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ABBREVIATIONS

ROP : Rate of Penetration

NPT : Non Productive Time

ERD : Extended Reach Drilling

SPP : Stand Pipe Pressure

HWDP : Heavy Weight Drill pipe

RIH : Run in Hole

HTHP : High Temperature and High Pressure
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NOMENCLATURE

n : Flow behaviour index

K : Consistency index, Pa.s

Y : Shear rate, st

T : Shear stress, Pa or 1b.f/sq.ft

1] : Newtonian viscosity, dyne.s/cm” or poise
T, 0T T, : Yield point or Yield stress, Pa or 1b.f/sq.ft
Mp : Plastic viscosity, Pa.s or cP

v : Effective fluid velocity, ft/s

V(ie) : Effective fluid velocity inside pipe, ft/s or m/s
Vae : Effective fluid velocity inside annulus, ft/s or m/s
Ca : Bit discharge coefficient, %

C. : Correction coefficient for pipe section
C, : Correction coefficient for annular section
dp : Flow rate inside pipe, ft'/s

da : Flow rate inside annulus, ft*/s

A; : Bit discharge area, sq.in. or sq.m

Apyp : Pressure drop at bit, psi

fa : Fractional flow in annulus

P : Fluid density, Ibm/gal

X1



Subscripts

=V -T - N
6T

: Trip speed, ft/s

: Fanning friction factor

: Reynolds number

: Equivalent Reynolds number

: Critical equivalent Reynolds number
: Length, ft or m

: Pressure drop, psi or bar

: Flow rate, ft’/s or m’/s

: Inside drillpipe radius, ft

: Inner radius of annulus, ft

: Outer radius of annulus, ft

: Fluid velocity in pipe, ft/s or m/s

: Fluid velocity in annulus, ft/s or m/s

: Inside pipe

: Inside annulus
: Bit

: Total

: Drillpipe

: Drillcollar
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SURGE PRESSURE PREDICTION USING HERSCHEL-BULKLEY
RHEOLOGICAL MODEL AND COMPARISON OF ANALYTICAL AND
LANDMARK SOFTWARE RESULTS

SUMMARY

In drilling hydraulics, the estimation of surge and swab pressures is important due to
the fact that, the excessive surge pressures generated by pipe movement in tripping
operations may result in serious consequences such as blowout and formation
damage. Tripping operation can be performed due to several reasons such as adding
pipe stand to drillstring, changing worn bit, removing fallen parts from borehole
(fishing) or running logging tools. The time spent in tripping operation is a
significant portion of the total time spent during overall drilling operations. During
the drilling of offshore wells in deep waters, extended reach drilling (ERD) wells and
highly deviated wells, small margins are encountered between pore pressure and
formation fracture pressure. In such cases, the proper prediction of surge and swab
pressure may exhibit paramount importance in order to ensure trouble free and cost
effective drilling operations. In this work, the method for estimating surge pressures
by analytical calculations using Herschel-Bulkley rheological model is presented and
the results are compared with those obtained from Paradigm Sysdrill software,
version 10.

In calculating the frictional pressure losses for Herschel-Bulkley model the equations
introduced by Merlo, et al. (1995) are employed. The barite-weighted and
unweighted fresh water sepiolite muds are used in this study. The results estimated
with Sysdrill software shows discrepancy, and the surge pressures are lower as
compare to the results taken from analytical model. The surge pressures are also
estimated using Bingham Plastic and Power Law model, and results are compared
with Herschel-Bulkley rheological model.

Additionally, a sensitivity analysis is performed to investigate the major parameters
that affect surge pressures. The effect of tripping speed and fluid density exhibits the
direct relationship, while the effect of borehole clearance exhibits the inverse
relationship to the surge pressures. The study shows that, upto the certain degree of
temperature, the surge pressures decrease with the increase in formation temperature,
and then afterwards the surge pressures display an increment. For better
understanding of formation temperature effect on mud rheology and surge pressures,
the rheological constants for the mentioned mud samples are taken, using both
Fann35A rotational viscometer and FannSOSL high temperature and high pressure
(HTHP) rheometer. It is also determined that at the formation temperature up to
350°F, the use of both weighted and unweighted sepiolite muds allow to fasten the
tripping speed of the drillstring.
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HERSHEL-BULKLEY MODELI KULLANILARAK SURGE
BASINCLARININ TAHMINI VE SONUCLARIN ANALITIK VE YAZILIM
KARSILASTIRILMASI

OZET

Yeralti enerji kaynakalar1 arastirmasi (petrol, gaz ve jeotermal) diinya enerji
gereksinimini karsilamaya bagli olarak artmaktadir. Giiniimiizde teknik olarak dogru
ve maliyeti diisiik sondaj uygulamalar1 ¢ok kritik bir hale gelmistir. Son birka¢ on
yilda, kuyu hidroligi biiylik dikkat ¢cekmis ve buna bagli olarak yiiksek egimli
kuyular, uzun erisimli ve yatay kuyularin sayisinda biiyiik artis goriilmektedir. Bu
sondaj ortamlarinda formasyon basinci ve formasyon catlatma gradyeni arasindaki
operasyonel pencere veya aciklik marjini genel olarak daha azdir ve sondaj dizisinin
kuyu igerisine veya kuyudan disariya dogru olan manevrasi sirasinda meydana gelen
kuyu i¢i basin¢ degisimlerinin veya dalgalanmalarmin (surge veya swab olarak
bilinmektedir) dogru bir sekilde tahmin edilmesi gerektigini yansitmaktadir. Sondaj
akiskaninin asagr ve yukari hareketinden kaynaklanan ve kuyu i¢i basing
dalgalanmasi (surge veya swab) olarak bilinen bu basing degisimleri genellikle
strtinme basing kayiplaridir. Sondaj dizisi kuyu disina dogru ¢ekildigi zaman
kuyudaki akigkani akiskani1 yukariya dogru siiriikler (drag), bu nedenle kuyu dibinde
hidrostatik basingta swab olarak bilinen bir basing azalmasina sebep olur. Bunun tersi
harekette, dizi kuyu icerisinde asagi dogru hareket ettirildiginde akiskani asag1 dogru
stiriikler ve surge olarak bilinen kuyu i¢i basincinin artmasina neden olur. Sondaj
dizisinin manevra operasyonu diziye boru eklemek, asinmis matkabi degistirmek,
kuyu igerisinde kalmis parcalar1 disar1 ¢ikarmak (tahlisiye operasyonu) veya kuyu
Olctim aletlerinin (log aletleri) kuyuya indirilmesi ve ¢ikarilmasi gibi nedenlerle
yapilir. Manevra operasyonlarinda harcanan zaman genel olarak tiim sondaj zamani
i¢in harcanan zamanin 6nemli bir boliimiinii olusturur. Manevra nedeniyle olusan bu
basin¢larin dogru bir sekilde belirlenmesi ve bilinmesi, sorunlarin azaltilmasinda ve
diisiik maliyetli etkin bir sondaj operasyonunun yapilmasinda ¢ok biiyiik bir 6nemi
vardir.

Manevra nedeniyle olusan kuyu i¢i basing dalgalanmalarinin (surge ve swab
basinglar1) hesaplanmasi sondaj hidroliginde ¢ok Onemlidir. Sondaj dizisinin
manevrasi nedeniyle olusabilecek yiiksek basing dalgalanmalar1 formasyon hasar1 ve
kuyu fiskirmalar1 gibi ¢ok ciddi sorunlara neden olabilir. Formasyon basinci ve
formasyon c¢atlatma basincit arasindaki acgikligin genel olarak kiiciik oldugu
derindeniz kuyularinin, uzun erisimli kuyularin (ERD) ve yiiksek a¢ili kuyularin
sondaj1 sirasinda basing dalgalanmalarinin uygun bir sekilde tahmini Gnemi
yadsinamaz bir gercektir. Bu c¢alismada, dizi hareketinden kaynaklanan basing
dalgalanmalarii hesaplayan yontem Herschel-Bulkley akiskan modeli kullanilarak
sunulmustur ve sonuglar Paradigm Sysdrill yazilimi (V.10) ile karsilagtirilmistir.
Calismada, basing dalgalanmalarin1 bulmak i¢in Merlo vd. (1995) tarafindan tanitilan
stirtinme basing kayiplarint Herschel-Bulkley akiskan icin hesaplayan analitik
denklemler kullanilmistir.
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Sondaj dizisinin manevrasi nedeniyle olusan basinglarin (surge ve swab) Herschel-
Bulkley analitik modeli kullanilarak ¢6ziimii literatiirde giinlimiize kadar
yaymlanmamistir ve bu yoniiyle bu ¢alisma bir ilktir. Ancak, bu model denklemleri
kullanilarak sondaj akiskaninin sirkiilasyonu sirasinda meydana gelen siirtiinme
basing kayiplarinin (stand pipe pressure) belirlenmesine yonelik ¢alismalar
yaymlanmistir. Calismada yapilan hesaplamalarda kuyunun diisey oldugu, kuyu
aniiliistinde dizinin merkezi oldugu (konsentrik), sondaj ¢amurunun sikistiritlamaz
akiskan oldugu ve kararli akig durumlar1 kabul edilmistir.

