Discussions and Recommendations

Here, further clarifications and recommendations are aimed to be discussed such as:

1. Advantages in using numerical simulator compared to analytical or semi-analytical

solutions that exist in literature

Analytical and semi-analytical solutions in the literature (Onur et al, 2019 and Galvao
et al. 2019) are based on decoupling of temperature and pressure solutions. In this
study, the presented simulator solves the wellbore and reservoir conservation

equations in a coupled manner. All the unknowns appear in the same matrix. This
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allows us to perform history matching of both temperature and pressure measurements
at gauge locations. Decoupling of pressure and temperature for the estimation of
sandface temperatures works quite well as it is shown in the literature (Onur et al,
2016b). In such a case, pressure and temperature measurements are matched
individually to estimate the parameters. On the other hand, for measurements obtained
at gauge location, it is not clear to us how it is possible to history match the temperature
and pressure together by decoupling pressure and temperature data. The analytical
solutions available in the literature based on many assumptions. This is expected since
to be able to obtain an analytical solution, the problem needs to be simplified.
Otherwise, no analytical solution would be available. The simulator proposed do not
have such limitations. Also, we do not find the analytical solutions easy to use. They
are complicated and hard to follow. In fact, it is beneficial to have such a rigorous
simulator to investigate the possible assumptions that could be made to simplify the

solution which could lead to less complex analytical solutions.
2. Comparisons of the numerical solutions with existing analytical solutions

We do not provide any comparison with the analytical model proposed since these
analytical solutions also validate their solutions with the same software which we used
for comparison. Usually in the literature analytical models are not validated with field

temperature measurements

3. Advantages in using numerical simulator developed compared to commercial

software.

Commercial software (CMG-STARS) is not intended to simulate pressures and
temperatures for a DST well test in which the measurements are obtained in the
wellbore at a certain gauge location above the producing horizon. CMG-STARS
wellbore model aims to provide solutions only when there exists one to one
correspondence between wellbore and reservoir gridblocks. At the locations where the
gauges are placed for a conventional well test, there is no reservoir adjacent to the
wellbore. To the best of our knowledge, there exists no commercial simulator for
coupling reservoir and wellbore to solve transient temperatures and pressures both in
wellbore and reservoir simultaneously. One the other hand, industry standard
commercial simulators solve enthalpy thus the change of enthalpy with respect to

pressure and temperature need to be defined properly for the hydrocarbon mixture. For
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instance, if pressure dependence of enthalpy is neglected, no J-T effect would be
observed. Instead, the simulator developed presented solves temperature not enthalpy.
Thermal parameters such as J-T coefficient explicitly defined. Thus, through history
matching, these parameters could be obtained. As it is shown in this study, we have
successfully estimated J-T coefficient from field temperature measurements. This
parameter is not an input for the commercial simulators since it is implicitly integrated

through dependence of enthalpy to pressure and temperature.
4. Sensitivity analysis for J-T coefficient is not provided.

We do not provide sensitivity to J-T coefficient since changing J-T coefficient and
fixing all other thermodynamic parameters physically impossible. In order for J-T
coefficient parameter to differ, composition needs to be different changing all the other
parameters. At least, there should be a consistency between J-T coefficient and
isentropic expansion coefficient in order to honor the thermodynamic laws. Therefore,
isentropic expansion coefficient is estimated using J-T coefficient through
thermodynamic relations where we keep isobaric thermal expansion coefficient fixed.
Now, we provide two unrealistic cases just for clarification. Firstly, please refer to
Figure 2.12 in which the effect of change in permeability is clearly observed in the
temperature response. Now, when we keep J-T coefficient constant only in the
wellbore, Figure 2.43 shows the effect of different J-T coefficients (changing only in
the reservoir) on drawdown wellbore temperatures at a higher gauge location (z =110
m). Thus, in this figure, below up to the point where the curves separate, the change in
temperature is due to wellbore phenomena. Later, the curves deviate due to J-T effect
in the reservoir. Note that the J-T phenomena in the wellbore leads to a different
signature shifts the curve up and down. In the second unrealistic case, J-T coefficient
is fixed in the reservoir and different J-T coefficients are used just in the wellbore

plotted in Figure 2.44.
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Figure 2.43: Effect of J-T coefficient (changing only in the reservoir) on drawdown
wellbore temperatures (z=110m).

204 ° &gr=-1.62E-07 (k/Pa) [3T/3Int]
—— &7=-1.62E-07 (K/Pa) [AT]

o gr=-2.03E-07 (K/Pa) [aT/aInt]
—— &7=-2.03E-07 (K/Pa) [AT]
151 «  g;=-2.53E-07 (K/Pa) [aT/Int]
&7=-2.53E-07 (K/Pa) [AT]

1.0 A

0.5 A

0.0 Fessiiin .

Wellbore AT and Logaritmic Derivative of Temperature (K)

103 1072 1071 10° 10!
Elapsed time (hours)

Figure 2.44: Effect of J-T coefficient (changing only in the wellbore) on drawdown
wellbore temperatures (z=30m).
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5. Comments on computational time during parameter estimation.

The computational time would depend on the computer used and the number of cores
assigned. Using a standard PC with one core the forward runs in the synthetic examples
are about 3 seconds. During parameter estimation it is about 5 minutes. However, time
step selection and EOS plays crucial role. For instance, when IAPWS (2018) used for
water, it is not feasible to perform regression in such a short duration. We recommend

creating a proxy model to represent EOS.

6. Comments on gauge placement in a DST test design.

As it is explained in the section of impact of gauge distances, when the gauge is placed
further away from the producing horizon the wellbore phenomena start to dominate in
a larger extend. At some distance the reservoir information would be lost. It is hard to
generalize and come up with a certain value since at the end it would be case depended.
But based on our experience, we do not advise placing the bottom hole gauge above
100 m (above the producing horizon) if such a drawdown temperature analysis is

intended.

7. Advantages of new type curves introduced in this study when compared with the
one exists in literature in which absolute values of the temperature difference and

its derivative on a log-log plot is used.

Firstly, it is not claimed that one could identify flow regimes associated with pressure
transients using temperature transient analysis. There is no one to one correspondence.
For instance, if the log-log plot of absolute temperature difference and its derivative
give zero slope that does not mean that the heat flow or fluid flow is radial. During
production, temperature changes are mainly due to thermodynamic phenomena, that
is path independent. It is not directly related to flow geometry. The temperature models
for different reservoir-well configurations are yet to be developed and manual type
curve matching is a historical method as it is replaced with well testing software. One
may note that the early time isentropic effects are not observed clearly in the
representation suggested but this is something that could be sacrificed. If not
impossible, it is extremely difficult to observe this region in the field data. Finally, it

is not claimed that the new representation is the ultimate way, but an alternative is
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provided. In this study, we tried to explain the physical phenomena behind the
temperature changes. The plots suggested in this study are much more easily
understood and not as confusing as prior representations. The aim is to provide easily
understood representation with the emphasis on the plot that have significant

information.

8. Comments on linear flow (1/2 slope line) on the log-log diagnostic plot of prior

representation of drawdown temperature.

Figure 2.45 shows (the prior representation) absolute values of temperature difference
and its derivative on log-log plot. Making the axis log-log exposes small changes in
temperature and put emphasis on these small values which involves disprepancy
between model and field data. Making the axis logarithmic exposes this difference as

if they were important.
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Figure 2.45: Drawdown temperatures of field data (HM case).

This is nothing to do with the reservoir response. It is wellbore phenomena, most
probable due to the initial conditions. During a well test, in the drawdown period, prior
to recording the measurements, there are several operations conducted. These would

disturb the initial temperature distribution. No operator would wait for thermal
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equilibrium to be achieved during a standard well testing operation. In the numerical
simulator developed, we start (at the initial condition) by assuming thermal
equilibrium in the wellbore and the temperature is distributed along the well based on
the gradient. Thus, the difference it is quite normal. As we we did not conduct a
detailed investigation, there could be other possible explanations but all would be

within the context of wellbore phenomena.
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3. NUMERICAL IMPLEMENTATION FOR SLIGHTLY COMPRESSIBLE
FLUID FLOW IN A COUPLED 2-D (r-z) RESERVOIR AND 1-D (z)
WELLBORE SYSTEM

Figure 3.1 represents the physical problem that we try to solve. Single phase fluid (oil
or geothermal brine or water) flows from each open (permitted to flow or perforated)

reservoir layer into the wellbore transporting associated mass and energy.
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Figure 3.1: Schematic view of the coupled wellbore and reservoir gridblocks
representation for multi-layer system.

Once the fluid from reservoir enters into the wellbore, it mixes with the wellbore fluid
and accordingly temperature changes. As the fluid flows up the heat transfer by
conduction also occurs between the fluid entering from reservoir and the fluid already
in the wellbore. The temperature profile of the wellbore fluid solely depends on the
mass influx from each contributing reservoir layer with its specific temperature which
is determined by geothermal temperature at that corresponding depth. It also depends

on the Joule-Thompson effects based on the magnitude of drawdown or buildup within

that layer.
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3.1 Boundary Conditions and Coupling

Derivations of 2-D (r-z) reservoir and 1-D (z) wellbore system for single phase fluid

n+1

flow is presented in Appendix. We denote reservoir pressures Pri; and temperatures

Tr?;.“lrespectively at any gridblock (7,7) within the reservoir system whereas we denote

n+1

wellbore pressures Pw} and temperatures Tw;l“respectively at any gridblock (j)

within the wellbore system. In addition, N. represents gridblock numbers in the
wellbore, N,- represents number of reservoir layers whereas N, represents gridblock

numbers in the radial axis in the reservoir.

As mentioned in previous chapter, in the system of wellbore equations provided in
derivations, several terms in mass, momentum, and energy balance equations require

boundary information at the top (qwl’\ll;r1 = qg¢.) and at the bottom ¢.¢"=0 as well as no
flow bottom boundary information for temperature (07,/0z=0) and pressure
(Opw/0z=0). As described while discretizing the energy balance equations, temperature
solution from reservoir equations at the first gridblock Tr?jl provides boundary
information when calculating TW;.’“ in wellbore equations. Similarly, bottom hole

flowing pressure for the first reservoir gridblock calculated from reservoir equations

n+1
]

n+1

Pry; provides boundary information when calculating p,,

in wellbore equations.

For a single layer system (V,-=1), one can approximate one and only (j=1) wellbore

bottom hole flow rate variable g,**1. Hence, in the constructed equations for multi-
r q

layer system, we solve the flow rate between each contributing reservoir layer (j) and
adjacent wellbore cells. In the coupled model, since reservoir inner boundary for the
contributing open interval layers is connected to the wellbore adjacent cells, flow rates
for each layer in the radial direction need to be calculated from Darcy’s law given in

+

Equation 2.4. We use pressure information of reservoir flowing pressure pr?j 1 from

n+1

each contributing layer of j as well as wellbore flowing pressure Pw ] in order to

n+1

estimate the rates for layer j’s. The calculated ar’; values are used both in the

reservoir and wellbore discretized equations. They are all updated for each iteration at
any time step as the other unknown parameters in the system of equations. Therefore,

the user only needs to input flow rate at surface g, which is the defined at the top of
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n+1

wellbore, and initial pressure p; | i

with geothermal gradient to build a representative

coupled reservoir/wellbore model.

3.2 Numerical Solution

When the coupled coefficient matrix is constructed, there are 3 x N: -1 unknowns
(pw, Twv,qw) from wellbore (gn-"=gsc 1s an input, thus known) and 2 x N, x N,z unknowns
(pr, Tr) from reservoir as well as N,- unknowns (g,) from all reservoir layers (either the
layer is open to flow or not). Therefore, there is neither a single bottom hole pressure
nor a single flowing bottomhole rate for the coupled system. In addition, 4 extra

unknowns are added to account for top and bottom boundaries of wellbore.

As it is given in Equation 3.2, there are (3 X Nz- 1) + (2 X N, X N;z) + Nz + 4 unknowns
and the same number of equations. The system of equations from wellbore and
reservoir are written altogether in matrix vector form, which is then solved by the
sparse linear system solver called as “spsolve” of SciPy which is an open-source

software for mathematics, science, and engineering (Pauli et al, 2020):

An+1,an+],j+1= Dn+1 (31)

"*1is the solution matrix given in Equation 3.2 consists 3 x N: - 1 pressures,

where x
temperatures, and rates for wellbore, 2 x N,xN,. pressures, temperatures for reservoir,
and N,. flowing rates for all reservoir layers and 4 wellbore boundary is a 3xN--
I+2XNXN-+N-+4 dimensional column vector whereas D"/ is an 3xN--
1+2XNXN,z+N,-+4 dimensional column vector which contains the terms in the right-
hand side, and A, becomes a (BN-1+2NN+Ny-+4) X (BN:-142N:N;-+N-+4)
nonsymmetrical highly sparse coefficient matrix. An example of this matrix is shown

in Figure 3.2 resulting from system of equations for a multi-layer 2-D (r-z) system

with 3 gridblocks in r-direction and 3 gridblocks in z-direction.
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Figure 3.2: Nonsymmetrical highly sparse coefficient matrix for coupled reservoir/wellbore system (N,=N.=N.-=3).
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“spsolve” is a part of the linalg stack in SciPy which is as an open-source Python
library used for scientific computing in engineering such as linear algebra,
optimization, interpolation, integration. It also provides numerious tools for working
with linear algebra problems such as performing matrix calculations, inverses,

determinants, eigenvectors, eigenvalues, the singular value decomposition and etc.

For solving the matrix expression Ax = D in Equation 3.1, “spsolve” solver assumes
the resulting matrix is sparse which costs expensive during its computation. For such
a dense matrix A, linalg stack provides convertions to other variants to ease the
overload on memory of the PC. Solving linear systems of equations is straightforward
using the scipy command in linalg stack. This command expects an input matrix, A
and a right-hand side vector, D. Next, the solution vector x is computed as in Equation
3.2. The solution vector can be solved by using a matrix inverse; however, it is
extremely expensive for the problem considered in which nonsymmetrical highly

sparse coefficient matrix is constructed.