Ticari yazilim olan Paradigm Sysdrill (v.10) simiilatérii sondaj kuyusunun
planlanmasinda, yon kontroliinde ve sondaj miihendisligi analizlerinde yaygin bir
sekilde kullanilmaktadir. Bu program iki 6nemli modiilden olusmaktadir; bunlar (1)
Sysdrill kuyu planlama ve yon kontrolii ve (2) Sysdrill sondaj miihendisligi. Bu
calismada Sysdrill yazilimi Herschel-Bulkley modeli kullanilarak analitik olarak
¢oziilen problem sonuglarim1 karsilastirmak i¢in  kullanilmistir. Yazilimin dizi
hareketi nedeniyle olusan kuyu i¢i basing dalgalanmalarini yanlis hesapladigi (sadece
Herschel-Bulkley model degil, ayn1 zamanda Bingham Plastik ve Power Law gibi
diger reolojik modelleri iginde) belirlenmistir. Konu hakkinda yazilim firmasiyla
irtibata gecilmis ve programin yeni versiyonunda bu hatanin giderilecegi bilgisi teyit
edilmistir.

Barit-agirlagtirllmis  ve agirlastirilmamis su bazli sepiolit camurlar c¢alismada
kullanilmistir. Sysdril yazilimindan tahmin edilen sonuglar farklilik gostermistir ve
kuyu i¢i basing dalgalanmalar1 degerleri analitik model sonuglarindan alinanlara gore
daha diistiktiir. Kuyuigi basing dalgalanmalar1 (surge basinglar1) Bingham Plastik ve
Power Law reolojik modelleri kullanilarakta tahmin edilmis ve sonuglar Herschel-
Bulkley model sonuglartyla karsilagtirilmistir.

Ayrica, bu basing dalgalanmasi lizerine etki eden parametreleri incelemek igin
duyarhlik analizi de gergeklestirilmistir. Kuyuigi basing dalgalanmalar1 dizi manevra
hiz1 ve akiskan yogunlugu ile dogrusal bir iligki etkisi gosterirken, kuyu agikligi
(borehole clearance) dogrusal olmayan bir iliski gostermistir. Calisma gostermistir
ki, kuyu ici basing dalgalanmasi belli bir sicaklik degerine kadar artan sicaklikla
azalirken, daha sonra bu sicakliktan ytliksek sicakliklarda basing degerlerinde bir artig
gostermistir. Formasyon sicakliginin camur reolojisi ve kuyu i¢i basing dalgalanmasi
tizerine olan etkisini daha iyi anlayabilmek i¢in belirtilen camur 6rneklerinin reolojik
sabitleri hem Fann35A doner viskometre hem de Fann50SL yiiksek sicaklik ve
yiiksek basing (YSYB) reometresi kullanilarak 6l¢tilmiistiir. Sicaklik kosullarint daha
dogru canlandiran reometre Olgiimlerinden elde edilen sonuglarin viskometre
sonuglarindan oldukg¢a farkli degerler verdigi belirlenmistir. Yiiksek sicaklikli
kuyularin analizinde viskometreden elde edilen sonuglara gore yapilacak olan
miihendislik analizlerinin yanlisliklara ve dolayisiyla istenmeyen sorunlara neden
olabilecegi de gosterilmistir. 350°F formasyon sicakligina kadar hem agirlastirilmis
hem de agirlagtinlmamis sepiolit ¢camurlarinin sondaj dizisinin manevra hizlarinin
artirilmasina izin verdigi de belirlenmistir. Bunula birlikte, dogru manevra hizlarinin
belirlenebilmesi i¢in reometreye dayali reolojik sabitlerin  belirlenmesi
gerekmektedir.

Calismadan elde edilen diger 6nemli sonuglar asagida 6zet olarak verilmektedir:

e Herschel-Bulkley modelinin analitik ¢6ziimii sonug¢larindan elde edilen kuyu
ic1 basing dalgalanmalar1 (surge/swab) ticari yazilimin sonuglarindan daha iyi
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sonu¢ vermektedir. Analitik ¢6ziim sonuglar1 daha yiiksektir ve sonuglar daha
korunakli ve giivenlikli bir ¢6ziim vermektedir.

Kuyu i¢i basing dalgalanmalarinin artisina neden olan en 6nemli parametre
manevra sirasindaki dizi hizinin degeridir. Artan dizi hiziyla birlikte bu
basinglarda artmaktadir.

Kuyu ici basing dalgalanmalari artan c¢maur yogunluguyla birlikte
artmaktadir, ancak artig oran1 dizi hizindaki kadar yiiksek degildir.

Dizi ve formasyon arasindaki aniiler aciklik ile basing dalgalanma degeri
arasinda ters bir iligki vardir ve artan aniiler aciklikla birlikte basing
dalgalanmalar1 hizli bir sekilde diismektedir.

Hem barit-agirlastirilmis hem de agirlagtirilmamis sepiolit temelli sondaj
akiskani durumunda, formasyon sicakliginin dolayisi ile sondaj akiskaninin
belli bir degerine kadar (camur jellesmesi etkisi goriiliinceye kadar olan
sicaklik artiglar1) kuyu i¢i basing dalgalanma (surge ve swab) degerlerinde
azalma goriilmektedir ve bu sicaklik esigine (350° F) kadar manevra hizlar
arttirilabilir.

Sicaklik ile birlikte degisen sondaj akigkaninin reolojik sabitlerinin kuyu ici
basing dalgalanmalari (surge/swab) degerleri iizerine biiyiik etkisi vardir.

Siirtlinme basing kayiplarini daha dogru tahmin etmek i¢in Herschel-Bulkley
modelini gdz Oniline alan ¢amur yapigsma sabiti (mud clinging constant)
denklemleri ve/veya grafikleri giiniimiize kadar gelistirilmemis ve literatiirde
yoktur. Bu nedenle, calismada Power Law akiskan i¢in gelistirilmis olan
denklemler kullanilmistir.

Yiiksek sicaklik kosullarinda biitiin 6zellikleri reometreden belirlenen sadece
sepiolit temelli ¢camur 6zellikleri bu ¢alismada kullanilmistir. Diger ¢amur
tiirleri i¢in (KCL, polimer temelli camurlar, Lignosiilfonat gibi) bu calisma
tekraralanabilir ve sepiolit camur sonuglariyla karsilastirilabilir.
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1. INTRODUCTION

Exploitation of underground energy resourses (oil, natural gas and geothermal) has
been increasing with the acute demand for fulfilling world energy requirements.
Proper and cost effective drilling practices are of cruitial importance nowadays. In
the past few decades, wellbore hydraulics has received great attention, so long as
drilling of highly deviated, extended reach, and horizontal wells have shown rapid
growth. In such drilling environment the operational window between pore pressure
and formation fracture gradient is having narrow margin, which reflects the
importance of predicting accurate downhole pressure fluctuations that might be
caused by either tripping in or tripping out of drillstring or reciprocation of casing in
borehole. These pressure fluctuations, which are usually the frictional pressure drop
resulting from the upward or downward motion of drilling fluid are known as surge
or swab pressure. When pulling out of hole the movement of drillstring drags the
borehole fluid upward and, thus causes a decrease in bottom hole pressure, known as
swab pressure. On the contrary when running in the hole the movement of drillstring
drags the borehole fluid downward and causes an increase in bottom hole pressure,
known as surge pressure. Accurate knowledge of these pressures is of great
importance in ensuring trouble free drilling operations. The Herschel-Bulkley (HB)
rheological model, or yield-power law model, usually gives the best fit for the
viscometer data or best describes the rheology of mostly used drilling and
completion fluids, compared to the other rheological models of Bingham plastic or

Power law model (Merlo et al., 1995).

1.1 Drilling Hydraulics

During a drilling operation the hydraulic system plays an active role, in the sense that
its proper design can accelerate the rate of penetration (ROP) and lower the overall
drilling cost. Few of the frequent and time consuming operations during drilling are
the running of pipe string, tripping the bit and running casing or liner string in the

hole. In Table 1.1, the time analysis for drilling rig is given and it can be seen that,



the time spent in tripping operation is a significant portion of the total time spent

during overall drilling operations.

Table 1.1 : Rig time analysis for tendered rig (Bourgoyne, 1991).

Total Time Time
Drilling Operation Required (hours) Fraction
Drilling 351 0.17
Tripping 388 0.19
Rigging up 348 0.17
Formation evaluation and
borehole surveys 103 0.05
Casing placement 199 0.10
Well completion 211 0.10
Drilling problems 450 0.22
Mud conditioning 143
Well control operation 12
Fishing operation 152
Severe weather 97
Rig repairs 20
Logistics 26
Total 2050 1.00

When a pipe string is pulled out of hole at fast speed to save time, fluid motion may
generate significant swab pressures in the hole and may result in well kick. On the
other hand, if pipe is run with fast speed, the fluid motion may generate large surge

pressures, that may result in fracturing of formation or loss of circulation.

Figure 1.1 gives a schematic of a rig circulating system that can be divided into four

sections in terms of calculating pressure losses:

a) Surface connection losses are those taking place in standpipe, rotary hose, swivel
and kelly. The magnitude of these losses are dependent on the dimension and

geometry of the mentioned equipments.

b) Pressure losses occur inside the drillpipes, heavy weight drillpipes (HWDP), and

drillcollars.

¢) Pressure losses occur in the annular section of the borehole, that is outside of
drillpipes, HWDP, and drillcollars. The magnitude of losses descirbed in b) and c),
depends on the dimension of these pipes (inside or outside diameter and length), mud
rheological properties (mud weight, plastic viscosity, and yield point) and type of

flow (laminar or turbulent).
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Figure 1.1 : The wellbore hydraulic system (Hussain, 2001).

d) Pressure drop across the bit, which is greatly influenced by the size of nozzles
used and the flow rate. For a given flow rate the smaller the nozzles the greater the

pressure drop and in turn, greater the nozzle velocity.