3.3 Comparison of Transient Pressure and Temperature Solutions

In this section, three different partially (or fully) penetrated multi-layer
reservoir/wellbore system are considered to perform the transient pressure and
temperature comparison, and also to test the capabilities of the numerical simulator
developed. The results obtained from the numerical solutions are compared with the
commercial software (CMG-STARS). Using the input data from Table 2.1, transient
sandface/wellbore pressure and temperature data is generated by nonisothermal
simulator considering a drawdown/buildup test sequence for a three different type of
partially penetrated well. The flow rate history consists of a 5-day production at a
constant surface flow rate of 500 sm*/D followed by a 15-day buildup. There are 9
uniformly shaped gridblocks in the z-direction with uniform length of 6 m whereas
200 logarithmically spaced gridblocks in the reservoir. Similarly, reservoir outer
radius (7.) is taken very large to represent an infinite acting flow throughout the entire
flow history. The sandface pressures and temperatures refer to computed block
pressures and temperatures of the first grid block adjacent to the wellbore grid block
which is either open to flow (perforated) or closed to flow (not perforated). The
location of the open interval for each case is reported in Table 3.1. Figures 3.3, 3.6 and

3.9 show the comparison of sandface and wellbore pressure of all layers from
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numerical simulator developed and commercial simulator for the entire flow history
in Cartesian plot whereas Figures 3.4, 3.7 and 3.10 show the same comparison for
temperature in semi-log plot for drawdown and Figures 3.5, 3.8 and 3.11 for buildup,
respectively. All comparisons of temperature and pressures seem to be acceptable. In
commercial simulator, initial temperatures and pressures inside the wellbore are
different than the sandface. In order to ensure the local equilibrium between wellbore
and the surrounding rock in the commercial simulator, a minimum of 10-day
production with zero surface rate is required to achieve identical wellbore and reservoir
(or surrounding rock) temperatures prior to fluid flow. However, this workaround
solution leads to an instability caused by convergence issues due to neglicible changes
in whole system during this no-flow period. The differences observed in both pressure
and temperature matches mainly caused by time stepping. Also, commercial simulator
uses rigorous EOS for fluid characterization while we keep all fluid properties at initial
conditions except for density. The differences in temperatures close to boundaries are
due to different treatment of boundary condition. Since the commercial simulator treats
heat loss effects time dependent, the shift observed in temperature matches could
easily be improved by adjusting overall heat transfer coefficient, which is discussed in

multi-layer cases on the following section.

Table 3.1: Description of perforations for the multi-layer system having
partially/fully penetrated well.

Case No Open Intervals Closed Intervals
1 1,2,3,4,5,6,7,8,9 -
2 1,2,3 4,5,6,7,8,9
3 4,5,6 1,2,3,7,8,9

67



GB(1,1) GB(1,2) GB(1,3)

49000 49000 0000
8500 48500 48500
48000 48000 48000
47500 47500 47500
000 47000 47000
46500 46500 46500
46000
46000 46000
[ 100 200 300 400 [ 100 200 300 400 500 [) 100 200 300 400 500
GB(1,4) GB(1.,5) GB(1,6)
49000
5500 48500 48500
18000 48000 48000
7500 47500 47500
47000 47000 47000
46500 46500 46500
46000
46000 46000
45500 45500
[ 100 200 300 400 500 [ 100 200 300 400 500 [) 100 200 300 400 500
GB(1,7) GB(1,8) GB(1,9)
8500 48500 48500
48000 48000 48000
1500 47500 47500
47000
47000 47000
46500 46500 46500
46000 46000 46000 — CMGres
—CMG-wb
45500 o Nsres
45500 45500 o Nswb
[ 100 200 300 400 500 [ 100 200 300 400 500 [ 100 200 300 400 500

Figure 3.3: Comparison of sandface/wellbore pressures for entire history, Case 1.
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Figure 3.4: Comparison of sandface/wellbore temperatures during DD, Case 1.
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Figure 3.5: Comparison of sandface/wellbore temperatures during BU, Case 1.
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Figure 3.6: Comparison of sandface/wellbore pressures for entire history, Case 2.
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Figure 3.7: Comparison of sandface/wellbore temperatures during DD, Case 2.
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Figure 3.9: Comparison of sandface/wellbore pressures for entire history, Case 3.
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Figure 3.10: Comparison of sandface/wellbore temperatures during DD, Case 3.
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Figure 3.11: Comparison of sandface/wellbore temperatures during BU, Case 3.
3.4 Multi-Layer Reservoir and Wellbore System

3.4.1 Model initialization

Here, we consider a multi-layer system with different layer properties and compare
results from numerical simulator developed with the ones computed from the
commercial nonisothermal simulator (CMG-STARS). We present wellbore/reservoir
temperature and pressure solutions of a vertical well producing in a radial multi-
layered single phase reservoir at specified constant surface flow rate of 1000 sm*/D
for 5 days. Layer permeability and interval status (whether perforated or not) are varied
for 54 layers (each having uniform height of 1 m) as listed in Table 3.3 in which the
ratio of vertical permeability (k.) and horizontal permeability (%) is taken a standard
value of 0.1. Schematic view of layer permeability taken from the numerical simulator
developed is also shown in Figure 3.12. As seen, there are five main zones in the multi-
layer system in which only two of them are perforated and called as producing zones.
The top, bottom and middle layers represent lower permeability regions (50 mD)
which are not perforated but also not sealed as the flow is permitted in between layers

(k-/k,=0.1). We use the input data tabulated in Table 3.2 given for all cases discussed
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in the following section unless otherwise stated. All fluid and rock properties are
evaluated at initial reservoir pressure and temperature. Typically, reservoir outer radius
(re) is taken very large to model infinite acting flow throughout the drawdown period.

The reservoir grid system has logarithmically spaced 200 grid blocks.

Table 3.2: Simulation input data used for comparison of multi-layer system.

Model Properties Water Properties Rock Properties
7y (M) 0.10 p (kg/m?) 1003.9 o (kg/m?) 2600
7e (m) 25000 ¢, (J/kg.K) 4088.4 cpm (J/kg K) 1000
hres (m) 6 gr(K.Pa)  -2.027x107 A4, (J/msK)  3.67
N:=N;. 9 1 (Pa.s) 0.479x1073 cm (Pa™) 0
Zy (m) 54 A (J/m.s.K) 0.678 L (KT 0
pin (MPa) 50 LK) 5%10™*
Tin (K) 333.15 c(Pa™) 3.9x107"°
gse (sm*/D) 1000  B(m’/sm’) 1
Geo. grad. (K/m) 0.03
U, (W/m.s.K) 29
¢ 0.1

Using all the information and the input data presented, the numerical simulator
developed is able to construct various multi-layer coupled reservoir/wellbore models
to generate pressures and temperatures at any given point within the reservoir as well
as pressure, temperature and flow rate well profiles along the wellbore for a given flow

history which may consist of numerous drawdowns and buildup periods.

Table 3.3: Description of layers for multi-layer system.

Layers (from/to) k- (mD) k. (mD) Status

1to6 50 5 CLOSED
6to21 300 30 OPEN

21 to 31 50 5 CLOSED
31to 41 100 10 OPEN

41 to 54 50 5 CLOSED
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Figure 3.12: Schematic view of layer permeability on 2-D (r-z) plot for comparison
case with no skin effects.

3.4.2 Comparison of drawdown pressure and temperature solutions

Figure 3.13 shows the comparison of wellbore and reservoir temperatures (left) and
pressures (right) against commercial software (CMG-STARS) along the wellbore at
the end of drawdown. Here, the example case verifies to prove the capability of the

numerical simulator developed to further study multi-layer reservoir/wellbore systems.

Figure 3.14 shows the inflow production profile across the wellbore (also called as
PLT plot) which is simply depth vs corresponding cumulative fluid contributions on
Cartesian plot) from the numerical simulator developed. Production logging tools
(PLTs) are used to evaluate well performance by providing high resolution
measurements of the flow rates along with fluid identifications in the downhole. A
typical PLT tool may consist of multiple sensors responsible of performing physical
measurements in order to acquire temperatures, pressures, fluid type identification,
fluid volumes and rates at individual location in the wellbore to construct a

representative production or injection profile.
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Figure 3.13: Comparison of wellbore/reservoir pressures and temperatures across the
wellbore from numerical simulator developed and CMG-STARS at the end of

drawdown.
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Figure 3.14: Inflow production profile across the wellbore from numerical simulator
developed at the end of drawdown.
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Figure 3.15 shows reservoir pressures while Figure 3.16 shows reservoir temperatures
distributions on (r-z) cross sectional areal view from the numerical simulator
developed at different time steps until the end of the drawdown. The interface of the
numerical simulator developed is capable of visualizing pressure, temperature and
flow rate distributions over space and time. Several example cases are considered for
demonstrating the utility of the developed simulator and the visualization features
which may enable one to conduct visual studies of well temperature and pressure

transients in homogeneous reservoirs as well as heterogeneous reservoirs.
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Figure 3.15: Reservoir pressure distribution (7-z) areal view from numerical
simulator developed at different time steps during drawdown.
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Figure 3.16: Reservoir temperature distribution (7-z) areal view from numerical
simulator developed at the end of drawdown.

3.4.2.1 Heat loss effect on drawdown

Figure 3.17 shows the same comparison with commercial simulator as shown above
in Figure 3.13 (left) with additional sandface temperature profiles for three different
overall heat transfer coefficient values (U=30 W/m.s.K, U=60 W/m.s.K, U=120
W/m.s.K) used in numerical simulations. The cooling due to heat losses is obvious
when the fluid travels towards the wellhead. In the treatment of numerical simulator
developed, overall the heat transfer coefficient is constant. As expected, when the
overall heat transfer coefficient is higher, the heat loss becomes larger, and temperature
decreases at the corresponding gauge location. The drawdown sandface/wellbore
temperatures show negligible changes at perforated intervals for different values at
late-times of drawdown considered here. As discussed in previous chapter, the
duration of the transition zone does not seem to change due to heat loss. The primary
difference occurs in the buildup case such that when the overall transfer coefficient is
larger, the temperature reaches the initial temperature much more quickly as expected,
also leading to a shift in the temperature derivative. The speed of temperature
propagation in drawdown is much faster than the temperature propagation during
buildup because of convection. Conduction has negligible effects on drawdown
temperatures while it becomes effective on late-time buildup sandface temperatures

when the velocity of convective heat transfer inside the reservoir (u.-) becomes zero.

As seen in Figure 3.17, the sandface temperature match against commercial simulator
especially for unperforated layers could easily be improved by adjusting overall heat

transfer coefficient in numerical simulations. However, it is not completely clear to us
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how the commercial simulator treats the heat loss coefficient. Presumably, it is time-

dependent.
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Figure 3.17: Comparison of wellbore/sandface temperatures across the wellbore for
different overall heat loss coefficient values from numerical simulator developed and
CMG-STARS at the end of drawdown.

3.4.3 Impact of Parameters

Now, we investigate the impact of the fluid and rock parameters on drawdown
sandface and wellbore temperature responses across the wellbore using the numerical
simulator developed with no skin effects. It is important to note the assumption single-
phase fluid flow occurs in the place where the measurments are taken in the wellbore
(from z=0 to z=54 m). Similarly, there are five main layers in the multi-layer system
in which only two of them are perforated and called as producing zones. It is important
to emphasize that the top, bottom and middle layers represent very low permeability
regions (5 mD) which are sealed at the boundaries (k-=0) with producing zones (flow
is not permitted between producing zones and low permeability regions). We aim to
imitate a typical field application in which multi reservoir zones with similar fluid and

rock properties are generally open to flow across the wellbore. The important
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parameters such as J-T coefficient, porosity, permeability, viscosity, flow rate, rock
heat capacity, specific heat of fluid, well radius are listed in Table 3.4 to the order of
magnitudes, and sensitivity to these values are inspected in detail on Cartesian plots of
pressure and temperatures along with PLT plots. The distance between producing
zones, mobility (kh/up) and skin effects are also presented in this section. When
investigating effects of each parameter, we keep all other parameters same as in Table
3.2. These parameters are changed either in both of the producing zones or in a single
one. During sensitivity analysis, the producing zone with layers having higher
permeability (300 mD) closer to wellhead is called as the upper zone whereas the
producing zone with layers having lower permeability (100 mD) closer to bottom of

the well is called as the lower zone.
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Figure 3.18: Schematic view of layer permeability on 2-D (7-z) plot for sensitivity.

Table 3.4: Parameters effecting numerical solutions for multi-layer system.

Parameters Case 1 Case 2 Case 3
&r (K.Pa) -1.6x107 -2x107 -2.6x107
@ 0.01 0.10 0.40
k (mD) All layersx10™! All layersx10° All layersx10'
1 (Pa.s) 0.5x107 1x107 2x107
gse (sm*/D) 100 500 2500
(pcp)m (J/M*K) 1.3x10° 2.6x10° 5.2x10°
¢p (kg/1.K) 3073 4088 5437
7w (m) 0.05 0.10 0.20
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3.4.3.1 Effect of J-T coefficient

Figures E.1 through E.3 present wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different J-T coefficient values given in Table 3.4. In
Figure E.1, J-T coefficient is changed at both of the producing zones, whereas in
Figures E.2 and E.3, J-T coefficient is changed only in the upper zone and only in the
lower zone respectively. J-T coefficient changes occur only in reservoir model while
having the same J-T coefficient (as in Case 2 of Table 3.4) in wellbore model (gr=

2x107 K/Pa).

Clearly, significant changes in transient wellbore and sandface temperatures are
observed for the entire producing horizon. Different temperature responses depending
on the magnitude of the J-T coefficient which is negative for liquids, thus causing
heating effect during drawdown. Although not shown here, at early-times, isentropic
expansion/compression mechanism takes place where we would expect to see its

physical effects as cooling during drawdown and heating during buildup.

All PLT plots seem to be identical for all cases considered for J-T coefficient as the
different magnitude of J-T coefficient do not change the contribution of layers.
Changes in J-T coeffients are not reflected in pressure plots as well. When the change
occurs for both zones, it causes the same shift in sandface and wellbore temperatures
although pressure drop in all cases seems to be same. However, when changes applied
only in the upper zone, there exists no difference in wellbore temperatures until the
bottom of the upper zone. This is expected since different J-T coefficients cause
changes in sandface temperatures of upper zone. Thus, as higher fluid arrives at bottom
of the upper zone, the effect of mixing of fluids with different temperatures are well
reflected at wellbore temperatures. With higher the absolute value of J-T coefficient,
cooling in the wellbore temperatures occur less. When J-T coefficient is changed only
in the lower zone, the shift in wellbore temperatures starts from the bottom of the lower
zone and carried out all the way to the top reflecting a slight distortion when mixing
with the fluid that flows from upper zone into the wellbore. Although these cases are
not realistic, they help to investigate how the fluid with different temperatures mix and

move across the wellbore.
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3.4.3.2 Effect of porosity

Figures E.4 through E.6 present wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different porosity values given in Table 3.4. Similarly, in
Figure E.4, porosity is changed for both zones, whereas in Figures E.5 and E.6,
porosity is changed only in the upper zone and only in the lower zone respectively. As
shown previously in derivations for sandface temperatures, increase in porosity means
increase in isentropic expansion of the total system which causes more cooling for
drawdown and more heating for buildup on early-time sandface temperature
responses. This is followed by a slight shift on the late-time semi-log straight-line
which reflects J-T coefficient effects. The wellbore temperatures indicate different
behaviors when compared to sandface responses. The wellbore temperatures are
mostly influenced by the effect of pressure changes due to different porosity values.
Therefore, higher pressure drawdown with lower porosity values causes wellbore
temperatures to decrease at early-times while increase at late-times. This is well
reflected in wellbore and sandface temperatures as lower the porosity higher the
increase in shift at temperature profiles are seen due to the higher pressure drops also

observed at both wellbore and sandface pressure profiles.

When porosity changes for both zones, layer contributions are not affected thus all
PLTs seem identical. When porosity is changed only in the lower or in the upper zone,
there occurs differences in layer contributions reflected minimal in PLTs depending
on the magnitude of pressure drop due to the change in porosity. When the upper
zone’s porosity is lower, leading to a higher drawdown, wellbore temperatures remain
higher while effects on sandface temperature is negligible. When the porosity in the
lower zone is smaller, leading to a higher drawdown, changes in both sandface and

wellbore temperatures are almost negligible.