The hydraulic system has many effects on a drilling performance and since it is
attributed to mud system mostly, the purpose of mud and hydraulics are common to
eachother. The optimization of hydraulic system most of the time, ensures the
efficiency of a drilling operation. The hydraulic system serves the following

functions.
- controlling formation pressures,
- removing drill cuttings from the hole, cleaning the bit,

- suspending drill cuttings when circulation is stopped,



- increase ROP,

- selecting surface equipment such as mud pumps,

- promoting borehole stability,

- allowing real time information to be obtained from the well,
- controling surge pressures,

- reducing swab pressures.

Therefore, it can be stated that a hydraulic system plays an important role in terms of
bit optimization, reducing stand pipe pressure (SPP) and frictional pressure losses,

and promoting wellbore stability.

1.2 Surge and Swab Pressures While Tripping Opertaion

Tripping pipe or making a round trip is the physical act of pulling the drillstring out
of wellbore and then running it back in. This is done by breaking out or
disconnecting (when pulling out of hole) every other 2 or 3 joints of drillpipe (stand)
at a time and racking them vertically in the derrick. The tripping operations is
performed frequently during drilling, for adding a new stand of pipe to reach the
target depth, besides this to run the downhole tools for conducting a logging survey,
the drillstring is removed at various depths. Considering the problems due to which
tripping is also performed, includes fishing trip or retrieval of dropped items and
broken strings, but the most typical reason is to replace a worn-out drill bit. When
tripping the drill string acts as a large piston moving in the borehole. This movement
creates pressures due to friction losses between the moving string and the borehole
fluid. Surge and swab pressures, which are generated during drilling operations are
very crucial for effective drilling plan and hence downhole pressure management has
become important for the industry. Improper estimation of swab and surge pressure,
can lead to a number of costly drilling problems, such as lost circulation due to
formation fracturing, and fluid influx. The scenario for formation fracturing is
illustrated in Figure 1.2, as drillstring is running into hole with high speed, causes
excessive surge pressure and fractures the formation. Loss circulation occurs when
drilling fluid flows into these fractured zone instead of returning through the annulus,

which can results in the reduction of vertical height in the mud column.



Figure 1.2 : Loss circulation (Halliburton, 2013)

The scenario for fluid influx is shown in Figure 1.3. While pulling drillstring out
from the hole, can cause excessive swab pressure, and formation fluid flows into the
borehole, results in a well kick. In both scenarios, the worst condition may occur in

the form of blowouts.

I

Fracture

Figure 1.3 : Fluid influx (Halliburton, 2013)

Blowouts often occur during the pipe removal action of a trip as the formation gas
(trip gas) enters the hole and lightens the mud column to reduce borehole hydrostatic
pressure. Horn (1951) showed that out of 55 blowouts occured in California, 9 gave
strong evidence that the reduction in downhole pressure during pipe withdrawal was
the cause. Besides these problems the excessive surge and swab pressures may cause

hole sloughing, solids bridging and solids filling on bottom. Such wellbore instability



issues are incrementing the non-productive time (NPT) and ultimately rising overall
drilling cost. An appropriate estimation of surge pressures is very important in
planning drilling operations without having such problems, mainly in wells like
slimholes and deepwater wells that exhibit narrow safe pressure window. As pipe
moves downward in a hole, the drilling fluid must move upward to evacuate the
space being occupied by the volume of moving-in pipe. Likewise, an upward pipe
movement requires a downward fluid movement. The flow pattern of the moving
fluid can be either laminar or turbulent, depending on the velocity at which the pipe
is moving. Figure 1.4 shows the changes in bottomhole pressure in a well while
single joint of casing is added to the casing string and lowered into the hole. The
causes for the bottomhole pressure peaks in Figure 1.2 are; (a) the casing is lifted
from the slips with the effect of pulling out of hole, (b) the pipe string is lowered at
maximum velocity, (c) the brake is applied to stop lowering the pipe that caused the

bottomhole pressure decrease.
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Figure 1.4 : Pressure surges while casing joint is lowered in hole (Bourgoyne, 1991).

In general, the pressure surges caused by inertial effects tend to be less than those

caused by viscous drag.



2. LITERATURE REVIEW

Surge and swab pressure is a well known issue in oil industry. Number of studies
have been undertaken to understand the surge and swab pressures, dated as early as
1930’s. In 1934 pressure surges due to swabbing was detected by Cannon as a
potential reason for fluid influx into the wellbore. In 1934, Canon described that
hydrostatic pressure changes due to withdrawing drill pipe out of hole. He discussed
the factors such as effect of gel strength, effect of mud weigth and viscosity, which
resulted in direct proportionality to pressure drop. Model for Bingham Plastic fluid
was developed by Burkhardt in 1961 and he also considered the pipe movement.

Schuh (1964) presented a model for power law fluids.

In 1951, Goins et al. studied the down hole pressure surges and their effect on loss of
circulation. He identified surges caused by running pipe in hole, rapidly opening
pumps to start circulation and suggested that these surges may be avoided through

slowed rates of pipe movement and slow breaking of circulation.

Burkhardt in 1961 explained wellbore pressure surges produced by pipe movement
and made a comparison between the measured surge values and the results predicted
by calculation. He correctly predicts the existence and magnitude of various positive
and negative peaks due to gel breaking, inertia and viscous drag of the mud. He
concluded that while running drill pipe or casing in hole without fill-up devices, the

surge due to viscous drag is usually highest.

Mitchell (1988) presented a paper on dynamic surge and swab predictions. He
explained that a dynamic model predicts these pressures more accurately than a
steady state model, thereby providing better estimates of pressure fluctuations while
pipe is tripped. He included the features of (1) longitudinal pipe elasticity and fluid
viscous forces to determine pipe displacement; (2) fluid properties that would vary as
a function of temperature and pressure; and (3) formation ellasticity and pipe
elasticity to determine the response of the borehole. He concluded that in shallow
wells, inertial forces and frictional forces seems to be most important, while in

deeper wells the compressibilty is important. According to Mitchell, not considering



the effect of fluid compressibility is a conservative assumption, as it predicts a higher
flow rates and exhibits higher frictional pressure drops. The surge field tests of
Burkhardts and Clark were simulated and to study the importance of dynamic effects,
steady state version of surge model was developed and used to compare field data.
This showed complete consistency between dynamic and steady state model as

shown in Figure 2.1
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Figure 2.1 : Burkhardt pressure predictions (Mitchell, 1988).

He again used the model for the different test data, taken from Clark and Fontenot’s
Mississippi well test. The steady flow surge predictions exceed the measured

pressures by about 100% as shown in Figure 2.2.
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Figure 2.2 : Pressure Predictions, Mississippi Test-1 (Mitchell, 1988).



The dynamic surge model matches the peak pressure measured with in 10% but the
measured pressure surges are displaced by about 20 seconds from the predicted
surge. For another test conducted in Mississippi well, again he obtained different
results for his model. The steady flow surge prediction exceeds the measured

pressures by about 50%, as shown in Figure 2.3.

The Mississippi well measurements were quite different from Burkhardt results due
to higher well fluid viscosities in Mississippi. The steady flow model overpredicts

peak surge pressures.
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Figure 2.3 : Pressure Predictions, Mississippi Test-2 (Mitchell, 1988).

In 2010, Crespo.F., et al studied surge and swab pressure predictions for yield power
law drilling fluids. They showed that the pressure surge depends strongly on drill
pipe tripping speed, wellbore geometry, flow regime, fluid rheology and whether
pipe is open or closed. Surge and swab pressure is also attributed to different flow
phenomena including pipe eccentricity, geometry irregularities, acceleration and

dynamic effects.

Merlo et. al. (1995), described an innovative hydraulic computer program developed
in Agip, which calculated the rheological parameters of drilling fluid based on
viscometer readings, using Newton, Bingham, Power law and Herschel Bulkley
rheological models. The program calculated total pressure drop along the well for

different depths and also calculated temperature profile of drilling fluid and took into



account the temperature effect on the rheological parameters. A series of circulation
test has been monitored in the well A, an ultradeep vertical well located in Po Valley,
Italy. The test was carried out at different depths in the 17 2" and 12 '4” sections
while making a POOH trip, accompanied with circulation. The pressure drops
calculated by using the hydraulics computer program are almost accurate compared
to the field data, by using the Herschel Bulkley model. The analytical solution
described for frictional pressure drop calculations in pipe and annulus using Herschel
Bulkley rheological model, has been used in this thesis work to estimate the surge

pressures.
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3. SCOPE OF THE THESIS

The main objective of this study is to utilize the method presented by Merlo et al. for
predicting frictional pressure drops in the wellbore using Herschel-Bulkley model
and following standard approach to calculate surge/swab pressure. Within the scope
of study the objective is also to compare the results with one of highly used landmark
software — Paradigm Sysdrill (Version.10). The effect of pipe velocity or tripping
speed (Vp), hole clearance (annular diameter), effect of temperature and effect of
fluid density on surge/swab pressure prediction are investigated. The surge pressures
are also estimated, using Bingham Plastic model and Power Law model, and
compared with the results taken from Herschel Bulkley rheological model. The
drilling mud which has been considered for the study is fresh water unweighted
sepiolite mud and fresh water weighted sepiolite mud. The reason of using sepiolite
mud is that, the study has shown its stability and competency of providing good
rheological properties even upto 260°C (Altun et al.,2014). The rheology of sepiolite
mud has been taken using both Fann35A viscometer and Fann50SL rheometer at
temperatures in the range of 100°F to 450°F, for aging and non-aging conditions
respectively to investigate the effect of temperature on surge/swab pressure
calculations. In this study, the vertical wellbore condition is used for the calculations
and it is assumed that the annulus is concentric, the fluid is incompressible and the

steady state conditions are existing.

To the best of knowledge in literature no solution has been published so far for
calculating surge/swab pressure using Herschel-Bulkley analytical model for the
case, having no drilling fluid circulation (only having drillstring movement).
However in the literature, using Herschel-Bulkley analytical model, estimation of
stand pipe pressures (SPP) has been done before, while considering drilling fluid

circulation at different flow rates.
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4. SURGE AND SWAB PRESSURE CALCULATIONS

The main focus of this chapter is to present the brief overview of different fluid
analytical models and equations for frictional pressure losses. Specifically Herschel-
Bulkley model for calculating surge and swab pressure, caused by the movement of

pipe is elaborated.

4.1 Theory of Rheological Models

Fluids can be characterized on the basis of their behaviour based on rheology.
Rheology is defined as the deformation of matter, the study of relationship between
applied forces (shear stress) at different shear rates. A mathematical model describes
the relationship between shear stress and shear rate. These models can be used to

calculate friction pressures, swab and surge pressures and slip velocities.
4.1.1 Newtonian model

Shear stress and shear rate can be explained by considering two plates separated with
a specific distance having fluid in between. If a force is applied to upper plate while
lower plate is stationary, a velocity will be reached that would be function of force.

Mathematically, it can be described by Equation 4.1.

4.1)

=~ <

F —
A - M

Where;

F = Force applied to the plate (dyne),

A= Contact area (cmZ),

V= Plate velocity (cm/s),

L= Spacing between plates (cm),

p= Fluid viscosity (dyne.s/cm2 or poise).

The left hand term is called the shear stress (t), while right hand term in the equation
is shear rate (y). The Newtonian model given in Equation 4.2, states that the shear

stress is directly proportional to shear rate.

13



T=HY 4.2)

The shear stress and shear rate are analogous to pump pressure and pump rate

respectively, in drilling operations.

-
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SHEAR RATE, Y

Figure 4.1 : Shear stress vs. shear rate for Newtonian fluid (Bourgoyne, 1991).

The slope in the graph is true or effective viscosity. The fluids with a constant
viscosity for all shear rates are called Newtonian. Examples of Newtonian fluids are
water, gases and high gravity oils.

4.1.2 Bingham Plastic model

This is a model used to chareacterize fluids that would not flow until the applied
shear stress exceeds certain minimum value known as yield stress (ty). After this

point the stress is directly proportional to the shear rate.

T=1,+ Y 4.3)
Where;
T = Shear stress, Pa or 1b.f/sq.ft

Ty = Yield point, Pa or 1b.f/sq.ft

L = Plastic viscosity, Pa.s or cP

14



v = Shear rate, gt
Under low shear stress, Bingham fluid acts as a rigid body and under high shear
stress acts as a viscous fluid. In the figure below, the line does not start at the origin

but after the yield stress, where the shear rate is zero and the slope of line is the

plastic viscosity.
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Figure 4.2 : Shear stress vs. shear rate for Bingham plastic fluid (Bourgoyne, 1991).

The equations for calculating frictional pressure losses are explained in Bourgoyne et

al., (1991), here only equations are given.

For pressure losses inside pipe

d
PtV | b d.4)
d, _ 1500d% ' 225d

—1.75
dpf B p0.75 v .up 0.25

d, 18004125

4.5)

Eq.4.4 is for laminar flow and Eq.4.5 is for turbulent flow respectively.

For pressure losses inside annulus

15



dpy Hp v Ty
= —— T _ (4.6)
d, _ 1000(d, —dy)? = 200(d, — d;)

—1.75
dpf p0.75 v .up 0.25

d,  1396(d, — d,)125

4.7)

Eq. 4.6 is for laminar flow and Eq. 4.7 is for turbulent flow respectively. Note that

the parameters in these equations are in customary or field units.

4.1.3 Power Law model

Power law fluids also known as Ostwald-de Waele fluid model. This is a nonlinear

relationship between shear stress and shear rate. The mathematical form is given as,

T =K@{)" 4.8)

K = Consistency index,

n = Power law exponent or flow behaviour index.
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Figure 4.3 : Shear stress vs shear rate for Power Law fluid: (a) pseudoplastic fluid,
and (b) dilatant fluid (Bourgoyne, 1991).

The power law model requires two parameters, K and n, for fluid characterization. If
(n<1) it represents pseudoplastic fluid; if (n=1), Newtonian fluid; if (n>1), then

dilatant fluid respectively.
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The behaviour in Figure 4.3 is curved unlike the Newtonian fluid. If the slope, which
is a measure of apparent viscosity, is taken at each point on the curve in, (a) the slope
is decreasing for increasing shear rate, hence it is termed as pseudoplastic and the
slope in (b) is increasing with increasing shear rate, hence it is termed as dilatant.
The equations for calculating frictional pressure losses are as below.

For pressure losses inside pipe

—_n 3+ 1/71 "
dp, KV (0.0416) 4.9)
d, 144000 dt+»
—2
dps _ fpv (4.10)
d; 25.8d
Eq. 4.9 is for laminar flow and Eq. 4.10 is for turbulent flow respectively.
For pressure losses inside annulus
b (Bl
dp, KV (0.0208 (@.11)
dL 14‘4‘000 (dz - d1)1+7’l
d 7’
pr___Jp 4.12)

d, 211(d,—d,)
Eq. 4.11 is for laminar flow and Eq. 4.12 is for turbulent flow respectively.

4.2 Herschel-Bulkley Model

Herschel-Bulkley model is also known as Yield Power law model and it is a
combination of Bingham Plastic and Power law models. It is a three parameter model
includes yield stress, consistency index and flow behavior index. Mathematical form

of the models is;

T=r1, +Ky" 4.13)

This equation can be reduced to Power law model if yield stress, (ty) is set to zero.

T=K()" 4.14)

17



If flow behavior index, (n) is taken as one, then Eq. 4.13 reduces to Bingham plastic
model, and consistency index, (K) becomes plastic viscosity.

If flow behavior index, (n) is taken as one, and yield stress, (ty) sets to zero then
Eq.4.13 reduces to Newtonian fluid model and consistency index becomes apparent

viscosity.

T=HY 4.15)

In Figure 4.4, the graphical comparison of above mentioned rheological models is

given.
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Figure 4.4 : Comparision of rheological models. (Skalle, 2012).

4.2.1 Equations for frictional pressure loss calculation

For calculating frictional pressure losses, the most important Herschel-Bulkley

equations both for pipe interior and annulus are described here.

Reynolds number is used to determine flow regime. After determining the flow

regime the appropriate equations will be used to predict pressure losses.

2
= LQ (4.16)
umR

e

Equation 4.16 shows a generalized Reynolds number. In Herschel-Bulkley model, it

is needed to determine equivalent Reynolds number, which is defined as follows,
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Reeq = (Cc * Re (4.17)

Here C. is correction factor and is defined as follows,

c =1 1 T,
7 2n+1 Bn+1)Q)" (4.18)
Gt Ry TmRE

As it can be seen from Equation 4.16, for Reynolds number calculations, viscosity is

needed. Formula below shows how to calculate viscosity;

K[ Gl
() ()

Flow rate can be written as cross sectional area multiplied by velocity of fluid

4.19)

passing through that cross-sectional area;

Q = (TR*)V, 4.20)

After making substitutions for flow rate and viscosity, equivalent Reynolds number

becomes as follow,

Re,, =2 (Sn - 1) pr(Z_n)R" 4.21
eeq_ n (£>n+k(3n+1)n ( . )
To v, nCc

To decide whether flow is laminar or turbulent, equivalent Reynolds number should

be compared with critical Reynolds number which is described as follows;

MI = (4.22)

Reeqer = (Cc * Re) o = [ ny

where,

_log(n) +3.93

0 (4.23)

and,
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1.75 — log(n)
Z=—"

7 4.24)

As a criteria the following should be taken into account;

If Reeq < Reeqer the flow is considered laminar, but if Reeq > Recger then the flow is

considered turbulent.

Calculations in pipe

Now consider pressure drop calculations for laminar flow. It is calculated using

Fanning expression:

2

Ap = fp T Rs (4.25)

While the friction factor in the equation above is determined by the following

equation.

e ()

Concentrate on the pressure drop equation for turbulent flow;

2

Ap = fp L (4.27)

m2R5

while the friction factor in the equation above is determined by the following

equation ;

f =y(Cc*Re)™” (4.28)

where y and z are the coefficients which are described above.

Calculations in annuli

Pressure drop calculations for pipe flow regime should be determined before going
into calculations. To determine flow regime equivalent Reynolds number must be
calculated and compared with critical Reynolds number. Equivalent Reynolds

number can be calculated as follow;
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Regy = Ca * Re (4.29)

where
[ ]
Ca=1- ! To ) (4 30)
n+1[T Tk (2(2n+1)) Q J :
0 n(R; — R/ \n(R,* — R,%)
_ 2pQ
Re = u—T[(Rl TRy 4.31)

Viscosity and flow rate is required for Reynolds number calculation. Viscosity and

flow rate calculation formulae are provided in below equations;

2(2n + 1) Q "
_ o K [{H(Rz - R1)} {77 Ca (R, — Rlz)}l

U= 4.32)
{ 2(2n+1) } Q
n(R; — R)) |m Ca (R,> — R,
Q =m(R — RV, (4.33)
After substituting, we obtained the following equation,
. St pV ™R, — R)"
€eq = ( ) n n
o A ) +k(25)
Critical Reynolds number is define as,
1
8(2n+1 (ﬁ)
Reeqcr = (Ca*Re)y, = [%] (4.35)

Where y and z are same as defined in Eq: 4.23 and Eq: 4.24, respectively.