3.4.3.3 Effect of permeability and flow rate

Figures E.7 through E.9 present wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different permeability values. The permeability for both
zones (Figure E.7), only in the upper zone (Figure E.8), and only in the lower zone

(Figure E.9) are multiplied by 0.1, 1, or 10 to create a contrast for surface flow of 500
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sm?/D. The magnitude of pressure drawdown determines temperature changes, i.e.,
higher permeabilities cause lower pressure drawdown in turn which decreases the
effects of convection, isentropic expansion/compression and J-T heating/cooling on

temperatures.

The layer contributions do not differ when all layer permeabilities are multipled with
the same number as seen in PLT plot of Figure E.7. Wellbore pressure profiles indicate
almost the same pressure drop (Ap) for each layer at the end of drawdown regardless
of the layer permeability distribution. The whole system reaches to a stabilization
regarding wellbore Ap that determines the amount of fluid withdrawal from individual
layers. Therefore, the fluid extraction from an individual layer is directly proportional
to the product of the mobility and the layer thickness. The lower zone has thickness of
15m and permeability of 100 mD while the upper zone has thickness of 10m and
permeability of 300 mD. Thus, the contribution to flow from the upper zone is always
expected to be double of the contribution from the lower zone when all permeabilities
multipled by the same number as seen in Figure E.7. Simply, when either upper or
lower zone has different permeability from the other one, fluid contribution reflected
in PLT plot is controlled by the product of the mobility and the layer thickness as seen
in Figures E.8 and E.O.

Although permeability in the upper zone is only changed in Figure E.8, wellbore
temperatures in the lower zone indicate a clear shift because all layers are affected by
the same wellbore Ap which in turn causes change in temperature. Depending on the
Ap at corresponding layer, with J-T effects hotter fluid from reservoir enters into the
wellbore and starts to move upwards and mixing colder reservoir fluid on the way to
top. While the fluid moves upwards in the wellbore, extra pressure drop causes
increase in temperature. This is clearly and always observed especially when the fluid
passes through unperforated layers. When the fluid arrives to the bottom of the upper
zone, mixing of fluids determines the changes in temperature from this point onwards.
Therefore, the amount of fluid that enters from upper zone into the wellbore effects
the temperatures. For instance, when the permeability in the upper zone is higher than
the permerability in the lower zone as shown in Figure E.8, fluid contributions in the
upper zone is significantly high as well, which in turn creates an exponential decrease
on wellbore fluid temperature when mixing occurs at the corresponding depth. Similar

behavior observed when the permeability in the lower zone is smaller than the
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permeability in the upper zone as seen in Figure E.9. When the permeability in the
lower zone is higher than the permeability in the upper zone, product of the mobility
and the layer thickness gets higher which in turn causes higher fluid withdrawal from
the lower zone when compared with withdrawal from the upper zone. Therefore,
wellbore temperatures deviate slightly when mixing occurs at bottom of the upper

zone.

To understand and have better insight into how flow rate effects well profiles and fluid
contributions, in addition to Figures E.7 through E.9 in which surface flow rate is kept
500 sm*/D, two additional cases with low (100 sm*/D) and high (1000 sm?/D) surface
flow rate are considered in Figures E.10 through E.13 where permeability is similarly
multiplied by 0.1, 1, or 10 to create a contrast only in the upper zone (Figures E.10 and
E.12) and only in the lower zone (Figures E.11 and E.13) accordingly. On the other
hand, Figure E.14 presents wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different surface flow rate values (100 sm*/D, 500 sm*/D
and 2500 sm?/D). Similarly, as discussed previously for permeability effects, pressure
drawdown becomes predominantly significant with increasing flow rates and controls

the magnitude of temperature changes for drawdown.

3.4.3.4 Effect of viscosity

Figures E.15 through E.17 present wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different viscosity values given in Table 3.4. Similarly,
the viscosity for both zones (Figure E.15), only in the upper zone (Figure E.16), and
only in the lower zone (Figure E.17) are changed. The effect of viscosity is similarly
influenced by the scale of pressure changes in the opposite way of permeability effects,

hence increasing viscosity increases temperatures to be observed during drawdown.

3.4.3.5 Effect of volumetric heat capacity of rock and specific heat capacity of

reservoir fluid

Figures E.18 through E.20 present wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different volumetric heat capacity of rock values (pc,)m

whereas Figures E.21 through E.23 shows the same comparison for different fluid
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specific heat capacity. (oc,): product only appears in derivations as a multiplier of
reservoir temperature in lumped sum product of volumetric heat capacity of fluid-
saturated rock. Thus, wellbore temperatures look almost identical while sandface
temperatures present some differences for the entire flow period especially for the
unperforated layers. Temperature changes are quite minor for late-times of drawdown
sandface temperatures when J-T coefficient effects are dominating over isentropic
expansion/compression effects. When only lower or higher zone properties change for
both parameters individually, changes observed in temperatures are not significant
even though chosen values for investigation of the effect of these parameters are not

realistic.

3.4.3.6 Effect of Well Radius

Figures E.24 through E.26 present wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different well radius values at the end of drawdown. With
larger well radius, the wellbore volume for the fluid to expand/compress gets bigger.
The well profiles discussed here reflects the end of drawdown where J-T effects
becomes dominant. Therefore, temperature shifts observed are mainly due to change
in wellbore Ap. Similarly, different well radius values considered in the upper zone
(Figure E.25) and lower zone (Figure E.26) to investigate complex completion designs
when production is commigled from such a multi-layer system. The fluid contribution
changes due to different surface area of wellbore reflected in PLT plots in minimal
level. When the well radius in the upper zone is changed, the effect on wellbore Ap is
much higher than when same changes of well radius applied only in the lower zone.
However, it is not completely realistic to enlarge the well radius in upward direction.
On the other hand, changes of well radius in the lower zone almost not exposed in

wellbore temperatures of the upper zone.

3.4.3.7 Effect of the product of mobility and layer thickness (kh/u)

We would like to emphasize the importance of the product of mobility and layer
thickness on fluid contributions from each layer on PLT plots, although already
discussed in detail at previous sections. Here, we consider four different completion
design having the same value of the (kA/y) product also tabulated in Table 3.5. Figures

3.19 and 3.20 present wellbore (left) and sandface (right) temperature responses,
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whereas Figures 3.21 and 3.22 present wellbore (left) and sandface (right) pressure
responses at the end of the drawdown period for four different completion design
described in Table 3.5. Figure 3.23 presents inflow production profile across the
wellbore for all cases together and indicates negligible differences regarding fluid
contributions from individual layers. Furthermore, sandface temperatures follow the
same linear gradient towards to the top of wellbore while wellbore temperatures show
deviations depending on the different unperforated intervals in each case where J-T

effects inside the wellbore observed due to pressure drop in upward direction.

Table 3.5: Description of different completions for multi-layer system.
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Figure 3.19: Comparison of wellbore/reservoir temperature profiles for Cases 1
2 at the end of drawdown.
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Figure 3.20: Comparison of wellbore/reservoir temperature profiles for Cases 3 and
4 at the end of drawdown.
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Figure 3.21: Comparison of wellbore/reservoir pressure profiles for Cases 1 and 2 at
the end of drawdown.
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Figure 3.22: Comparison of wellbore/reservoir pressure profiles for Cases 3 and 4 at
the end of drawdown.
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Figure 3.23: Inflow production profile across the wellbore for all cases at the end of
drawdown.
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3.4.3.8 Effect of distance between producing zones

Figures E.27 through E.30 present wellbore and sandface temperature (left) and
pressure (right) responses as well as inflow production profile across the wellbore at
the end of the drawdown period for four different distance (5 m, 10 m, 20 m and 30
m) between upper and lower zones at the end of drawdown. The properties of the upper
or the lower zone such as permeability and layer thickness are taken the same values
as discussed previously. Number of total layers are increased to 74 each having the
same height of 1 m. Therefore, total wellbore length is also increased to 74 m. No
significant changes observed except for the shift in wellbore temperatures in upward
direction depending on the distance between upper and lower zones. Figure 3.24 also
presents wellbore (left) and sandface (right) temperatures along with PLT plots for all
cases together and indicates negligible differences when it comes to fluid contributions
from individual layers. Wellbore temperatures do not differ until the fluid arrives to
the bottom of the upper zone. A similar linear temperature gradient is observed clearly
on sandface temperature responses. When the distance increases, the time for the fluid
to travel upwards to the bottom of the upper layer increases causing higher pressure
drop that is exposed in slight increase in temperature due to J-T effects in the wellbore.
However, this increased is taken over by the mixing of different fluids in the wellbore
starting from the bottom of the upper layer. As the upper layer gets further away from
the lower zone, the fluid that enters into the wellbore at the corresponding depth is
colder. Depending on the geothermal gradient, the mixing of fluids in the upper zone

gets stabilized at different temperature values.
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Figure 3.24: Comparison of wellbore/sandface temperatures and inflow production
profile across the wellbore for all unperforated distances at the end of drawdown.

3.4.4 Impact of skin effects

As described earlier in detail, skin is modelled as a composite zone near the wellbore
through the Hawkins formula (1956) given in Equation 2.6. For all skin cases
considered for multi-layer system, the same skin radius is used (r;=1m). All data used
for generating pressure and temperature are kept the same as in previous section for
sensitity analysis from Table 3.2 and Figure 3.18. In the presence of skin effects in
which we considered s =-2, s =5, s = 10 and s = 20, typically we assume that there is

only a difference in the permeability between skin zone and non-skin zone.

3.4.4.1 Comparison of drawdown pressure and temperature solutions

Here we perform comparison for two different skin configurations. For the first skin
case, the lower zone has a skin value of 5 and the upper zone has a skin value of 20
whereas for the second case, the lower zone has a negative skin value of -2 and the
upper zone has a positive skin value of 10. Figures 3.25 and 3.26 shows the comparison
of wellbore and reservoir temperatures (left) and pressures (right) against commercial

software (CMG-STARS) along the wellbore at the end of drawdown for both skin
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cases respectively. Both of the matches are almost exact. Figure 3.27 shows the inflow
production profile across the wellbore from numerical simulator developed. As the
skin permeability varies for both zones, flow contributions are observed accordingly
in PLT plots. The lower zone both with negative skin value (Case 2) and with positive
skin value (Case 1) contributes higher when compared with corresponding upper
zones. Although not shown here, we investigated reservoir/wellbore temperature and
pressure profiles across the wellbore at the end of drawdown for different fluid and
rock properties with similar conclusions discussed so far are acquired. In general, the
wellbore and sandface temperatures indicate similar behaviors as discussed
previously. The intermediate and late time straight lines appear on semi-log plots after
the early-time wellbore temperatures presented by different straight line with a similar
slope and this extra heating mechanism that is not presented by sandface temperatures

seems to dominate temperature behavior until the produced reservoir fluid reaches to
the corresponding depth where we take measurements.
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Figure 3.25: Comparison of wellbore/reservoir pressures and temperatures across the

wellbore from numerical simulator developed and CMG-STARS for skin case 1 at
the end of drawdown.
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Figure 3.26: Comparison of wellbore/reservoir pressures and temperatures across the
wellbore from numerical simulator developed and CMG-STARS for skin case 2 at
the end of drawdown.
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Figure 3.27: Inflow production profile across the wellbore from numerical simulator
developed at the end of the drawdown for skin cases 1 and 2.
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3.4.4.2 Sensitivity Analysis

Firstly, we investigate the skin effects by altering skin properties for both zones
together. Figure E.31 presents wellbore (left) and sandface (right) temperature and
pressure responses as well as inflow production profile across the wellbore at the end
of the drawdown period for different skin values (s =-2, s =15, s =20 and s = 0). Then,
similar to the cases discussed previously, we change skin properties only in the upper
zone in Figure E.32 while keeping lower zone with no skin effects whereas Figure
E.33 displays the vice versa in which skin properties in the lower zone are changed
while the upper zone has no skin effects. The surface flow rate of 100 m*/D is
considered while building Figures E.31 through E.33. The same figures reproduced
for the surface flow rate of 1000 sm?/D in Figures E.34 through 3.36 to investigate
different flow contributions in the presence of skin. Similar conclusions are obtained
regarding different surface flow rates as discussed in detail previously. For all
sensitivity cases with skin effects, there exists enough time for the intermediate and
late time straight lines to appear on semi-log plots right after the early-time wellbore
temperatures. The duration of drawdown may play important role especially in the

presence of skin effects, which is discussed next.

3.4.4.3 Effect of drawdown time in the presence of skin effects

Figure 3.28 presents wellbore temperature profiles at different time steps starting from
very early times till the end of flow whereas Figure 3.29 compares the drawdown
sandface/wellbore temperatures in the lower zone (left) and upper zone (right) on semi-
log plots from the numerical simulator developed as a function of shut-in time with no
skin effects. The time step marked in each figure (0.123 hrs) nearly indicates the end
of transition period and the reservoir response caused by the J-T phenomenon is
observed and wellbore pressures seem to be stabilized around a certain wellbore Ap
for all layers in the system. Figure 3.30 illustrates inflow production profiles across
the wellbore at the same time steps values with no skin effects (left) and with skin
effects (right) only in the upper zone (s = 20). Fluid contributions stabilizes quickly as
the sandface and wellbore rates become equal. However, in the presence of skin
effects, the time when the PLT measurements are taken is important as the fluid

contributions varies significantly until (as marked, 6.5 hours) the second hump
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(intermediate times) in the derivative disappears and the derivative becomes almost

constant.
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Figure 3.28: Comparison of wellbore temperature profile at different time steps
during drawdown with no skin effects.
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Figure 3.29: Comparison of transient wellbore and sandface temperatures in the
middle layers of the lower zone (left) and the upper zone (right) in semi-log plot
during drawdown with no skin effects.
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Figure 3.30: Comparison of inflow production profile across the wellbore at
different time steps during drawdown for no skin effects (left) and with skin (s=20
only in the upper zone) (right).

3.4.5 Applications of multi-layer system

3.4.5.1 Variable rate test

A variable rate test is designed to demonstrate the capability of the numerical simulator
developed. In Figure 3.31, flow rate history is plotted. Figure 3.32 shows wellbore
pressure and temperature responses from the middle layer of upper and lower zones
with respect to time on a Cartesian plot. Figure 3.33 presents wellbore temperature
profiles (left) and pressure profiles (right) at the end of each drawdown period (2 days,
4 days and 8 days).
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Figure 3.31: Surface flow rate history of variable rate test.
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Figure 3.32: Wellbore temperatures and pressures during drawdown period of
variable rate test.
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Figure 3.33: Comparison of wellbore and sandface temperature (left) and pressure
(right) profile at different time steps for a variable rate test.

3.4.5.2 Plugged Perforations

During a lifetime of a well production, a number of perforations may have become
plugged due to solid precipitation, scaling, build up of sand or etc. The well may need
to be recompleted at above or below existing perforations. Production logging can
show that wells produce from a smaller extent of the total interval due to ineffective
plugged perforations. In the presence of DTS data from a well, wellbore temperature
data over a vast amount of time may indicate certain behavior until the time when a
significant pressure drop signal takes places and noticed. Here, a simulation model
with the same properties considered for 3 years of constant production from both
zones. After two years of production, one perforation (1 m of height) in the middle of
the lower zone gets plugged and do not permit the flow into the wellbore until the end
of simulation time. Figure 3.34 presents wellbore temperature profiles at different time
steps starting from the first year followed by second year and so on. An anomaly can

easily be captured at early times of the plugging and the signal is carried out thereafter.
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Figure 3.34: Comparison of wellbore temperature profile at different time steps
during drawdown with plugged perforations after 2 years.