As mentioned above, for flow regime determination equivalent Reynolds must be
compared with critical Reynolds number. If Reqq < Reeqr the flow is considered as
laminar, but if Recq > Regqr , then the flow is considered as turbulent. Now consider
frictional pressure loss equations. For laminar flow frictional pressure loss can be
calculated by using the following equation;
2

2 : 2 2y2 L

% (R, —R)(R" — Ry")

Ap = fp (4.36)
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Where f is dimensionless friction factor and calculated as follows;

e (Y

Now combine friction factor and Reynolds number with frictional pressure loss;

2(2n+1) Q n
+ (nCa(R2 — Rl)) <7T(R§ _ Rf))‘ ‘ (4.38)

If the flow regime is turbulent, the frictional pressure loss is calculated by using the

2LK To
(Rz - R1) k

Ap =

formula below;

QZ
Ap = fp L 4.39)
12 (R, — R)(Rp? — R;%)?
Where f is dimensionless friction factor and calculated as follows;
f =y(CaxRe)™* (4.40)

Where y and z are the same coefficients defined in Eq:4.23, and Eq:4.24
4.3 Surge and Swab Calculation Approach

A simplified technique for computing surge pressures was presented by Burkhardt,
which is based on the use of effective fluid velocity in the annular flow equations and
using an effective mean annular velocity, which is comprised of mud clinging
constant (K) term. To determine the correct surge and swab pressure, the value of
annular fractional flow rate (f,) must be chosen such that the sum of frictional
pressure losses through all sections of the annulus is equal to the sum of frictional
pressure losses through all sections of the drillstring interior. The annular fractional
flow rate (f,) is the ratio of flow rate in the annulus to the total flow rate at the bottom

of the drillstring.

da
fo=2
“ oF%

Where q; is the summation of flow rates between the pipe interior, q, and well

4.41)

annulus q, ,

dt = da +qp (4.42)

For the open pipe condition, the problem is to find how the flow is splitting between

pipe and annulus, so that the pressures for both pipe and annulus match each other at
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the bit. It is a kind of iterative process, which can be done using any computer

program like MS Excel. Simple strategy for solving this is mentioned below:

1) Calculate annular pressures with all flow in the annulus. Then check

pressures at the bit; annular pressures will be lower because of fluid friction.

2) Calculate all pressures with all flow inside the pipe. Then check pressures at

the bit.

3) Calculate a division of flow between the pipe and annulus that will equalize

the pressures at the bit.

4) Repeat step 3 until the two pressures match eachother within an acceptable

tolerance (i.e. 1 psi or 0.06 bar).

The steps to estimate the surge pressures are given in the flow diagram in Figure 4.5.

Flow Rates (qt, gi, qa) [€

|

Mean Fluid Velocities (Vi, Va)

A 4

Effective Fluid Velocities (Vie, Vae)

l Change (fa)

Frictional Pressure Losses (Api, Apa)

2(Api) = 2(Apa) 3 (Api) # (Apa)

Figure 4.5 : Flow diagram for swab calculations.

When total pressure losses in the annulus become equal to the total pressure losses
inside the pipe section, true surge pressure is obtained. If the flowrate in annulus is in
a different direction than the flowrate in the pipe interior,value of f, greater than one

or less than zero is possible. Values of f, which are greater than one tend to occur
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when internal area is very small in comparison to the annular area. On the other hand
values of f, which are negative, tend to occur when the annular area is very small in

comparison to the internal area.

The equations used to estimate surge pressures, using Herschel Bulkley analytical

model are summarized in Table 4.1.
4.4 Paradigm Sysdrill Overview

Paradigm Sysdrill (V.10) provides a comprehensive single application for well
planning, survey management and drilling engineering analysis. It allows companies
to enhance well planning accuracy, reduce drilling risk and uncertainity, quantify
wellbore positioning and improve drilling safety. This software comprises of two
main modules that are (1) Sysdrill well planning and survey management and (2)
Sysdrill drilling engineering. The flow diagram given in Figure 4.6, describes the

functions, that Sysdrill drilling engineering module can perform.

1. String constructor

Torque and Drag 2. Soft &Stiff string analysis

3. Stuck pipe calculator

1. Rheology model selector

2. Fluid temp: modeling
3. ECD & Surge/Swab analysis
fl. Hydraulic optimization

Hydraulics

SysDrill
Drilling
Engineering

Casing & Tubing
analysis \ 1. Casing seat selection

2. Casing/Tubing wear analysis

1. Cementing analysis

Cementing

2. Volume calculator

Figure 4.6 : Sysdrill drilling engineering functions (Paradigm).
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Hydraulics Analysis

The hydraulics calculation involves hydraulic analysis of a string within a particular
hole section. The editor allows efficient definition of inputs, execution of
calculations and analysis of results. Major functions that can be performed in this tab

are as follows,

e Multiple calculation options, including pump pressure, flow rate, bit total

flow area (TFA) and % bit pressure loss.

e (Calculation may be run as a static depth analysis or over a depth interval

range.

e Visualise fluid density, pressure and velocity against critical limits.
e Pass/Fail summary allows fast identification of specific issues.

e (Calculate cuttings transport ratio throughout the annulus.

e Surge and swab, ESD, flow range, BHHP & JIF and fluid volume

calculators are also available within the hydraulics calculation window.

e Maximum run and pull speeds of the drill string can be calculated with

desired safety margin.
e Support for both simple and complex fluid rheology definitions.

e Complex fluid definitions are made within a dedicated fluid builder
interface which allows description of a fluid's rheology and density

behaviour with varied pressure and temperature.

e Fluids and constituent fluid materials may be saved to catalogue for re-

use.

e Modelling of managed pressure drilling scenerios.
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Table 4.1 : Frictional pressure loss equations for Herschel Bulkley model.

Pipe Annulus
i. Regq =CcxRe i.  Regq =CaxRe
1 . c 1 1 T,
a=1-
C.=1- 2 = n+1 2(2n+1) Q n
2n+1 3n+1 k ( )
ot k{( ers)Q} | " { nR; - R))\r(R,Z-RD)J |
2
unR ur(Ry +Ry)
-g Where;
] Where;
= n
o 3nt 1y Q
3 H:Tf’”‘[( wee ) (7)) ] +k{2(2n+1)} 0 §
5 (3n + 1) (L 0 n(R; — RDJ | Ca (R,? — R{?)
= nCc /) \nR3 U=
2 { 2(2n+1) } Q
& ) n(R; = R)J | Ca (R,2 — R,%)
Q = (R,
Q = (R — R}V,
i)
Regqer = (Cc * Re)g, or ii)
Regqer = (Ca * Re) . or
1
(4G + D] )
- ny _ [8(211 + 1)](§)
ny
__log(n)+3.93 ;= 1.75-log(n)
- 50 - 7
For Reey < Reeqr the flow is laminar
For Re. > Re.y the flow is turbulent
2 QZ
3 Ap = —_ Ap = L
é ‘ p fp T[Z R5 p fp 77.'2 (Rz _ R1)(R22 _ R12)2
E Where; Where;
=
é f = 4 *<3n+1) 8 2n+1
< R, . n f= Ry ( )
— q eeq n
Q? Q?
e Ap=fp 505 L Ap = fp L
E‘ B m? R 2 (Ry — R)(R;* — Ry*)?
5 2 Where; Where;
TE
= f=y(Cc*Re)™* f =y(CaxRe)™?
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S. APPLICATION

In this chapter the steps mentioned in previous chapter for calculating surge pressure
for Herschel-Bulkley model is implied in a given wellbore condition. The analytical
results are compared with the Sysdrill solution, furthermore sensitivity analysis is

carried out for better understanding of the important factors effecting these pressures.
5.1 Herschel-Bulkley Analytical Solution

Well configuration:

Table 5.1: Well specifications

Parameter In field units In SI units
Hole diameter 7.875 in 0.2 m

Drillstring length 15000 ft 4572 m

Length 14300 ft 4358.64 m
Drillpipe OD 4.5 1in 0.1143 m
ID 3.826 in 0.0971 m
length 700 ft 213.36 m
Drillcollar OD 6.251n 0.158 m
ID 2.751in 0.0698 m

Three nozzles 11/32 in 0.008731 m

Bit Discharge area 0.2784 sq.in  0.00018 sq.m

Discharge coefficient 95 % or 0.95

Drill string is moving through a 10 Ib/gal (1198.2 kg/m3), density of drilling fluid at
speed of 4 ft/s (1.219 m/s).

Table 5.2: Fann35A viscometer readings for UWSM at 150°F (UWSM150).

RPM Dial Reading
600 70
300 44
200 35
100 23
6 5
3 4

After inserting these readings to Sysdrill’s Fluid Builder option in hydraluics section,

the rheological parametrs for Herschel- Bulkley came out to be.

n=0.66, K =349.68 (mPa.s) , 1y, =1 (Pa)



Model Graphs | Fann Data

|+ RPM [mpm] Shear Shear Rate | Measured Bingham % %] Herschel % %] Power Law
Stress [Pa] [sec] Angle [deg] Flastic Bulkley Shear Stress
Shear Stress Shear Stress [Pa]
== [Pal [Pal
1 GO0 00 3578 1021 65 7000 377 hdl 35 66 0433 3311
2 300.00 2249 510.82 4400 2093 653 22 89 1.77 2274
3 200.00 17.89 34055 35.00 1533 -14 28 177 .51 18.26
4 100.00 11.76 17027 2300 974 -17 15 1156 -163 1254
b 6.00: 256 10.22 500 448 7532 264 324 273
& 3.00 204 511 400 431 110 94 204 0.40 1.88

Fluid Model Parameters

(" Power Law 066

n |
(" Bingham Plastic ' | H368 mPas
|

(" Robertson Stiff Ly 100 Pa

(+ Herschel Bulkley

Figure 5.1 : Herschel-Bulkley rheological parameters.

The nomenclature shown in Figure 5.2 has been taken in the solution of this problem.
For simplicity, the effect of the outer shape of the bit and effect of tool joints are
assumed to be negligible and are ignored. In addition, it is assumed that the hole is

kept full and fluid level in the pipe and annulus are maintained equal approximately.

Calculation for pipe interior

The total flow rate near the bottom of drill string is given as,

4 = vy [% d,” — Al (5.1)

T
q: = 1.2192 [Z 0.1587% — 0.00018] = 0.02391 m3/sec

The flow rate through the bit jets is given by,

A1 = (1 - 1) (q¢) 5.2)

If f, is taken as 0.5 for initial guess then,

A1 = (1—0.5) (0.02391) = 0.011956 m3/sec

The flow rates in drill collar and drill pipe interior are given by Eq: 5.3.
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Figure 5.2 : Hydraulic representation of lower part of drill string (Bourgoyne, 1991).

(a),= (@ )y —7 ¥ [(d)* = (@2)?] 53)

T
dpyz = (0.011956) — 1.2192 [20.069852 - 0.00018]

= 0.007504 m3/sec

T T
Ay s = (0.007504) — 1.2192 [20.097182 - Z0.069852]

= 0.003132 m3/sec

The mean fluid velocity (with respect to an observer at the surface) through bit jets is

given by,



(ap )1

;)1 = m (5.4)

0.011956

m = 66.568 m/sec

Vi1 =

Similarly, fluid velocity in the drill collar and drill pipe interior is,

0.007504 1.958 m
Vi =7———— = L m/sec
©r T 0.069852
0.003132 0422 m/
viys =7——— = 0. m/sec
T 0097182
The effective fluid velocity (with respect to the nozzle wall) through the bit jets is
given by,
Viey1 = Vi1 + ¥ = 66.568+ 1.2192 = 67.787 m/sec (5.5)

Similarly, effective fluid velocity (with respect to the pipe wall) in drill collar and

drill pipe is given as,

Vieyz = Va2 + Vp = 1958 +1.2192 = 3.177 m/sec

Vieys = Vs + Vp = 0422+ 1.2192 = 1.641 m/sec

The pressure loss through the bit jets is calculated through rearrangement, use of

(vie); in place of v, with the following equation and using unit conversion factors.

Apy
8.074 x 10~* p (5.6)

Un = Cd

Vieys 2# 72107 % p  67.7872 % 7.2 1075 x 1198.2

Cy 2 0.95 2
= 439.8212 psi

App =

Using Eq:4.20, flow rates across drillcollar and drillpipe are calculated, and effective

fluid velocities are considered.
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Que=0.012175 m*/sec and Qgp= 0.0121 m*/sec
Find correction coefficient for both sections, using Eq: 4.18
(Co)ac =0.9779 and (Cc)ap =0.9595

Newtonian viscosity is calculated using Eq: 4.19
Wac=0.04722 (Pa.sec) and g, =0.06868 (Pa.sec)

(Re)ge=5634.27 and (Re)q,=2784.28 using Eq: 4.16
(Reeg)ac=5510.169 and (Recq)ap= 2671.66 using Eq: 4.17

Using Eq: 4.22, Critical equivalent Reynolds numbers both for drillcollar and
drillpipe are calculated, which came out to be same, because it is only dependent to
the fluid parameter (n). The terms y and z are defined by Eq:4.23 and Eq:4.24, the
values are 0.07499 and 0.2757 respectively.

Reeqer= 1943.89

In both sections flow came out to be turbulent, after applying flow criteria, so using

Eq: 4.28 fanning friction factor (f) and then using Eq: 4.27 pressure loss is calculated.
(H)ac=0.00697 and (Ap)yqc=5.1563 bar (75.5404 psi)
(f)ap=0.00851 and (Ap)gp=24.6728 bar (361.4571 psi)

Calculation for annular section

Now the flow rates, velocities, effective velocities and frictional pressure losses in

the annulus are determined using similar procedure as used for pipe interior.

Flow rate in section one i.e. drill collar is calculated with following equation,

(q )1 = fa (g s (5.7)

(94 )1 = 0.5%0.02391 = 0.01196 m3/sec

Flow rate in section two; i.e. drill pipe is calculated as,

(qa )i = (qa )i—l - % vp[(dl)zi_l - (dl)zi] (5.8)
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s
(qa )z = 0.01196 — -+ 1.2192 (0.15875” — 0.1143%) = 0.00033 m/sec

The mean annular fluid velocity (with respect to an observer at the surface) is given

as,
W, ), = (qa
a’/1 (Aa )1 (5.9)

0.01196

Wa )1 = 7 = 1.028 m/sec
7 (0.20003% — 0.158752)

0.00033

(vg ) = = 0.016 m/sec

7 (0200032 — 0.1143?)

The effective annular fluid velocity is given by using mud clinging constant (K),

which is calculated with Figure A.1.

for laminar

(vae)l = (Ua)l + Kvp = {fOT' Turbulent (5.10)

(o) _{ 1.028 + (0.462 * 1.2192) = 1.591 laminar
Vae)1 = 11.028 + (0.499 * 1.2192) = 1.637 Turbulent

(o) _{ 0.016 + (0.409 * 1.2192) = 0.514 laminar
Vae)2 =10.016 + (0.491 * 1.2192) = 0.6138 Turbulent

As there are two conditions in annulus for each section in terms of laminar and
turbulent flow, so frictional pressure losses will be calculated for each case and then
the larger value will be considered as a result. The flow rates in the annulus across
drillcollar and drillpipe, using Eq. 4.33 and considering respective effective annular

velocity are given.

Laminar Turbulent
Que= 0.018502 m*/sec Que= 0.019035 m*/sec
Qup= 0.01087 m*/sec Qup= 0.01299 m*/sec
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Using Eq: 4.30, the correction coefficient is calculated,
(Ca)ac =0.97414 (Ca)ac = 0.9746
(Ca)ap =0.9199 (Ca)ap =0.9277

Newtonian viscosity is calculated using Eq: 4.32

Hac= 0.04255 (Pa.sec) Mg =0.04212 (Pa.sec)
HWap=0.08615 (Pa.sec) Map=0.08025 (Pa.sec)
(Re)gc=1849.85 (Re)4c=1922.87 Using Eq: 4.31
(Re)gp=613.114 (Re)qp=786.047

(Reeg)ae=1802.017 (Reeg)ae= 1874.027 Using Eq: 4.29
(Reeq)ap= 564.0608 (Reeq)ap= 729.2772

Using Eq:4.35, Critical equivalent Reynolds numbers are calculated, which came out
same for all cases, because it is only dependent to fluid parameter (n). The terms y

and z are same as mentioned before.
Reeger=3582.62

After applying flow criteria, all sections showed laminar flow profile, So using Eq:

4.37 fanning friction factor (f) and then using Eq: 4.36 pressure losses are calculated.
()ac=0.01561 ,  (Ap)ac=4.89719 bar

(H)ge=0.01501,  (Ap)ac=4.9845 bar

(Dap=0.04985,  (Ap)ap= 16.064 bar

(f)ap=0.03856 ,  (Ap)ap= 17.721 bar

The higher pressure losses are chosen from above results for each section, so across
drill collar section the frictional pressure loss is calculated as (Ap)g.= 4.9845 bar

(73.0236 psi) and across the drill pipe, value is  (Ap)gp=17.7213 bar (259.6172 psi).

Once the pressure losses for each section inside pipe and inside annulus are
determined, the values are summed to give the total pressure losses. The results are

summarized in Table5.3.
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Table 5.3: Swab pressure when annular flow fraction (f; ) is 0.5.

fa 0.5
bar psi

APDb 30.02 439.82
APdc 5.15 75.54
APdp 24.67 361.46
Total APi 59.85 876.82
APdca 4.98 73.02
APdpa 17.72 259.61
Total APa 22.71 332.64

Value of f, is tried until total frictional pressure losses in the pipe interior and in the
annulus become equal, for this purpose What-If analysis function in MS Excel is
implied and calculations are performed again, considering the acceptable tolerance of

Ipsi or 0.068 bar difference. The final results are summarized in Table 5.4.

Table 5.4: Analytical results for swab pressure when f;, is 0.708.

fa 0.708
bar psi
APb 10.45 153.2

APdc 2.19 32.19

APdp 14.5 212.29
Total APi 27.14 397.58

APdca 5.76 84.46

APdpa 21.31 312.11
Total APa 27.07 396.57

Hence the results indicate that the total pressure loss beneath the drillstring due to
upward movement of pipe is 397 psi and 70.8% of the flow at the bottom of drill

string is from the annulus and 29.2% of flow is from the interior of the drill string.

5.2 Paradigm Sysdrill Solution
The same data for the example is also evaluated with the Paradigm Sysdrill software,
the necessary steps are described below.

Create New operator —» Field — Installation — Slot —— Well —

Planned wellbore — Projects — New hydraulic calculations, as shown in

Figure 5.3.
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Figure 5.3 : Creating engineering project in Sysdrill.

In “Planned wellbore” dialogue, insert “Hole section/casing” particulars, shown in

Figure 5.4. Drill string configuration is defined in “Assembly dialogue” , Figure 5.5.

After creating New Hydraulic calculation, select particular wellbore, wellpath,

assembly and Rig data. Go to Fluid Builder option =~ — Rheology Tab —»

Test — Fann Data.

Insert the viscometer dial readings, choose Herschel-Bulkley model and click on

calculate symbol to find rheological parameters, as shown in Figure 5.1.

In Hydraulic calculation screen window, go to “Circulating fluid” insert density and

select fluid model.

In “Inputs” tag insert the relevant data like depth, Bit TFA, RIH, POOH and click on
the “Calculate” symbol, which results the surge and swab pressures in terms of

equivalent density, as shown in Figure 5.7.