3.4.5.3 Parameter estimation

Levenberg-Marquardt algorithm is used to solve the nonlinear regression problem for
minimizing the objective function given in Equation 2.9 in previous chapter. Here, the
observed data is the wellbore temperature and pressure profile from bottom to the top
of the wellbore. The model vector m may consist parameters as m = [ k., s; |. Here,
we emphasis to use drawdown wellbore temperature and pressure data together for
estimation of parameters that we cannot easily acquire from conventional well test
applications such permeability of skin zone and non-skin zone of individual zones or
layers. All input data used for generating pressure and temperature profiles are taken
the same as in previous section for sensitivity analysis from Table 3.2 and Figure 3.12.
The drawdown duration is decreased to 6 hours to imitate a real field PLT operation.
50 time steps are chosen for the numerical simulation. Skin radius does not change

(r~=1.06 m) and not included in the regression.

The observed data is the simulated temperature and pressure responses at all PLT data
measurement locations for each pass (usually one or two consequent production period
with different flow rate) across the producing horizon. The observed data used in non-
linear regression may be increased if there exists more than a single drawdown during

a PLT operation. We performed numerous regressions on estimating each parameter
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shown in model vector m and the regression model generally estimated acceptably.
Thus, drawdown wellbore temperature data provides good estimates when each of the
layer permeability and the layer skin is investigated alone. However, in real field
applications, we need to estimate most of them together. Therefore, if possible, we
recommend to provide the nonlinear regression either layer permeability or the skin
factor value. Therefore, the variance may be decreased in the estimated parameters as

we reduce the number of parameters to estimate.

As in previous chapter, we do not discuss any procedures or graphical analyses to
provide initial estimates to the nonlinear regression problem. Instead, we typically
provide the bounds for each parameter to estimate as we already know the minimum
and maximum values that each parameter can possibly take. Here, we investigated the
importance of different initial estimates as well. Similarly, we corrupt the observed
data obtained from the numerical simulation by using normally (Gaussian) distributed
random errors with a standard deviation of 0.0025 K for temperature whereas 0.005

MPa for pressure.

| .0 -
80 100 120 280 290 300 310 320
Permeability, mD Permeability, mD

Figure 3.35: Histogram of layer permeability in the lower zone (left) and in the
upper zone (right).
Regression results are listed together with cross-correlation coefficients matrix and
confidence intervals when available to calculate. Figure 3.35 shows permeability
histograms of lower (left) and upper (right) zones whereas Figure 3.36 presents
schematic view of layer permeability on 2-D (r-z) plot. The mean value for
permeability in the lower zone is 100 mD whereas 300 mD in the upper zone.
Therefore, each layer having different permeability in the radial direction. However,
we do not aim to estimate permebility and skin of each individual layer. Instead, the

estimates from the regression are single permeability and single skin values for lower
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and upper zones individually. Skin radius does not change (7~=1.06 m) and not
included in the regression. Typically, k/k, is 0.1 and both zones are sealed, and not
permiting flow from their boundaries.

There are three main cases discussed here. Each case considered the same PLT
scenario in which a single pass run takes measurement with same production duration
of 6 hours with constant surface flow rate of 500 sm*/D. In the first case, layer
permeabilities are regressed without any skin effects in the system whereas the second
case includes skin effects with layer permeabilities and skin radius provided for
regression. When intermediate radial flow occurring at the intermediate times is well
observed on the derivative plot, it is possible to achieve good estimates for skin values
of individual layers. The third case considers all layer properties as unknowns and
perform the regression accordingly. In order to determine both layer permeability and
layer skin, pressures and temperatures regressed together and results are tabulated in
Table 3.11 in which the confidence intervals are not very high meaning all parameters

are determined correctly.

SHENWEUVNON®RO

Figure 3.36: Schematic view of layer permeability on 2-D (7-z) plot.

For estimating only either layer permeability or layer skin, regression results using
only temperature and using only pressure and using both temperature and pressure are

also provided in Tables 3.6 through 3.10. Except for the regression with only pressure
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in Table 3.8 and the regression of skin values in Tables 3.9 and 3.10, the estimates
seem reasonable considering cross correlation coefficients and confidence intervals.
Although not shown here, PLT data with multiple passes i.e., variable rate tests provide
more observed data to the optimization problem, estimates did not significantly
improve. Figure 3.37 presents the regressed wellbore/reservoir pressures and
temperatures and inflow production profile across the wellbore in at the end of

drawdown from the synthetic PLT data.

Table 3.6: Regression of layer permeability with no skin effects using temperature

alone.
Regressing 7 only
Initial Guess: Initial Guess: Initial Guess:
10 mD 100 mD 1000 mD
Observed . Conf. . Conf. . Conf.
Mean Estimated (%) Estimated (%) Estimated (%)
k1 (mD) [Lower] 102.4 102.9 0.48 100.9 0.87 527.9 57.2
k2 (mD) [Upper] 297.4 297.8 0.27 297.5 0.34 796.4 3.34
(Cross corr. 10229 0.635 0.981
coeff.

Table 3.7: Regression of layer permeability with no skin effects using both pressure
and temperature together.

Regressing p,T only
Initial Guess: Initial Guess: Initial Guess:
10 mD 100 mD 1000 mD
Observed . Conf. . Conf. . Conf.
Mean Estimated (%) Estimated (%) Estimated (%)
k1 (mD) [Lower] 102.4 102.4 0.42 101.9 0.55 102.0 0.49
k2 (mD) [Upper] 297.4 297.4 0.23 298.1 0.30 297.9 0.26
Cross corr. 20,982 20,987 20,988
coeff.

Table 3.8: Regression of layer permeability with no skin effects using pressure only.

Regressing p only
Initial Guess: Initial Guess: Initial Guess:
10 mD 100 mD 1000 mD
Observed . Conf. . Conf. . Conf.
Mean Estimated (%) Estimated (%) Estimated (%)
k1 (mD) [Lower] 102.4 184.7 1.00 175.2 0.50 178.9 >100
k2 (mD) [Upper] 297.4 171.0 1.56 184.9 0.74 179.7 >100
(Cross corr. 10.998 10.994 10.999
coeff.

Table 3.9: Regression of layer skin value using temperature alone.

Regressing T only

Initial Guess: 30 Initial Guess: 0
Observed Estimated Conf. (%) Estimated Conf. (%)
s;[Lower] 5 8.98 8.11 0.38 >100
s2[Upper] 20 13.33 4.88 0.44 >100
Cross corr. coeff. -0.869 -0.691
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Table 3.10: Regression of layer skin value using both pressure and temperature

together.
Regressing p,T together
Initial Guess: 30 Initial Guess: 0
Observed Estimated Conf. (%) Estimated Conf. (%)
s;[Lower] 5 4.96 0.59 4.92 0.71
s2 [Upper] 20 19.63 0.40 19.73 0.48
Cross corr. coeff. -0.997 -0.997

Table 3.11: Regression of layer permeability and skin values using both pressure and
temperature together.

Observed  Estimated  Conf. (%) Bounds Initial guess

k; (mD) [Lower] 102.4 98.8 244 [1 to 10,000] 10,000
k> (mD) [Upper] 297.4 344.9 11.59 [1 to 10,000] 10,000
s; [Lower] 5 5.02 0.64 [0 to 30] 0
s2[Upper] 20 23.02 11.79 [0 to 30] 0

75 (m) 1.06 (Not regressed)
ki k2 S1 §2
Cross correlation ki 1 0.993 0.404 -0.989
coeffients k> 0.993 1 -0.374  0.999
1 0.404 -0.374 1 -0.393
Sz -0.989 0.999  -0.393 1

Temperature (K) Pressure (MPa)
3325 3.
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54 — N N " 54 7 L L L s
53 PLT 531 o initial cond.
529 ... observed 521 0 —e— observed - sf
514 51
504 regressed 50 4 [+] —o— regressed - sf
49 49 g —@— observed - wb
48 48 o regressed - wb
47 A a7 o
46 46 o
45 A 45 o
44 1 44 o
43 A 43 o
42 A 42 4 o
41 A 414 o
40 40 o
39 4 39 0
38 4 38 o
374 374 o
36 36 o
354 35 o
34 4 34 A o
334 33 o
324 32 0
314 31 o
304 30 o
=294 =291
E 2 E b4
£ 274 £ 271 o
$ 264 S 264 °
0 254 0 254 o
24 A 24 o
234 234 o
224 224 o
214 21 o
20 4 20 o
194 19 o
18 4 18 PY
17 A 17 o
16 16 o
154 15 A PS
14 14 A o
13 4 13 o
12 12 o
11 4 11 A o
104 104 ® .
94 9 o
81 . 81 <0
Ly | A 0
6. geo.grad. 6 °
51 —©— observed - sf 51 °
41 o regressed - sf 4 0
; : —@— observed - wb g o
14 regressed - wb 1 °
0 0 L
0 20 40 60 80 100 0 20 40 60 80 100

Percentage (%) Percentage (%)

Figure 3.37: Comparison of wellbore pressures and temperatures and inflow
production profile at the end of drawdown for Case 3.
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4. CONCLUSIONS

This study has presented a transient single-phase, non-isothermal model that simulates
the wellbore/reservoir system to resolve pressure, temperature, and rate changes within
the wellbore. The wellbore model is coupled with a cylindrical reservoir simulator at
the bottom of the well through the mass, momentum, and energy balance equations.
The wellbore model accurately simulates the wellbore effects during transient and
steady state production and shut-in periods. We have synthesized the prior knowledge
based on sandface temperature responses and investigated the information content of
wellbore temperature transients from the gauge depth where the actual measurements
are made. A new set of diagnostic plots for the temperature transients have been
presented. A semilog plot of the temperature difference and the logarithmic derivative
of temperature versus time is presented to provide a diagnostic tool for model
identification since both signals have the same unit and magnitude. Based on the
findings, following conclusions are drawn.

e During a well testing operation where the gauge recordings are obtained at a certain
distance above the producing horizon, the wellbore phenomena is indicated with a
hump in temperature derivative on the proposed diagnostic plots. For typical gauge
locations, after the wellbore transition period, reservoir response is observed
during drawdown. Buildup temperatures are mainly influenced by the wellbore
phenomena and heat losses to the surrounding formation at gauge location.

e During well test analysis, the drawdown pressure data are usually not considered
due to the well-known adverse characteristics, however, drawdown temperature
data could provide useful insight and help to understand the well/reservoir system
analyzed together with pressure buildup as shown in the history matching of the
field data.

e An effective well radius is needed for history matching due to the placement of
many tools in wellbore during a conventional well testing that would reduce the
fluid volume in the wellbore. This parameter is an unknown and estimated through

history matching.
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e Unlike the pressure transients, the temperature transients have a better resolution
in the near wellbore region.

e A hybrid transient data analysis is proposed here where the temperature transient
analysis (TTA) is coupled with PTA to provide a more reliable and robust
characterization of the near-wellbore properties. Through nonlinear regression, the
reservoir and skin-zone parameters can be estimated reliably even with some noise
in history matching pressure and temperature data together.

e With visualization features of the developed simulator discussed in the study,
applications to various reservoir models with different flow rate histories are
excellent educational experience for petroleum engineers to have a better insight
into how temperature transients move in a reservoir due to various parameters and
multiple observation points in homogeneous reservoirs as well as heterogeneous.

There are numerous conclusions and concerns stated under each comparison and

application cases. Some recommendations which may be used for more advanced

studies outlined below as:

e Thorough sensitivity studies on multi-layer systems by constructing 2-D (r-z)
coupled model indicates beneficial remarks on PLT data and well profile
outputs that are mostly influenced by input parameters, such as the layer
petrophysical properties and the layer thermal parameters on which rigorously
modeled representative PVT plays the most significant role by controling J-T
coefficient through the density variations. Several example of regression on
temperature and pressure from multi-layer systems are considered for
demonstrating the utility of the developed simulator. Due to high number of
parameters involved in multi-layer systems, a robust characterization on
thermal and rock properties are required to be able to achieve a realistic
regression on temperature profiles to compute inflow rates of individual layers.

e The simulator could be used for designing a PLT operation when the field
operation meets the limitation of the simulator such as single phase fluid flow
having vertical well equipped with a thorough fluid characterization (EOS).
Such design tests may provide a good source for:

o Cross-check PLT plots and validate the fluid contributions from layers

that are open to flow.
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o Indication of wrong estimations from PLT plots acquired in field
operations. There exist numerous reasons for the mechanical tool for
failure during field operations. The simulator may help to recover or
help to fix part of the field data. It is quite common that the spinner of
the field PLT tool may not operate properly at very low flow rates.
Also, the spinner may fail to calculate and construct PLT plots
accurately at very high flow rates.

o Al applications to predict PLT plots from available field data such as
pressure and temperature measurements by using the simulator results.
Although not mentioned in this study, an AI workflow is generated and
predictions are studied for validation of representative PLT data from
numerous syntetic wellbore temperature and pressure data. Further
study is highly recommended since there exists strong merit especially
on calculation of the ratio of individual layer contributions.

o Indication of unsolicited restriction to flow from the reservoir into the
wellbore caused by plugged perforations or completion failure. 2-D (7-
z) simulator can easily capture any kind of distortions over a vast period
of time. Throught sensitivity analysis is provided in this study
specifically focus on the parameters that affects wellbore temperatures.

Simulator may be improved further to obtain pressure solutions for three
dimensional problems by adding the flow in the theta () direction. In such
case, packer-probe and probe-probe IPTT tests would be modeled entirely.

Heterogeneity would be modeled in 7-z cylindrical reservoirs and investigate

the pressure propagations throughout the reservoir.
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APPENDIX A: Model Formulation 2-D (r-z) Reservoir

Mass Balance: 2-D (7-z) single-phase non-isothermal flow of slightly compressible
fluid (water or oil) is considered for the reservoir. The generalized continuity equation

for mass conservation in the porous media is given by:

d
S (o) + V- (pv) = 0 (A1)

where the terms from the left to right represent the mass-accumulation and convective
flux term respectively. There is no sink/source term used in derivations. The first term

in Equation A.1 considered as:

9 0 dp
S (P =po-+ - (A.2)

Using the chain rule for time derivative of density and porosity gives:

09 _ (3p, 9p T, o

Pat = p( 3t op, | ot aTr) (A-3)
dp _ (Opr Op 0T, dp
at ¢< 3t op, | ot aTT) (A4)

The effective isothermal compressibility coefficients for the rock and fluid are

represented respectively by:

10

Cm = — ¢ (A.5)
¢ dp,
1 dp

c=- A.6
p op, (A.6)

The effective isobaric thermal expansion coefficients for the rock and fluid are

represented respectively by:
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109 A7
ﬁm - ¢6TT ( . )
1dp
B = _;aTr (A.8)
The rearrangement of terms in Equation A.2 gives:
d(pod) 10¢0 JdT,. 10 dp,10 dT.1 0
pe N ¢ opr 01109 ,opelop 0T 10p (A9)
dt ¢ dp, Ot dat ¢ 0dT, dat p dp, dat p dT,
Cm —Bm c -B
The rearrangement of terms in above equation yields:
0 op, aT, op, aT,
e — T Fr o A.10
53¢ PP) = pdem— = = pPPm 5 -+ ppc— == pPS - (A.10)
We can finalize evaluating Equation A.2:
d ap, oT,
a(p(p) _p¢<(cm+c) ot _(ﬁm-l'ﬁ) at) (All)
Now we evaluate the second term in Equation A.1:
V-(pv) =v:-Vp+p(V-v) (A.12)

We start with the first term in Equation A.12. the gradient of density in 7-z system is

given by:
d 0
V'VpZV-<—ﬁ+—p) (A.13)

Using Equations A.5 through A.8, we can express Equation A.13 as:

1 dp dp, 1 dp 0T, 1 dp adp, 1 dp 0T,

pap, or TPoar ar Poap, 9z TP ot oz
c -B c -B
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v-ve=v pc<aair+aaljzr)_ (%?Jr?;) (A.15)
Vo, VT,
v-V=v- (pcVp, — pBVT,) (A.16)
The rearrangement of terms in Equation A.12 gives:
V- (pv) = plv- (cVp, — BVT,) + (V- V)] (A.17)
We evaluate the last term in the above equation as:
V-v=%%(rvr) +%(vz) (A.18)

The semi-empirical momentum equation of Darcy expresses vector of fluid velocity

as:
K
V=5 (Vo — pgVz) (A.19)

Where K is the diagonal permeability vector, which is given as below for a r-z

system:
K= [IBT I?z] (A.20)
and the gradient of z is a 2-dimensional vector given by:
%
vz =0 = [(1) (A21)
0z

The partial derivative of z with respect to radial coordinate is zero because we assume

a horizontal r-z reservoir system where v, and v; given in a horizontal -z system by:

ke,
u or

v, = (A.22)
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_kalpr K

= 2
v, = Loz T a (A.23)
Using Equations A.22 and A.23 in A.18 gives:
Voo 16( krapr) E)(k ,0pr Kk, )
V= rarryar dz\u 0z pg
10/ k.0 0 (k,0 d
L)) )
ror\ u or dz\u 0z d ,u
_ 16<krapr) 6<kapr) 6(2)
_rarryar dz\u 0z 6 U
The rearrangement of terms yields:
10 ( k,0p, d (k, dp, d (k,\ k, 0
veov= r6r<r U ar) az<u az)+g[paz<ﬂ>+ U 6z(p)]
_ _li< er apr)_i<ﬁapr) (A.25)
ror\ u or dz\u 0z
d (k,\ k, op, dT,
talogz () e (o 5%
Finally:
10/ k,0p, d (k, dp,
vt e
ror\ u or dz\u 0z
o (k,\ ky 0 aT, (A.20
zZ V4 pr T
+gp[az<u)+ U <C 0z B 62)]
If we rewrite Equation A.1 again:
apr T _ A7
po |(cm + ¢ 5t 5t + plv: (cVp, —BVT,) + (V-v)] =0 (A.27)

po [ +8) %] +pl(cv-Vp, —Bv-VT,) + (V-V)] =0 (A.28)

Diving each side with p gives:

] +(cv:-Vp, —Bv-VI,)+(V-v) =0 (A.29)

¢[(C e at
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Rewriting above equation with gradient of pressure and temperature gives:

®|m o]+l e = pgve) -,
(A.30)
—B [— g (Vp, — pgVz) - VTr] +(V-v)=0
Or
¢ [ m ot aaj;r]
+e|- g (%, - Vb, = pg(V2 - V)| (A31)

—B [—g(vm VT — pg(Vz - VTT))] + (V- v)} =0

Note that we will expand the dot products in the equation above by considering the 7-
z coordinate system as:

K kr apr ; kz apr ? kZ apr
K. _ _ ke ks . A32
p (Vp, - Vp, — pg(Vz - Vp,)) ( ar ) + ( 0z ) 9 ( 0z ) (A-32)

and

u or or u 0z 0z pgﬂ

K k.. 0p, 0T, k,0p, OT, k, (0T
o (T, VT = pg (V2 V1)) = TGS 4 L2 T~ pgf(FT) (A33)

Replacing vector of fluid velocity in Equation A.33 gives:

op, aT,
- [(Cm +¢) Fra (Bm T ]
6pr <6pr)2 Kk, <6pr)
0z Py u\oz
[k » 0Op, 0T, k dp, 0T, k, <6T )] (A34)
ar ar ,u dz 0z 0z

1 d ( k., apr) (k apr)
r u or az u 0z

~or [ )+ (T )] o
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Or

G

Pr
Jt

6TT]

dat

LS <6pr)2 LK <6pr)2 ke <6pr)
u \or u \oz Py u\oz

(A.35)
[kr dp, 0T, N k, dp, OT, ) k, <6Tr)]
u or or u 0z 0z pgﬂ 0z
10/ k.0 d (k,0 d (k
() %) - wa(5)-o
ror\ u or dz\u 0z dz\u
We define u.,. and u,, as below:
ky dp,
= —— A.
U, L ar (A.36)
k. dpr
=—-— A.
Uc, 0z (A.37)
And, update Equation A.35:
op, aT,
—¢ |(cm +C)¥— Br + B T
Ct Bt
opy apr
—¢ [uCr <W) + uCZ < a ) ngucz] (A.38)

+[ aT, aT, +2 k(éT)] 16( )
Blter 5 Fue, 5, 2097\, )| 757 Tler

G 8 (kp
—g(ucz) _HP£<7) =0

The fluid-saturated rock isothermal compressibility (c¢;) and thermal expansion (£)

terms may be simply defined as below:

C,=Cp+cC (A.39)
Bt =Pm + B (A.40)

Energy Balance: When we assume local thermal equilibrium between the solid matrix

and the fluid, we can consider thermal energy balance equation as:
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2 180U + (1= @)Ul +7- (UV) + V- (o) = V- AIT) =0 (AdD)

An alternative form of the thermal energy balance equation given by Equation A.41
can be obtained by expressing specific internal energy U in terms of specific enthalpy

H by using the thermo-dynamic relationship:
pU = pH —p, (A.42)

and using the standard assumption that specific internal energy of the solid matrix is

equal to its specific enthalpy,
Un=Hpy (A.43)

Using Equations A.42 and A.43 in A.41 gives:

0

a [¢(pH - pr) + (1 - ¢)pmHm] +V- [(PH T pr)v] +V- (prv)
(A.44)

—V-(\,VT,) =0

Performing algebra yields:

d d 9
5 (@PH) =52 (9pr) + o [(1 = @)pmHm] + V- (pHV) =V - (A VT) =0 (A45)

We evaluate mass balance equation for solid matrix as below with the assumption of

solid matrix’s being rigid so that it has zero velocity:

9 oH,, 9
57 (1= ®)pmHm] = (1 = $)pm— =+ Hn 5-[(1 = $)pw] (A.46)

0

And, update Equation A.44:

9 ? dH,, ~
3t (¢pH) — 3t (¢p) + (1 — P)pm 5 TV (pHV) =V - (A, VT,) =0 (A.47)

We can further express some terms in Equation A.47 as:

0 0 0H
3 (¢pH) = Ha (¢p) + ¢p ¥ (A.48)
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V-(pHV) = pv-VH + HV - (pv) (A.49)

And, we update Equations A.47 using A.48 and A.49:

9 0H] @ . oH,,
Ho (pp) + ¢p FralneT: (¢pr) + (1 — P)pm TS (A50)
+[pv:-VH + HV - (pv)] = V- (A,VT,) =0

By multiplying both sides of the continuity equation given by Equation A.1 by specific
enthalpy of the reservoir fluid leaving due to the production, /, and the rearranging of

terms gives:

d
H = (p#) = =HYV - (pV) (A51)

Using Equations A.51 in A.50:

oH,,

oOH1 0
—HV'(PV)+¢9E —E(‘ibpr)-l_(l_qb)me (A.52)

+[pv:-VH + HV - (pv)] = V- (A,VT,) =0
Further rearrangement of terms yields:
0H 0 0H
¢p o= (@) + (1= P)pm—7 =+ (pv-VH) = V- AVT) =0 (AS3)

Dividing both sides by ¢ gives:

Pat "

OH 170 1—¢)p,\0H,, 1
|5 ¢ pr)]+(( j)p ) 5+ (o V) e
)

1
~% V- @, VT,)] =0
We can express following thermodynamic relationships for solid matrix and the fluid

where we assume ¢, ¢,» and g7 independent of temperature and pressure:

J0H <6Tr 6pr)

=% \Gr "o

=5 (A.55)
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oH,, oT,

m o _ - A.56
ot  Pm ot (A.36)
And, update Equation A.54:
T, dp,\ 170 (1= @)pmep_\ 9T,
ver (Gt~ 3e) ~glac @0 + ( b o
(A.57)
1 1
+ a(pv ' VH) - a [V . (}\.thr)] =0
We can express the second term in the above equation as:
1710 1, 0p dp\ OJp 10d¢ dp, 1 0¢ 39T,
L2 ] = L (62 1, 20) e [ 10000 1207
¢ Lot [0} ot at ot ¢ dp, 0t ¢ OT, Ot
Tom a1 B9
dap aT,
=1+ prcm) a_tr — PrBm a_tr
And, update Equation A.57:
oT, dp dp aT,
pPCp <a_tr —gr a_tr) - (1 + prcm) a_tr + prﬁma_tr
(1= P)pmep \ 0T, 1 1 (A.59)
+< & >E+$(pV'VH)—$[V'(ltVTT)]
=0
Dividing both sides by pc, gives:
dT; ap, 1+ prcm\0pr | DrPm OT: (1- (l))Pmem dT;
(E_SITW)_ pc Jt * pc E-l_ ¢pc ot
: P ) P P (A.60)
+—(V-VH) — [V-(AVT)] =0
bep bpcy T

We evaluate gradient term in r-z system as below where we assume ¢, and &7

independent of temperature and pressure:
VH = c,(VT, — &,;Vp,) (A.61)

And then multiply by velocity:

123



v-VH =VH v = cp(VTr "V —grVp, -v) = cp(v VT —gqv: Vpr) (A.62)

Note that we will expand the dot products of velocity in the equation above by
considering the 7-z coordinate system as:

K
v Vpr = = (VP Vpr = pg(Vz - Vpy))
(A.63)
et gk
u \or u\oz Py u\oz
K
v-VT, = —;(Vpr - VT, — pg(Vz - VT,))
(A.64)
_ k,0p, 0T, k,0p, 0T, k, (E)Tr)
~ uor or u 0z 0z gy dz
So, we have:
V-VH =VH-v=c,(v: VT, — &V Vp,)
k, dp, 0T, k,0p, 0T, k, (0T,
o R ()
u or or u 0z 0z u \0z (A.65)
ol ) () o ()
Tl u\or u\oz P9 u\oz
And, update Equation A.60:
aT, -\ (1+Drcn\0Dr DB 0T, (L= P)pmcy T,
<_ - 8]’[' ) - + . + .
Jt Jt pPCy Jt pc, dt Ppc, Jt
k. 0p, OT, N k, dp, 0T, k, <6Tr)
1 u or or u 0z 0z P9 u \oz (A.66)
¢ kr (0r\* | ks (3p\* kK (Opy
u \or u \oz u \oz

~gc, V- @ VT,)] =0

In Equation A.41, A is a diagonal thermal conductivity of fluid-saturated rock tensor
given by:
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o[ 0
=0 1, (A.67)

We evaluate the gradient term in 7-z system as below:

10 TN 8/ oT,
V- (,97) =~ (mtr W) +— (Atz E) (A.68)

Then we update Equation A.66:

aTr apr 1+ Prlm apr prﬁm aTr (1 - ¢)Pmcpm aTr
(L, ) Pebn 0T L
Jt Jt pPCy Jt pc, dt Ppc, Jt

1 {kr 0p; 0T, | k; 0p, OT; k, (aTT)

¢
o[ () () o)
Tl u\or u\oz pgﬂ VA

1 [1 d ( 1 aTr)_I_ d (A aTT)
¢ppcy Lr or "t gy 9z\"tz 0z

Rearrangement of terms in Equation A.66 using Equations A.36 and A.37 and also

u or or u 0z 0z

(A.69)

defining isentropic thermal expansion coefficient (¢ ) as:

(1 - ¢)pmcpm prﬁm aTr 1 PrCm apr
1+ + —|&grt +
¢pcp PCp at JIJ/ pCp ot
%)
1 { <6Tr) <6TT) k, <6Tr)
¢ Yer (gr )~ Yez\Tg7) — P9I u\oz (A.70)

d 0
—§r |~ Uc ﬁ — U ﬁ + pguc
] ™\ 9r z\ 9z z

N 1 [1 d < 1 aTr)+ 0 </1 aTr)]
ppcy Lr or "t gy 9z\"*z 9z

Or multiplying both sides by porosity
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(1 - ¢)pmcpm ¢prﬁm aTr apr PrCm apr
¢+ + o Pt
PCyp pPCy t Jt pc, ) Ot

e, (55) v (57) 002 (3)
‘r\ or ‘z\ 0z pg’u 0z

= (A.71)
op, dpr
—Er [TUer (G ) T ez \ G, ) TP U,
N 1 [1 0 < a aTr)_I_ d <A aTr)]
pc, Lr ar "t gy 0z\"'z 9z
Now we define the volumetric heat capacity of the fluid-saturated rock as:
(pcp), = dpcy + (L= P)pmey (A.72)
And also, we define thermal conductivity of the fluid-saturated rock as:
A=A+ (11— )y, (A.73)
If we multiply both sides in Equation B.71 by the term described as:
5= o A74
(pcp), + ¢PrBm (&.74)
Equation A.71 becomes:
aT; PrCm| 0Dy
Jt pc, | Ot
B oT, oT, k, (0T,
= st (5 ) =5 (55 ) ~ 509734 ()
(A.75)

op. dp
e [“Cr (a—f) e, (a—Z) - Pg”%]

N c [1 0 < 1 aTr)+ d </1 6TT)]
pc, Lr ar "t gy 9z\"tz 9z

Note that Equation A.75 is still a nonlinear PDE as 4, &r, p, ¢ left-hand side as well

as ¢p, ¢ in the right hand side are dependent on pressure and temperature.