35



WE Unit Converter| |@ H istor_l,.l| |‘(,, Find”@i DataSeIectorl & @

D

Edit

Profiles

Sysdrill (R) 10 (5P1) -

Table Tools Offset Data Units Sysdril

JJJJJJ_IJJJJJ_LI

Window Help

[Planned wellbore "W #1 (PWB)' from slot Slot #17

Y |
SO

Name |W 1 (PWE)

Wellbore Detailsl Targeisl Wellpathl Interpolationsl Emars H

Wellpath |W &1 (PWPH1)

~| Tied To |None =] Datum |P: Planned Datum #1 [0.000] 22-Mar-2015

|Fon1'|ations | Offset Datal

x|aj/]|
E

Slot — MIL/EL

Hole Sections El ﬁl ]Hl ’ :
ﬂﬂ Diameter | From MD ft]| From TVD | To MD fi] | To TVD ft] | Washout Wellbore Remari ,:
1= &
1 | ERR L 15000.00: W1 (EWE) =
I Tk S
Casings :': ‘
ll | Mominal OD | Start MO ft]| Start TVD | Shoe Depthi | Shoe Depth | Minimum 10 Type MName Wellbore _:’
=] Inl ftl MD fi] TVD ] [in] -

e :
_ I+l | |
Coordinates MD VD

Ir " Field " Instaliation & Slot ‘ Ir " Slot & Rig Datum ‘ ’7 " Field " Instaliation " Slot % Rig Datum
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Figure 5.6 : Defining fluid model.
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Figure 5.7 : Calculating pressure surges.
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5.3 Sensitivity Analysis

The effect of tripping speed (V;), bore hole clearance, effect of temperature and fluid
density effects are investigated using Herschel Bulkley analytical model.

5.3.1 Comparision with other models

The swab pressure is also calculated for same wellbore configuration and drilling
mud descibed in Table 5.2, for Bingham plastic and Power law models in order to

make comparision.

The unweighted sepiolite mud, that is aged at the temperature of 150°F, has been
used for the calculation, and abbreviated as UWSM150. The rheological parameters

for Bingham Plastic and Power law are given in API units as,
Bingham Plastic Model: Plastic viscosity (up) = 32.86¢p,
Yield point (t,) = 8.661b/100ft>.

Power Law model: n= 0.54, K= 775.68 cp

The equations used for finding frictional pressure losses are taken from Bourgoyne

(1991) text book.

Table 5.5: Analytical results with Bingham Plastic and Power Law models.

For Bingham Plastic For Power Law
fa 0.714 fa 0.716

APDb 148.04 APb 146.13
APdp 210.52 APdp 234.56
APdc 34.31 APdc 30.87
Total APi 392.87 Total APi (psi) 41157
(psi)

APdpa 285.85 APdpa 324.7
APdca 105.84 APdca 87.96
Total APa 391.7 Total APa 412.67

After finding results from Paradigm sysdrill aswell, the summarized results are given

in Table5.6,
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Table 5.6: Swab pressure comparison with HB to other models for UWSM150.

fa Analytical (psi) Sysdrill (psi)
Bingham Plastic 0.714 392.87 280.8
Power Law 0.716 412.67 218.4
Herschel Bulkley 0.708 397.58 2574

The statistical results taken from Paradigm Sysdrill for UWSM150 are as under, as

shown here the fit coefficient (Rz) is highest for Herschel Bulkley (i.e. 0.9997)

among other models, so the swab pressure calculated with it’s analytical solution

would be appropriate. R’ is a statistical method to find, how close the data is to

regression line, which indicates the goodness of fit, and 0% means no match, while

100% means best fit.

Statistical Results

Abs Ave Emor %
Sum Diff Sqd
Fit Coeff (R2)
St Dev Emor

Power Bingham Herschel

Law Plastic Bulkley
54096 38.33596 1.3804
8.0092 256176 0.2424
0.9903 0.9691 0.9957
1.2448 22635 0.2202

5.3.2 Effect of tripping speed

Figure 5.8 : Statistical results for UWSM150.

One of most important parameter in pressure surges is tripping speed, the swab

pressure for the open end pipe condition is calculated with Herschel-Bulkley model

considering same wellbore and mud configuration, the density of fluid is taken

constant as 10 ppg. The UWSM150 has been used for this calculation.

Table 5.7: Effect of pipe speed for open end condition.

Annular flow

Vp (ft/sec) Sysdrill (psi)  Analytical (psi)  fraction (fa)
1.5 156 210 0.59
4 257.4 397.6 0.709
6 319.8 547 0.751
10 507 1040.8 0.785
20 1115.4 3281 0.798
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Figure 5.9 : Trip speed vs. swab pressure using HB model for UWSM150.

To understand the condition if bottom of the drill string is not open ended, which
means through the pipe interior, no flow occurs and f, is taken as one. Total flow is
based on outer diameter of the pipe. Examples of such situation in the well with a
check valve (float valve) present in the pipe string. For this condition the total flow
rate is given by the following equation rather than Eq: 5.1, also no need to find mean
and effective fluid velocities inside the drillcollar and drillpipe, then continue with
the same steps from Eq:5.7 onward for finding mean and effective annular velocities,

as describes before.

q: = Vp [% (dy)? ] (5.11)

The effect on swab pressure for the closed end pipe condition is also studied for
anayltical solution and results are tabulated. The wellbore specifications kept same as

described above.

Table 5.8: Analytical results for swab pressures in open and close end condition.

Vp (ft/sec) Open pipe Close pipe

1.5 209.95 270.73
4 397.58 478.27
6 547.02 6754
10 1040.77 1473.61
20 3281.69 4538.77
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The graphical representation of taken results are as under.
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Figure 5.10 : Open end pipe vs. close end pipe using HB analytical model.

As shown from the results, by increasing tripping speed the swab pressure also
increase. The removal of pipe from borehole at high speed causes higher swab

pressure, which may result in well kick, if speed is not selected properly.

5.3.3 Effect of hole clearance

Hole clearance means the annuluar diameter is increasing around the drill string. Its
effect is examined by keeping speed constant that is 4 ft/sec and same wellbore and

drillstring configuration. The UWSM150 has been used for this calculation.

Table 5.9: Effect of hole clearance on swab pressure.

Diameter Annular flow
(inch) Sysdrill (psi) Analytical (psi) fraction (fa)
7.875 257.4 397.58 0.708

8.75 140.4 256.45 0.81
9.875 85.8 167.34 0.891

11 54.6 119.11 0.94
12.25 39 87.32 0.971
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Figure 5.11 : Hole diameter vs. swab pressure for UWSM150.

The swab pressure is reducing with decreasing hole diameter, which means higher
the hole clearence (space between drill string and formation/casing wall), lower will

be the pressure surges.
5.3.4 Effect of fluid density

In the deeper wells, to maintain the formation pressure usually the density of drilling
fluid is increased, which results in varying frictional pressure losses. To examine the
effect of density on swab pressure is presented. The Herschel Bulkley analytical
model is used to calculate using trip speed of 4 ft/sec, other wellbore and drill string
particulars kept same. The rheological properties of UWSM150 has been used for

this calculation.

Table 5.10 : Effect of fluid density on swab pressure.

Pressures with HB model

Density (ppg) (psi)
UWSMIS50  WSM150
8.6 392.7 528
10 397.58 534
12 402.3 541.2
14 409.13 547
16 421.23 552
18 432.2 556.3
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Figure 5.12 : Effect of fluid density on swab pressure.

As shown in figure the pressure surges are proportional to the fluid density. With
increasing density of the fluid, the swab pressure is also enhancing, so this is an other
important parameter which should be considered while increasing mud weight during
drilling.

5.3.5 Effect of temperature

The rheological properties of a sepiolite drilling mud is examined at different
temperatures in order to investigate the effect of temperature variations on swab
pressure. The purpose is to demonstrate the situation, as if drilling mud is being

exposed to high temperature formations during drilling. The tests are conducted both

with viscometer and rheometer.

Test Performed Using Fann35A Viscometer

An unweighted sepiolite mud is formed with the composition mentioned in Table
A.1. Then sample is placed in a aging cell and kept inside heating oven at respective
temperatures for 16 hours then cooled back to atmospheric conditions, just after that
rheology is examined using Couette type viscometer, which is the product of Fann
instruments with the brand name of Fann35 rotational viscometer. The picture of the

instrument is shown in Figure 5.13.
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Figure 5.13 : Fann35A rotational viscometer.

Herschel-Bulkley model parameters are calculated from observed dial readings using

Sysdrill Fluid Builder option as discussed before. The results for UWSM is given in

Table 5.11.

Table 5.11 : UWSM viscometer readings and HB model parameters.

100 °F  150°F  200°F 250°F 300°F 350°F 400°F 450°F
RPM Dial Readings
600 71 70 59 46 38 39 47 52
300 45 44 38 30 24 26 31 35
200 35 35 30 23 18 20 25 29
100 22 23 20 15 11 13 17 21
6 5 5 4 4 3 3 5 7
3 4 4 3 3 2 2 4 6
n 0.68 0.66 0.63 0.67 0.72 0.62 0.62 0.59
K
(mPa.s) 310.39 349.68 379.85 223 12442 263.31 297.87 404.82
Ty (Pa) 1.05 1 0.46 0.91 0.7 0.33 1.26 2.03
R’ 0.9999  0.9997 0.9999 0.9999 0.9995 0.9998 0.9999 0.9995

The swab pressures are calculated using fluid model parameters given in Table 5.11,

with both analytical and Sysdrill software. The speed is taken as 4 ft/sec and density

of fluid is 10 Ibm/gal, other wellbore specification kept same.