The coefficient of isentropic expansion of the fluid (¢ ) is related to the J-T coefficient

of the fluid by the following relationship:
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1
p=&r+_—— (A.76)

PCp
When pressure is reduced, the fluid expands. Expansion of the fluid creates a change
in temperature as it is indicated by the second and sixth terms of Equation A.75 in
which the second term represents the isentropic expansion and the fifth term represents
the J-T expansion. In fact, both terms represent the effect of isentropic expansion on
temperature, however, the adiabatic expansion could either be reversible or irreversible
in a thermodynamic sense. By definition, an isentropic process is adiabatic and
reversible. On the other hand, the J-T expansion is adiabatic and irreversible. This is
also observed through the thermodynamic definition of the coefficients (Equations
A.77 and A.78) that multiply the pressure derivative terms. That is the fundamental
difference between these expansion terms. The J-T coefficient multiplies the spatial
derivative of pressure since the throttling process occurs along the spatial dimension.
The thermodynamic relation between the isentropic expansion coefficient and J-T
coefficient (Equation A.8) should not be interpreted as a J-T effect since these terms

multiply the time derivative (Timmerhaus and Flynn, 1989; Flynn, 2004).

oT
. <%)s (A.77)
£ = (Z_; )H (A.78)

When enthalpy is considered as a function of pressure and temperature H(p,T), this

suggests that the total differential dH can be expressed as:

dH = oH d oH dT
‘(%) T’*(ﬁ)p (A.79)

T

Note that:

(g—g) V(1 —-TB)

, (A.80)
<g_’; ) ¢, (A.81)
p
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J-T coefficient can be acquired as in Equation A.82 by substituting Equations A.80
and A.81 in Equation A.79:

T -1

pys (A.82)

5T:K(T,3_1):
] ¢y

Furthermore, when we consider entropy as a function of pressure and temperature
S(p,T), this suggests that the total differential dS can be expressed and must be equal

to zero:

ds = 05 d 05 dT
‘%ﬁ P*%ﬁp (A.83)

T

Following thermodynamic relations apply:

(65) _ <6V) _ MY
op), = \ar), =7VF (A84)
as Cp
(ﬁ)p =7 (A.85)
Using Equations A.84 and A.85 in A.83 gives Equation A.86 as:
av
T -
(a_T) _ (aT)P _IvB (A.86)
op/ Cp Cp
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APPENDIX B: Discretization of 2-D (r-z) Reservoir Equations

Mathematical model and governing equations to solve the two-dimensional flow of
slightly compressible fluid flow in porous media are derived in the previous section.
Block-centered grid system used contains properties of reservoir, which are assigned
to each grid block. In order to set up the grid blocks in radial coordinates for two-
dimensional study in the » and z directions, we define &V, to denote the number of grid
blocks in the r-direction and N, to denote the number of grid blocks in the z-direction
within the reservoir domain. As we consider two-dimensional »-z flow, only one grid
block having 360° in € direction is considered. Simulator always uses a “block centered
grid” with the grid points in the r-direction geometrically spaced whereas in the z-
direction user defined spaced. If not specified, as default, simulator uses equally
spaced grid blocks in z-direction, which may not be realistic in some cases where the
well is not fully penetrated. For the problem considered in this work the top and bottom
boundaries and the outer boundary are no flow (Neumann type). A general view of the

grids used is shown in Figure 3.1.

The coordinate system can be defined with i and j “dummy” index, where the 7 index
defines the coordinate in the r-direction whereas the index j defines the coordinate in
the z-direction. Coordinate axes for block-centered grid with defining dummy index
are shown also in Figure 3.1. The reservoir pressure and temperature defined at grid
points of the form (7;,z;) and the subrectangles represent grid blocks. Note that 7y is
equal to the wellbore radius r, and rn-+4 is equal to the reservoir drainage radius 7.
whereas z4 is equal to zero which represents the bottom boundary and zn,-+4 is equal
to the reservoir thickness /,.;. The z-grid points are specified by first defining the block
heights, Az;, j=1,2,...,N,-. Thus, taking the top boundary definition as z,,=0 when the
first gridblock in z-direction is considered as j=1, the z-direction block boundaries z;+

, for j=1,2,...,N,- are defined by:

Z. :Z._1+AZ]' (Bl)

1
*2 I1=3

The grid points z; , for j=1,2,...,N,- are then defined by:
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>

J (B2)
> .

Given that the terminology block centered grid is used, it may be noted that z; is the
center of each grid block at the vertical direction and can also be expressed as the

halfway between:

Z, 1
Jt3

N

+z 1
I~ (B.3)
2

Mass Balance: Recalling Equation B.38 with taking into consideration of derivatives

in both side of the equation at any grid block points (7;, z;) for the finite difference

formulation and multiply each side by control volume defined as ¢, = wAz; (r,z 1=

riz_l) gives:

2
apr aTT n+1
~a|$a Gy~ 98]
[ opr k.1 (Opr
-c, _cucr (W) +c [uCZ + 2pg I] ( Ep )] '

l
10 / k,Op, 0 (k,0p, 0
6 _——(r— )+ <I az)_ 0z

(B.4)

— T k,1 (9T,
ao[Bue, (57) + 8[ue, + 2007 (5

7
n+
Lj

0z

1

< & )]n+1 _ 0
M i, ]

Each term is evaluated separately here. Therefore, the conduction term can be defined

by central difference formulation due to second order derivative:

10/ k,0p,\ @ rk,0p, d kT
Pl ram ) —en ()l -
ror\ u or dz\u 0z dz\u i

1 [ <kr apr)n‘}'l <kr apr)n‘l-l
— r' — _r' —
T; _ l+% U or i+%,j l—% U or i—%,j (BS)
+ _<Eapr)n+1 B <&apr‘)n+1 _gp <&)Tl+1 +gp <&)Tl+1 ]
[\ 0z ity M 0z Li—g H7 s R
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Consequently, derivation of 0p,/Or and Op,/0z, in above equations can be evaluated

with upwind and downwind finite difference formulation at the boundaries as:

n+1 n+1 n+1

0 Drt = Dy
() -2t

l+§,] i+1 i

apr ntl _ pr:l]-l-l - pr?_+11'j

Jr /. 1. - r—1 (B7)
l—i,] i -1

6pr ntl _ pr?;fl - pr?jl

0z /... 1 - 7. — 7. (B8)
l,]+§ j+1 'J

6pr ntl r pr:l]-l-l i pr:fj_ll

0z oz —z; (B.9)
L= ) j—1

Convective terms can be defined by either upwind or downwind scheme formulation
depending on the direction of the flow in each iteration at any time steps. It is important

to note that, one must check the direction of the flow to take a representative derivative

n+1

for convective term. If p,.| i = pr?jfl then we use upwind scheme in the r-direction

shown as below:

o, ()] = [ (%) (22

n+1

Lj

1 +1 +1, 2 (B.10)
n n
_ <E)n+ (pri+1,j - pri'j >
u ij Tiy1 — 1
e (G, -GG
Yer or ij L ow\or/\or L
(B.11)

n+1 n+l __ n+1 n+l _ p n+l
_ <kr) (pri+1,j Pri; ) Triva; = Tri
H Tiv1 — T Tiv1 — T

ij
If pr?fllj < pr?;.“l, then we switch convective term to downwind scheme shown as

below:

131



o (] -GG
Yer ar ij L ow\or/\or i

(B.12)
2
__ (E)”H (Pr?7 - Pr?—+11,1>
u ij T, —Ti-1
G -GG
Uer \ oy ij L ow\or/\or L B
B.

n+1 n+1l __ n+1 n+l _ p n+l
_ <kr) (pri,j pri—Lj) Trij” ~Tricy
H i = Tiq i =T

Lj

Similarly, for z-direction, if pr;f]t}l > prz;.rl then we use upwind scheme shown as
below:
e G, =5 GG
‘Z\dz /1 pu\oz/)\oz/l
(B.14)
2
__ (&)”H (Pr?7+11 ~Prij 1)
U ij Zit1 — Zj
e G, =G
‘z\az/l;; pu\oz/)\oz/l
(B.15)

n+1 n+1 __ n+1 n+l _ pn+l
_ <kz) (pri,jﬂ Pr; ) Trijer — Tri
U Zi+1 — Zi Zit+1 — %

iJ

+

Similarly, for z-direction, if pr?]t}l <pri; ! then we use downwind scheme shown

as below:
e ()] =) ()
‘Z\dz /1 p\oz)\oz/l

n+1 n+1 __ n+1
_ <kr) (pri,j pri’j_1>
U ij Zi —Zjq

n+1

(B.16)

2
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',j l,]

n+1 n+l _
_ <kz) (pri,j pri,j—1> rij " Irij
U Zi = Zj— Zi —Zj—q

ij

(B.17)

Using this definition for any time steps, we wish to consider the backward difference

in time derivative, and then finalize differencing the equation as below;

+1 n+1 n
Y (prgj _przj> edp (Tri,j - Trl”j> g <&)n+1 ~ <&)n+1 ] ~
vPC |\ — vPPt| — =
At At U i,j% U i,j_%
+1 +1 +1 +1
—C,CU pr?ﬂ’j _ pr?j —C,C [u + 2pg E] pr?jﬂ - pT'Zj
vooer Tiv1— 1 v - u Zj+1 —
+1 +1 n+1 n+1
+c,fu Tr?ﬂ’j _ Tr?j +c,B [u + 2 E] Fijen = Trij
veer Tit1 — T v ez T 2RI 1z Zj+1 = %

- -

+2nAz; —H% <E) (P ml-p n+1)

P Al 4
g _(ri+1 - ri)_ U i+%,j L y

r.1
i-; | (k
+2nAz; |——2 <_) el ns1
T Z] _(Tl _ri_l)_ M i_%,j (prl'] prl_ll])

Prijs1 = Prij

7T<7’.2 =1’ 1) k

+— —_—

2 72 <Z ( n+1 n+1)
s 1

H Lj+5

T (7’.2 1 T’.Z 1)
43 i3 (k_) (2 = p2n)
1

—_ (Z] — Zj_l) 1 pri'j - pTi,j_l

ij-5

(B.18)

Transmissibility terms in 7-direction at a grid block, (7;, z;)'s boundaries can be

defined as:
"1 k
n+l1 __ . 2 or
¢ 1= 2mAz; [—(n = n_l)] (M )i_%,j (B.19)
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r.1

n+l _ 32 kr)
Civgy = 214 [(nﬂ r)]<

l+]

(B.20)

Transmissibility terms in z-direction at a grid block, (7;, z;)'s boundaries can be

defined as:

T (7‘.2 1 7‘.2 1)
(n+1 _ i+3 ) <kz)
. 1 — -

Li=3 (2 = 2-1)

ey
i ﬂ(rﬂ% ri—%) (k_)

i+ (241~ 7)

(B.21)

(B.22)

where convective term defined respectively in r-direction and z-direction at a grid

block, (7, zj)'s center as:

c n+1
n+1 _ v
wrl] - < S T‘-) (uCr)U
i

n+1

c k

n+l _ v Z
= | ——— +2 —)
“zi) (Zj+1 - Zj) (ucz P, j

The gravity term on the right-hand side of the equation also defined as:

k n+1 k n+1
n+1 (FZ)U‘H ) (FZ)U

=9gp

Zj+1 7%

Furthermore, the volumetric term at a grid block, (7, z;) is defined as:

Tl+1 — ¢Ct

c
er,l;rl = A_lquﬁt
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Thus, using the preceding definitions of transmissibility and volumetric terms,

Equation B.18 can be rewritten for i=2,...,N,-1 and j=2,...,N,--1:

n+1 n+1 __ n \_ pn+l n+1 __ n n+1
ij (pri,j pri,j) Rij (Tri,j Tri,j) T ¥,
— n+1 n+1 __ n+1
= Ty, (pri+1,j Pri; )

— n+1 n+l _ ., n+l n+1 n+l _ g n+l
Clz; ; (pri,j+1 Prij )+f8wri,j (TTi+1,j Tri,j)

n+1 n+1 n+1 n+1 n+1 __ n+1
+Baw.y; (Tri.j+1 Trij )+(i+%,j(pri+1,j pri,j)

(B.28)

_ on+ n+l _ g n+l ) 4 n+1( n+l n+1)
Zi—%,j (pri'j pri—l,j) ci,j+% pri,j+1 pri'j

_ gn+l n+1 _ ., n+i
Zi, -3 (pri,j pri,j—l)
It is important to note that transmissibility terms in r-direction, i=N, as well as in z-
direction, when j=1 and j=N,. are all set to zero in order to incorporate a no flow outer
as well as top and bottom pressure boundary condition. For coupling purposes, the

inner boundary condition (when i=1) is given in Equation 2.1.

apr n+1 ~ pr;ljl _ail pw;l+1 apr n+1 B
or/;_1. T ’ or , =0 (B-29)
i=%J 1 NT+§’]
apr n+1 apr n+1
< 0z )i% =0 < 0z )LNW% =0 (B.30)

Thus, all corresponding transmissibility terms for pressure yields:

1 _ 1 —
=0 Q=0 (B31)

1 _ 1 —
1 =0 S i1 =0 (B.32)

2

Thus, convective terms for pressure are also set to zero where the direction of the

flow hits the boundaries:

Wit =0 Wty = (B.33)
Wiy =0 Dy = (B.34)

135



Recalling the outer boundary condition for temperature, when i=N,, TTZ:iLj =T

and it is a known term thus goes to right hand side of the equation.

cTL+1

2 h[ e l(k)
, =2mh|——|(—= B.35
Nrt2) (e —mv, )]\ Nitg,j (8:33)

It is also important to note that when i=N,, the convective term for temperature is

defined as a known parameter and goes to right hand side of the equation as:

C +1
Wittt = (—") (ue,)" (B.36)

T, — Ty, Ny.j

. ... . +1 __
Recalling the outer boundary conditions for temperature, when j=1, TTZO =T, ,and

when j=N,- , Tr?jviz .1 = Tg" and as known terms go to right hand side of the equation.
T (7’.2 LT 1)
ni1_|_\"2 "2 (k_) (B.37)
L2 Zq u i,%
T (7‘.2 1 7‘.2 1>
i | N2 ("_ (B.38)
LNrzt5 hres —Zn,, u i.er+1

2

it is also important to note that when j=N,., the convective term for temperature is

defined as a known parameter and goes to right hand side of the equation as:

n+1 Cv kZ e
Wzin, =\ 7T —o (uCZ + 2pg —) (B.39)

hres - Zer i,Nyy

Recalling Equation B.28, we can finalize the mass balance equation by putting

unknown terms one side and pressure terms to the other side as:
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(=i ety + (REF)T Y + i =

2 72 =2J

_nn+1 _n+1 n+1 _ynt+1 n+1 | _ yn+l
l Qi +< Sty Teori >+( $jel T ez ) $i1

_ on+1 n+1 n+l _ n+1l _ n+1 n+1
Zi’j_%l Pri; - + (RL.J ﬁw’"i.] ’BwZiJ )Tri'j (B.40)

+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1
+( Y — cw, M n+l 4 n+l 4 — cw,™ ks
(sl j rij | Privy (i—%, j ) Pri-i; Ci, j+s zij | Prij+1

2

n+1 n+1 n+1 n+1 n+1 n+1
+ (Z )pri,j—l + ('Bwri,j )TTi+1,j + (waZi,j )Tri,j+1

.01
l,]—E

Energy Balance: Recalling Equation A.75 with taking into consideration of derivatives
in both side of the equation at any grid block points (7;, z;) for the finite difference

formulation and multiply each side by control volume yields:

aT\"™*! prem (0P|
CU(Gt)i,j F c¢ (p+pcp <6t) B

l’.]
i T\ k,\ (0T A\
T z T
e (-l (2]
(B.41)

_ apr n+1 kz apr n+1
+Cy CETUc <_)] + ¢y [CS]T <uc +pg _) < )]

| "\ dr ij z U 0z ij

n+1

N _g 16(/1 6Tr)+6</1 aTr)
€ pc, \ 1 or "t ar ) T 9z \Mz2 gy

Each term is evaluated separately here. Therefore, the conduction term can be defined

i,j

by central difference formulation:
n+1 n+1 n+1

[1 0 ( 1 aTr)_I_ d (/1 6TT)] _ (A aTT) (/1 aTr)
r or r tr ar 0z tz 0z ij - tz dz i,j+% tz 0z i,j—l

2 (B42)
aT n+1 aT n+1
T T
Tisd (’1” or )H%,j = (Atr ar). 1 ]

l—i,j

1
+_
L4}

Consequently, derivation of Op/Or and Op/0z in Equation A.68 should be evaluated

with central finite difference formulation. Convective terms can be defined by either
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upwind or downwind scheme formulation depending on the direction of the flow in
each iteration at any time step. One must check the direction of the flow to take a
representative derivative for convective term as explained for mass balance equation.
Using this definition for any time steps, we wish to consider the backward difference

in time derivative, and then finalize differencing the equation as below:

+1
(ETE
v At 'UC (p

1 1
pr:l;- Cm pr:l;- — Pr ZJ' .
PCp At

Q

+1 +1
e vy ~ iy ) _ + o0k
vCUc, Tioy — T CyS\Uc, T P 1

n+1 n+1
TTi,j+1 Tri,j >

Zj+1 7%
n+1 n+1 n+1 n+1
Priv1j — Prij k,\ (Prij+1 ~ Prij
n % J )4 + ol J J
Cvcngucr _ CvCET ucz ) _
Tiv1 =T U Zjy1 — Zj
T‘,+1 1 ¢ n+1
i+=
2 n+1 n+1
MR ] P iyl (Tri+1,j Iri, )
(rl+1 rl) ,DCp ij 2/
r. 1 ¢ n+1
i—=
2 n+1 n+1
—2mAz; £y, 1 (TTU Tri—lj)
2 2
n <Ti+l - 1) ¢ n+1
2 2 n+1 n+1
(Zj+1 _Zj) PCp ij It

¢

n+1
A
tz; ;1
pCP)ij Li—3

VA (T'_z 1— r'z 1)
l+§ l_i T n+1 _ T n+1
(z—z_,) Tij Tij-1
] j—1

(B.43)

Using the definition of a in Coats gridding in the radial direction described in
previous section, transmissibility terms in 7-direction at a grid block, (7;, z)'s
boundaries can be defined as:

; C n+1
2nAz; ( 2 ) ( ) Ae,. 1
i —Ti—1) \PCp /. . t=gJ

n+1l __
i-1j
2

(B.44)
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- - TH% ¢ n+1/1 .
f”%'j - Tiv1 — 1/ \PCp tr”%'j (B.43)

iL,j

It is important to note that transmissibility term for conduction in 7-direction as given
in Equation B.44, when i=1, is the representative section of the wellbore adjacent to
the formation and inner boundary condition for temperature should be applied from

given Equation 2.3 in terms of overall heat transfer coefficient:

n+1
&y = 2mAzm, U, (L> (B.46)

Transmissibility terms in z-direction at a grid block, (7;, z)'s boundaries can be

T (riz-l—l — Ti2_1> ¢ n+1
gy = 22 ( ) Ay . 1 (B.47)
L=y (Zj — Zj_l) pcy). . )

defined as:

n (7'.2 1 7'.2 1> n+1
S;—Tl+1 — l+§ l_E ( C )
PCp

A B.48
Lj"'% (Zj+1 _Z]) C tzi;j"'l ( )

ij

where convective term defined respectively in r-direction and z-direction at a grid

block, (7, zj)'s center as:

n+1 _ (&S n+1
er-,j B <7’i+1 - n-) (ucr)i.j (B.49)
c C kZ n+1
6,1 = (L> (u + —) B.50
21 ] Zon —z,) ez PI, . (B.50)

Furthermore, and also rewrite the volumetric term at a grid block, (7;, zj) is defined

as:

n+l _

= (B.51)
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Thus, using the preceding definitions of transmissibility and volumetric terms,

Equation B.43 can be rewritten for i=2,...,N,--1 and i=2,...,N,--1:

n+1 n+l _pn \_ pntl n+l n+l _ ., n
Vi,j (Tri'j Tri’j) Vl,] QL,] (pri,j pri,j)

— _g.n*1 (T n+l n+1) _g.n+1 (T n+l n+1)

Ti,j Ti+1,j Ti,j zij Tij+1 rij

n+1 n+1 n+1
+5]T6ri’j (pri+1,j_p7"i,j )

n+1 n+l1 _ ., n+1l n+1 n+l1 _ pon+l (B52)
+ S]ngi,j (prl"j+1 pri'j ) + €i+%,j (TTi+1,j Tri,j )

— fln:r%l] (T n+l _ o n+l ) + gty (T ntl _ n+1)

Ti,j ri-1,j i,j+§ ri,j+1 ri,j

ij—L i Tij-1

_ f'n+1; (T n+1l __ T. n+1 )
n+1

Recalling the outer boundary condition for temperature, when i=N,, Ty " ;j = T¢*

Tn+1 n+1

and when j=1, Tj;"" = T;* and when j=N.-, T{y ., = T¢', as known terms go to

right hand side of the equation and recalculated as respectively:

1 n+1
n+1 Te ¢
= 2mAz; A ) B.53
ENr+%,j ’ [(re — 1y )] (pc,,)NT,j Er Nyt (B-53)
A (riz—i-l — Ti2_1> ¢ n+1
= 2 2 ( ) Aey 1 (B.54)
iz z Pyl Fia
T (riz-l-l - T'i2_1> ¢ n+1
gl 2 7 ( ) o, (B.55)
l,er+% (hres —_ ZNTz) p P LNy tZL,NrZ+E

Recalling the boundary conditions, it is important to note that when i=N;, in order to
incorporate a no flow outer boundary condition, the convective term for pressure is

also set to zero if the direction of flow requires upwind scheme:

ergf;;:z =0 (B.56)
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whereas the convective term for temperature is defined as a known parameter and

goes to right hand side of the equation:

+1 __ CUC n+1
Oy, = (— ) (ue,), (B.57)

Recalling the boundary conditions, it is important to note that when j=N-, in order to
incorporate a no flow bottom boundary condition, the convective term for pressure is

also set to zero if the direction of flow requires upwind scheme:

n+1 0

Ozin,, = (B.58)

Whereas the convective term for temperature is defined as a known parameter and

goes to right hand side of the equation:

c k n+1
Oziny, = (—h = )(ucz +pg —Z) (B.59)

F Zer i,Nyz

Recalling Equation B.52, we can finalize the energy balance equation by putting

unknown terms one side and pressure terms to the other side as:

1 n+1 n+1 n+1 n+1 n+1 n+1
_V'n'+1 + 0 n+ 2] _
l LJ Tij fi+%,j Zij Ei,j+1 TU

2
Zi,j ri,j Ti+1,j
+1 +1 +1 +1 +1 +1 +1 (B.60)
n n n n n n n
( Oy 5 )Tr”“ ¥ (Ei‘w) fricu (Eid‘z> Trijs
n+1 +1 n+1 +1
+ (£]T97"i,j )pr?+1] + (S]THZ”. )pT:l]+1

:( Vn+1) (Vn+1gg]jl—1)prgj

+ (ViZ'-I-lQ:lfl €1T9 n+1 &‘JTH n+1) prl n+1 + ( 2 n+1 + €n+1 )T n+1

Here, we evaluate all transmissibility terms in 7-direction and z-direction. We use the
harmonic averages for the permeability. Therefore, permeability in r-direction for all

layers can be derived as:
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r.
(kr)i,j(kr)i+1,jln( l,j:l)

(kr)n%,j - - Tl (B.61)
(k)i jln rl+11 + (kp)ispjln (T2>
L

whereas permeability in z-direction for all grids in the r-direction can be derived as:

l+E

k) 1= (ki (k)ij+1(82; + Azjyq)

_ (B.62)
Litg (k)i Az + (k)i j4+147;

viscosity and thermal conductivity terms need to be evaluated by using a simple

averaging consequently as:

n+1 n+1 n+1 + 'un+1

e Hiviy + Wij = Hij THi-1j (B.63)
1. = ) 1. )
i+5,] 2 i=5.J 2
n+1 n+1 n+1 n+1
un = Hijr1 T Hij umy = Kij tHj1 (B.64)
ij+ 2 * i 2
n+1 n+1 y) n+1 n+1
At n+11 _ tTi+1,j tTL"j /1t TL+11 — trl j tTi_llj (B.65)
; ) . .
Tits] 2 Ti=3] 2
n+1 n+1 1 n+1 n+1
n+1 _  Zij+1r o Ttz n+1 _ ‘Zij t7ij-1 (B.66)
t2ij4g 2 " Maijg 2

A skin factor is incorporated into the finite difference model by the use of the thick
skin concept as given in Equation 2.6 in which a skin region is presented as a zone of
altered permeability adjacent to the producing interval. The horizontal permeability of
the skin zone, ks is defined by specifying the radius of the skin region, 7y, the skin
factor, s, and the vertical permeability in the skin region k. is assigned by requiring

that:

== (B.67)
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APPENDIX C: Model Formulation 1-D (r-z) Wellbore

Mass, momentum, and energy balance equations are used to generate the constitutive
equations for a control volume with the surface area 4, and cross-sectional area A4,
within the wellbore. The basis of methodology followed here is to derive equations in
the (7-z) wellbore system so that the wellbore gridblock that is adjacent to the reservoir
may contain terms in the radial direction for coupling purposes. Other than that, single

phase fluid flow in the wellbore occurs only in the axial direction.

Mass Balance: The generalized continuity equation for mass conservation for a
differential depth of the well in a pipe, in terms of wellbore fluid density p, velocity in

the axial direction v, and velocity in the radial direction u is written as:

dp 19(pru)  9(pv)
o r o T ez

0 (C.1)

If we express derivatives in the second and in the third term as below:

ap 1 ap a(ru) ap vy
—+;lru<5)+p7 +[£U+p&]—0 (C.2)

The third derivative term can be expressed as:

d(ru) or ou

- et C.3
ar 6ru+r6r (€3)

Using Equation C.3 in C.2 yields:

dp ap N u+6u N dap N v —0 c4
ac Tlart p(r 67‘) <az” paz)_ €4

Using the equation introduced in the previous mass balance derivations gives:
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opw aT,, opw aT,, u Jdu
PCoe ~P F] * [(PC?‘PﬁW)“P(ﬁa)]
0pw aT,, dv
e T -8 ) v 4o =0

Dividing both sides by pc yields:

(C.5)

[6pw B aTw] s [<apw B E)Tw) L] <u \ au)]

ot c Ot ar c or c\r ' or

op, PBOT,\ 1 6:7 (€-6)
[ 25+ 150

dz c 0z c 0z

If we express in terms of volumetric rates given as v=¢./4,, and u=q,/A, :

r or

)

at ¢ ot ar cor/A, Ac

+[<%_E‘ﬂ)q_w+iaﬂ]
dz ¢ 0z /A, A,c 0z

(C.7)

Rearranging Equation C.7 yields:
Wy B0y (o () (0T 1 (90
adt ¢ ot A, \ 0z cA, \ 0z A,c\ 0z

G- e G+ G G ) =0
F\Or cA,.\or A.c/J\or r

The volumetric rate at the well in the radial direction (g, at ¥=r,) appears only at the

(C.8)

face of bottom-most wellbore gridblocks that are adjacent to the first reservoir
gridblocks, and is calculated by Darcy’s Law given in Equation 2.4. This may also be
called as the bottomhole flow rate from reservoir into the wellbore at corresponding
depth and should be used in the mass, momentum and energy balance equations with
a negative sign because the volumetric rate leaving the system g;. is defined positive
for a producing well at the top of the wellbore. Hence, the last term in the squared
brackets does not appear (q-=0) for the wellbore gridblocks that are neither

unperforated nor not adjacent to the reservoir.

Energy Balance: The transient thermal energy equation is given in a general form by

Bird et al. (1960) in terms of internal energy:
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D(pUv) (0 .
e = —w(V-v) + V- (AVT,) + (7: Vv) (C.9)

The work done by viscous dissipation given as last term in the right-hand side is
replaced by the term that corresponds to friction heat dissipated due to viscous shear.
The second term in the right-hand side of Equation C.9 is the diagonal thermal
conductivity tensor which models the conduction phenomena in the wellbore. When
the wellbore is in thermal equilibrium with the formation, the thermal energy balance
equation for the (-z) system in a conservative form where velocity components are

included in the derivatives is given by:

(a(pU)+6(pUu)+6(va)>

ot or 9z
(C.10)

d(pyu) O(pyv) fv2lvl

_—< = | + V- (VT,) + p—

Expressing specific internal energy U in terms of specific enthalpy H by using the
thermodynamic relationship of pU=pH-p., and rearranging, the final alternative form

of the thermal energy balance equation can be obtained as:

a(pH B pw) a(pH B pw) du apw du
S (T et =m0+ (w g )
(C.11)
a(pH B pw) dv Opw dv
+(UT+ (pH —pw)g + <U¥+pwg) -V (}\.VTW) =0
In terms of volumetric rates, it becomes:
9(pH —pw)  (ar 9(pH —pw)  (pH —pw) <6qr)
Jt A, ar A, or
(e ety
r r
" " (C.12)
n Cl_wa(PH - pw) n (pH - pw) aqw
A, 0z A, 0z

CH I

Eaz Eaz)—V(lVTW)ZO

The sum of some terms shown below is equal to zero as:

145



d(pH) dpy {(qr 0(pH) _ ar 9w , (PH) 34 _ D 6qr>

at ot A, or A or A or A, or

(&aﬂ+1°_waqr)}

A or A 0
ror A or (C.13)

9w 0(pH) _ aw 9w | (pH) 0y
A, 0z A, 0z A, 0z
~V-(AVT,) =0
_PwOw  GwOPw  Pw 0w (V)
A, 0z A, 0z A, 0z

Rearrangement of terms gives:

0pH) _9pw  [(a-0(pH) (pH)04r\) . (4w I(pH)  (pH)0qy
Jt Jt A, Or A, Or A, 0z A, 0z (C.14)

—V-(AVT,) =0

If we express remaining derivatives, it becomes:

dp =~ O0H] Opy qr (,,0p = OH\ (pH)dq,
[HE+PE]‘W+{(/TT(HW+PM)+ 4, or

(C.15)

Qw (..0p aH) (pH) 0q,,
+i—(H—+p—)+———-V-(AVT,) =0
{AW (H 0z p 0z A, 0z (AVT)

Rearrangement of terms yields due to conservation of mass:

? ? 1 10 2 10 oH
p[qrp+<qr+ qr)]+qw_p+ ﬂ] o2

Mot laortP\va Y2 )| Tla,3:7Pa, oz
=0

dpw , (4r OH qw OH
ot * (Arp ar) * (Awp az) V- (V1)

(C.16)

Further rearrangement of terms yields:

0H _dpy | L%(pa_H)] N [q_w<pz_5)] —V-(AVT,) =0 (C.17)

Pat ~ ot or/l ™ 14,

r
Dividing each side by p gives:

o 5ot G G- G)ram=o e

w
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We define some thermodynamic relations where we assume ¢, and ¢r independent of

pressure and temperature as:

O0H aT,, 0pw
i - C.19
F < F AT ) (C19)
O0H aT,, 0pw
i - C.20
ar P < or T ar) (€20
O0H aT,, 0pw
i - C.21
9z P < 0z " oz ) (€2D
Using Equations C.19 through C.21 in C.18 gives:
o (e )2 o (%)
P\ot Toat) poat 4, P\ar T or
a7 5 " (C.22)
Aw w Pw _
* LXW ‘0 ( 9z I 4z )] (p) VA1) =0
Dividing each side by ¢, gives:
ot T oat) pc, ot 4 \ar T or
(C.23)

qw (0T apw)] 1 _
+[Aw<az T 5, c,)” (AVT,) =0

Rearrangement of the terms and also using isentropic expansion coefficient ¢ gives:

ot T pe,) ot T\4,) ar  T\4,/) oz

" (C.24)

+{<qr)aTW+<q‘”)aTw} ! V-(AVT,) =0
A or \4,/ 0z pCy W

In Equation C.9, A is a diagonal thermal conductivity of fluid tensor given same as in

the previous sections by:

A= [’” 0] (C.25)
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Conduction term is described where A, and 1. represents thermal conductivity of the

wellbore fluid as:

10 oT,\ 9 / 0T,
. _1oy 9wy 0/ Oy C.26
V-@VT) = 2o (MT ar ) P (’12 oz ) (€.26)

Final equation can be obtained as:

fﬂ_(s +L>%+<q_w)aﬂ_g (fl_w)%
ot T pe,) ot " \4,) 0z TT\A,) oz

¢

(8o (22 e
1 (10 oT, 0 oT, 3
‘@(W(lra—f)w@za—;)) -
The last term of the left-hand side of Equation C.27 involves the component on the
radial axis (4,) that accounts for the wellbore heat losses to the surrounding formation
by conduction, while the component on the axial axis (A:) represents conductivity of
the fluid in axial direction along the wellbore which may be neglected as it indicates
no effects due to convection dominated free flow in the wellbore. Partial derivatives
with respect to axial and radial direction multiplied by volumetric rates account for the
convection in the corresponding direction. As mentioned in mass balance, convective
terms in radial axis does not exist except for the bottommost gridblocks that are
adjacent to the reservoir.

Momentum Balance: The equation of motion is given in general form by Bird et al.

(1960) as:

Dv

Por = ~VPw— [V-z] + pg (C.28)

where g is the gravitational force. For cylindrical coordinates, when axial and radial
directions are considered only, momentum balance equation for the fluid flow given

in Equation C.28 can be written in non-conservative form as:

148



6v+ 6v+ av)
p(at Yar T Voz

0Py, 10/ ovy 0% N +fv|v| (C.29)
(rar) 02| T P9 2D

0z

where the last term in right hand side accounts for the continuous friction pressure
drop along a pipe segment due to viscous shear. When the change in fluid velocities in
axial direction across the radial axis are taken as zero (0v/0r=0) in Equation C.29, the

final form of the momentum balance equation can be obtained as:

i(aqz)Jr qw <8qw)+1<apw)_ 1 p(d*qy N
A, \ dt (A,)?*\ 0z p\ 0z (A,)?*p\ 0z

L Jfawlawl
2D(Ay)?

(C.30)

where frepresents the well-known Darcy-Weishbach friction factor. For laminar flow

in the wellbore, it is given as:

64y 64
o va - R_e (C31)

where R. is the Reynolds number defined by:

Ry =——= ;A—D (C.32)

When R. is calculated higher than 4000, turbulent flow occurs in wellbore and
Equation C.31 becomes no longer valid. Therefore, friction factor developed by

Colebrook (1939) is used:

ﬁ = —2log| 5=+ m (C.33)

where 4 represents the pipe roughness and D represents the pipe diameter. Note that

Equation C.33 has to be solved iteratively.
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APPENDIX D: Discretization of 1-D (z) Wellbore Equations

Mass Balance: Recalling Equation C.8 for mass balance with taking into consideration
of derivatives in both side of the equation at any grid block points (z;) for the finite

difference formulation gives:

Pl —pwi B (Tw] —TW) | qw} ™ (pwjfif - m?“)
At c At AW Zj+1 - Zj (Dl)
Bt (T - T y (qw}l“ - qw}?_*11>
Cc AW Zj - Zj—l CAW AZJ
qr;'Hl pr;l;l - pw;Hl ﬁ Qr;Hl Tr;l;l - Tw;Hl 1 Qr;'Hl
+ 7 - T t 7, =0
A, Y — 7w c A, r — 7w cA, w

Multiplying each side with At™*? and placing the known terms to right hand side of

the equation:

4 Tw\Trj (D.2)
Energy Balance: We evaluate the conduction terms for axial and radial directions

separately since they need to be defined by central difference formulation due to

second order derivatives. We need to use averaging technique for thermal conductivity
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of fluid (given in Equation C.26) in order to define at boundaries. We start with the

conduction term in the radial direction as:

Lo, amy 1| it <W)i+1 TTihnit <W)i_1

- <TA —W) = — 2 2 (D 3)

ror\ " Or T ro1—7r. 1 '
l+E l—E

Here, the subscript with 2 refers to boundaries. For instance, i+ points the boundary
between gridblock i and i+1 whereas i-’2 points the boundary between gridblock i and
i-1. Note that conduction component in Equation D.3 contains terms only for the
boundary (at r=r) where the wellbore cell is adjacent to its surrounding rock or the
first gridblock of reservoir. Therefore, the inner boundary condition (at 7=0) is taken

as:
oT,\
(?)i_% -0 (D4

Recalling the Equation 2.2 in which the thermal conductivity of the fluid at the
boundary (at 7=ry,) between wellbore gridblock and its surrounding rock (7>N,-) or the
first gridblock of reservoir (j<=N,) is replaced by overall coefficient of heat transfer

(Uy) to apply for the conduction in radial direction in Equation D.3 yields:

ﬂ. 1 n n+1
10 aT, Ti+s Te' - TW'
——(ra W) — 2 J J o
rf)r(rrar Ar ro—Tw ifJ > Nez
U, w2
(D.5)
A1 n+1 n+1
1 a aT Tl'+— Trl P TW i
—_ /1 W) — 2 ,J] ] . i<
r6r<rr6r Ar 7‘1‘%‘” ifJ < Nz
Ut

Here, T," depends on geothermal gradient and changes at each corresponding depth
j p g dep

conduction term exists for the wellbore cells that are adjacent to the reservoir. The

conduction term in the axial direction is written as:
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aT,, aT,,
A2j4d (W) e A2t (W) -1

8(}L 8)_ 2 j+=
0z\"?0z) Az;

n+1 n+1 n+1 n+1
(T T (T o R
A 1 7Z . 1
]+E Zj+1 _Zj j—5 Z; — Z;

2 J J—1
AZ]'

(D.6)

It is important to note that top and bottom outer boundaries should be set to zero

respectively because of the insulated wellbore boundary condition:

<aaizw)% =0 (D.7)
(%VV)N =0 (D.8)

Recalling Equation C.27, for energy balance with taking into consideration of
derivatives in both side of the equation at any grid block points (z;) for the finite

difference formulation gives:

Tw;'H_l - Tw;'l pw;'H_l - pw;l N qw;'l+1 Tw7+1 - Tw;-ljll
At ¢ At A, Z — 7,

J J-1

n+1 n+1 n+1 n+1 n+1 n+1
qu (ij+1 _pw]' >+qrj Trl,j _Tw]'

— &
JT AW Zj+1 _Zj AT rl _T7W
Qr;H-l pr;}_l - pw;'Hl
—&r T,
AT T‘l - 7W
(D.9)
_ i Ut (T TL‘I"l _ T n+1)
pcp 7‘1 . T7W Tl,] W]
Ay
+——2 (T, "1
Azj(zj41 — 7)) ( e )
3
AZ'_E f| QWT'HI |
_ I73 (Tw1~H1 _ Twr-ljll) _ ( J 2
AZ]'(Z]' — Zj—l) J J ZD(AW)
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Multiplying each side with At™*! and placing the known terms to right hand side of

the equation:

q n+1 T n+1 —-T n+1

wj wj Wij-1

T} = opw} =Twj ™" = @puj* + A — ( — )
w

j 41
n+1 n+1 __ n+1 n+1 n+l _ n+1
_Atn+1e]T qW] (ij+1 pW] ) +Atn+1 qT] Trl,j TWJ
Ay Zi+1 — %j A, = %W
|( n+1)3|
n+1 n+1 __ n+1 h
T qrj Pryj Pw —Atn+1pf Qw
A\ - 2D(4,)? (D.10)
Ay 1
At U “j+3
- (R )4 oy (it~ 1)
P \m =35~ Azi(2j41 — 7))
4

1732 n+1 n+1
- \T,,  —T,.
AZJ'(ZJ' — Zj—l) ( Wi W]_l)

Momentum Balance: Recalling Equation C.30, for momentum balance with taking
into consideration of derivatives in both side of the equation at any grid block points

(z)) for the finite difference formulation gives:

QW;'H-I - qw;1L qw;'l+1 (CIW;H_l - qw;lj11> + 1 (pw;l_:ll - pw;'”l)

+
At (AW)Z AZ] pP Zj+1 - Zj
qw;l.:-ll - QW}H—l _ QW;'H—I - qw;ljll
1 <ﬂ)n+1 Azj 4 Az; N (D.11)
(Aw)2 p j AZi+1 +AZL' g
faw |aw|
=0
2D(Ay)?

Multiplying each side with At™*! and placing known terms to right hand side of the

equation:
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qw;l+1 + Atn+1

(Aw)z AZj p
qw;l.:_ll - qw;'H—1 _ qw;'l+1 - QW;ljll
B Attt <E)n+1 Az, q Az;
(Aw)2 p j AZi+1 + AZi
faw" | aw |

Agntl Atntl — n
AT 2D(4,)7 i
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APPENDIX E: Figures of Chapter 3
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Figure E.1: Comparison of wellbore/sandface temperatures and pressures for
different J-T coefficient values for both zones at the end of drawdown.
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Figure E.2: Comparison of wellbore/sandface temperatures and pressures for
different J-T coefficient values in the upper zone at the end of drawdown.
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Figure E.3: Comparison of wellbore/sandface temperatures and pressures for
different J-T coefficient values in the lower zone at the end of drawdown.
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Figure E.4: Comparison of wellbore/sandface temperatures and pressures for
different porosity values for both zone at the end of drawdown.
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Figure E.5: Comparison of wellbore/sandface temperatures and pressures for
different porosity values in the upper zone at the end of drawdown.
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Figure E.6: Comparison of wellbore/sandface temperatures and pressures for
different porosity values in the lower zone at the end of drawdown.
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Figure E.7: Comparison of wellbore/sandface temperatures and pressures for
different permeability values for both zones at the end of drawdown (gs=500 sm’/D).
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Figure E.8: Comparison of wellbore/sandface temperatures and pressures for
different permeability values in the upper zone at the end of
drawdown(gs=500sm*/D).
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Figure E.9: Comparison of wellbore/sandface temperatures and pressures for
different permeability values in the lower zone at the end of drawdown
(gsc=500sm*/D).
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Figure E.10: Comparison of wellbore/sandface temperatures and pressures for
different permeability values in the upper zone at the end of drawdown
(gse=100sm*/D).
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Figure E.11: Comparison of wellbore/sandface temperatures and pressures for
different permeability values in the lower zone at the end of drawdown
(gse=100sm*/D).
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Figure E.12: Comparison of wellbore/sandface temperatures and pressures for
different permeability values in the upper zone at the end of drawdown
(gsc=1000sm*/D).
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Figure E.13: Comparison of wellbore/sandface temperatures and pressures for
different permeability values in the lower zone at the end of

drawdown(gsc=1000sm*/D).
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Figure E.14: Comparison of wellbore/sandface temperatures and pressures for
different surface flow rates at the end of drawdown.
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Figure E.15: Comparison of wellbore/sandface temperatures and pressures for
different viscosity values for both zones at the end of drawdown.
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Figure E.16: Comparison of wellbore/sandface temperatures and pressures for
different viscosity values in the upper zone at the end of drawdown.
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Figure E.17: Comparison of wellbore/sandface temperatures and pressures for
different viscosity values in the lower zone at the end of drawdown.
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Figure E.18: Comparison of wellbore/sandface temperatures and pressures for
different volumetric heat capacity of rock values for both zones at the end of
drawdown.
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Figure E.19: Comparison of wellbore/sandface temperatures and pressures for
different volumetric heat capacity of rock values in the upper zone at the end of
drawdown.
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Figure E.20: Comparison of wellbore/sandface temperatures and pressures for
different volumetric heat capacity of rock values in the lower zone at the end of
drawdown.
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Figure E.21: Comparison of wellbore/sandface temperatures and pressures for
different fluid specific heat capacity values for both zones at the end of drawdown.
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Figure E.22: Comparison of wellbore/sandface temperatures and pressures for
different fluid specific heat capacity values in the upper zone at the end of

drawdown.
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Figure E.23: Comparison of wellbore/sandface temperatures and pressures for
different fluid specific heat capacity values in the lower zone at the end of
drawdown.
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Figure E.24: Comparison of wellbore/sandface temperatures and pressures for
different well radius values for both zones at the end of drawdown.
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Figure E.25: Comparison of wellbore/sandface temperatures and pressures for
different well radius values in the upper zone at the end of drawdown.
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Figure E.26: Comparison of wellbore/sandface temperatures and pressures for
different well radius values in the lower zone at the end of drawdown.
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Figure E.27: Comparison of wellbore/sandface temperatures and pressures for
unperforated distance of 5 m between producing zones at the end of drawdown.
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Figure E.28: Comparison of wellbore/sandface temperatures and pressures for
unperforated distance of 10 m between producing zones at the end of drawdown.
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Figure E.29: Comparison of wellbore/sandface temperatures and pressures for
unperforated distance of 20 m between producing zones at the end of drawdown.
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Figure E.30: Comparison of wellbore/sandface temperatures and pressures for
unperforated distance of 30 m between producing zones at the end of drawdown.
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Figure E.31: Comparison of wellbore/reservoir pressures and temperatures for
different skin values for both zones at the end of drawdown (g5 = 100 sm*/D).
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Figure E.32: Comparison of wellbore/reservoir pressures and temperatures for
different skin values in the upper zone at the end of drawdown (gsc = 100 sm*/D).
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Figure E.33: Comparison of wellbore/reservoir pressures and temperatures for
different skin values in the lower zone at the end of drawdown (gsc = 100 sm*/D).
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Figure E.34: Comparison of wellbore/reservoir pressures and temperatures for
different skin values for both zones at the end of drawdown (gsc = 1000 sm*/D).
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Figure E.35: Comparison of wellbore/reservoir pressures and temperatures for
different skin values in the upper zone at the end of drawdown (gsc = 1000 sm’/D).
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Figure E.36: Comparison of wellbore/reservoir pressures and temperatures for
different skin values in the lower zone at the end of drawdown (gsc = 1000 sm*/D).
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