45



Table 5.12 : Swab pressure using Sysdrill and HB model for UWSM with
viscometer readings.

100 °F 150°F 200°F 250°F  300°F 350°F 400°F  450°F

Sysdrill 249.6 2574 2184 1794  132.6 148.2 2106 2652
HB 392.02 397.6 3535 287.92 226.85 24894 308.84 381.12

The graphical representation of result is given in Figure 5.14.
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Figure 5.14 : Analytical vs. Sysdrill for UWSM using Fann35A results.

The examination is further extended to evaluate the effect of weighted sepiolite

drilling mud. Similar method is performed and the composition of mud is taken as

given in Table A.2.

Table 5.13 : WSM viscometer readings and HB model parameters.

100 °F  150°F 200°F 250°F 300°F 350°F 400°F  450°F

RPM Dial Readings
600 104 91 72 59 52 50 64 70
300 68 59 45 36 31 29 44 50
200 53 46 34 27 23 21 35 38
100 35 30 21 17 14 12 23 26
6 9 7 4 3 3 3 7 9
3 6 5 3 2 3 3 6 8
n 0.64 0.65 0.7 0.72 0.79 0.86 0.61 0.61
K(@mPa.ss) 610.65 5153 276.1 200.03 106.75 64.04 465.71 486.96
Ty (Pa) 1.59 1.16 0.62 0.43 1 1.13 1.69 2.6
R’ 0.9999 1 0.9999 1 0.9999 0.9997 0.9994 0.998

46



Again for this type of mud, swab pressure is calculated with both Herschel-Bulkley

analytical model and Sysdrill software.

Table 5.14 : Swab pressures using Sysdrill and HB model for WSM with viscometer
readings.

100 °F  150°F  200°F  250°F 300°F 350°F 400°F 450°F

Sysdrill 397.8 3354  226.2 171.6 156 1404  296.4 3432
HB 6122 5342 367.7 296.08 269.27 253.74 441.6 492.92

The graph is constructed as shown in Figure 5.15. The swab pressure seems to have
same trend both for Sysdrill and HB model, but Sysdrill is giving lower values as
compare to other one. As temperature is increasing till 350°F, swab pressure is
decreasing which is the result of reducing fluid viscosity and in result reducing
frictional pressure losses, but after this point again pressure is showing an inclination
in trend. The reason may be the gelling effect or flocculation of chemicals other than
sepiolite present in the mud, because study (Altun et al.) has shown the stability of

sepiolite till S00°F if used alone.
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Figure 5.15 : Analytical vs. Sysdrill for WSM using Fann35A results.

In order to compare results for both type of mud simultenously, the results taken

from analtical method are plotted against each other and shown in Figure 5.16.
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Table 5.15 : Swab pressure for UWSM and WSM with viscometer readings using
analytical model.

100 °F  150°F 200°F 250°F 300°F 350°F 400°F 450°F

Unweighted 392.02 397.6 3535 287.92 226.85 24894 308.84 381.12
Weighted 612.2 5342 367.7 296.08 269.27 253.74 441.6 492.92

—UWSM WSM Vp = 4 (ft/sec)
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Swab pressure (psi)
w B
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Figure 5.16 : UWSM vs. WSM using analytical model for viscometer results.

Test Performed Using Fann50SL Rheometer

The rheological properties of unweighted sepiolite mud is calculated using high
temperature and high pressure (HTHP) rheometer. A mud sample is formed with the
composition mentioned in Table A.1. A rheometer simulate the real formation
temperature conditions and compute mud rheology at dynamic conditions. A sample
is placed inside the sample chamber in rheometer without aging it, and after
connecting with the integerated computer program and feeding necessary parameters.
The picture of the instrument is shown in Figure 5.17. The shear stresses are
computed automatically with the gradual increase of temperatue (i.e:10°F). Here for
the convenience, readings for the temperatures with the interval of 50°F are taken.
Herschel-Bulkley model parameters are calculated from observed shear stresses
using Sysdrill “Fluid Builder” option, the shear stress and shear rate values are

inserted instead of RPM and dial readings. The results are given in Table 5.16.
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Figure 5.17 : Fann50SL HTHP rheometer.

Table 5.16: UWSM rheology and H.B model parameters using rheometer.

100 °F  150°F  200°F 250°F 300°F 350°F 400°F  450°F

Shear Rates
(1/sec) Shear Stress (Pa)

1021.65 68.90 4824 3416 21.61 1257 8.08 15.73  21.06
510.82 41.02 28.08 1959 1156 6.23 3.83 1033 14.67
340.55 30.78 2127 15.02 842 4.14 244 9.19 12.51

170.27 1936 1349 9.70 4.96 2.11 1.08 7.82 10.45
10.22 3.79 2.37 1.57 028 -035 -043 7.55 13.03
5.11 3.13 1.73 1.11 -0.02  -051 -0.53 9.50 15.13

n 0.76 0.77 0.77 1 1.03 1.13 1.97 2.79

K (mPa.s) 337.62 2305 1645 1939  9.57 3.33 0.01 0.01
Ty (Pa) 1.94 1.04 0.67 1.68 0.16 0.1 8.27 12.81
R’ 0.9999 0.9995 0.9989 0.9999 1 0.9991 0.9438 0.8154
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The swab pressure is calculated using these fluid model parameters with both
analytical and Sysdrill software. The speed is taken as 4 ft/sec and density of fluid is

10 Ibm/gal, other wellbore specification kept same. The results are shown below,

Table 5.17 : Swab pressures using Sysdrill and HB model for UWSM with
rheometer readings.

100°F 150°F 200°F 250°F 300°F 350°F 400°F 450°F

Sysdrill 390 2574  187.2 1326 62.4 62.4 312 460.2

HB 617.08 439.57 319.2 2475 202.57 186 406.2 534
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Figure 5.18 : Analytical vs. Sysdrill for UWSM using FannSOSL results.
Now weighted sepiolite mud is evaluated using similar test procedure.

Table 5.18: WSM rheology and H.B model parameters using rheometer.

100 °F  150°F 200°F  250°F 300°F 350°F 400°F 450°F

Shear Rates
(1/sec) Shear Stress (Pa)

1021.65 101.35 63.83 42.64 2624 15.02 9.60 24.09 2558
510.82 63.45 39.48 2531 14.09 7.38 440 1732 17.73
340.55 49.74  30.30  18.87 9.99 488 263 16.11 1544

170.27 32770  19.72 12.15 579  2.60 1.09 1532 13.40
10.22 7.44 4.13 2.13 070 0.16 -046 1944 16.02
5.11 6.00 3.15 1.52 033 -0.02 -0.63 19.08 17.24

n 0.68 0.7 0.75 0.89 1.08 1.22 1.99 1.22

K (mPa.s) 863.23 476.89 226.18 56.35 791 2.08 0.01 2.86
Ty (Pa) 3.39 1.72 0.86 021  0.51 0.1 1507 11.86
R’ 0.9998 0.9999 0.9997 0.9997 1 0.9976  0.9999 0.9995
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Again for this type of mud, swab pressure is calculated with both Herschel-Bulkley

analytical model and Sysdrill software.

In Table 5.16 and 5.18, it can be noticed that at some temperatures, negative values
for shear stresses are observed, which is only present in rtheometer results. This is
due to the “wall slip effect” in the Couette type rheometer. The water based mud
usually demonstrate a significant amount of wall slip because of phase separation at

higher temperatures.

Table 5.19 : Swab pressures using Sysdrill and HB model for WSM with rheometer
readings.

100°F 150°F 200°F  250°F  300°F 350°F 400°F 450°F

Sysdrill  694.2  405.6 234 101.4 78 62.4 514.8 4212

HB 1022.76  636.2 392.16 232 215.34 197 589.6 505.5
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Figure 5.19 : Analytical vs. Sysdrill for WSM using Fann50SL results.

To compare the results of unweighted and weighted mud, the analytical results are

tabulated and given in Table 5.20.

Table 5.20: Swab pressures for UWSM and WSM with rheometer readings.

100°F  150°F 200°F 250°F 300°F 350°F 400°F 450°F

Unweighted 617.08 439.57 3192 247.5 202.57 186  406.2 534
Weighted 1022.76  636.2 392.16 232 215.34 197  589.6  505.5
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Figure 5.20 : UWSM vs. WSM using analytical model for rheometer results.

Comparision of Viscometer and Rheometer Results

The results taken from rotational viscometer and rheometer are compared both for
unweighted and weighted mud. For unweighted sepiolite mud the results are plotted

and given in Figure 5.21.

Table 5.21 : Swab pressure calculated using viscometer and rheometer results for
UWSM.

100 °F 150°F  200°F 250°F  300°F  350°F 400°F 450°F

Fann35 392.02 397.6 3535 287.92 226.85 24894 308.84 381.12
Rheometer 617.08 439.57 319.2  247.5 202.57 186  406.2 534

Now the swab pressure results calculated using weighted mud are given in Table

5.22

Table 5.22 : Swab pressure calculated using viscometer and rheometer results for

WSM.

100 °F  150°F 200°F 250°F 300°F 350°F 400°F  450°F

Fann35 6122 5342 367.7 296.08 269.27 25374  441.6 49292
Rheometer 1022.76  636.2 392.16 232 215.34 197 589.6  505.5
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Figure 5.21 : Viscometer vs. Rheometer results for UWSM using analytical model.

The rheometers is exhibiting higher swab pressures at the beginning compare to
rotational viscometer, but in between the temperature values of 150°F to 350°F,

exhibiting lower values.
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Figure 5.22 : Viscometer vs. Rheometer results for WSM using analytical model.

For weighted sepiolite mud, the comparison of results taken from viscometer and
rheometer is showing a unique trend, swab pressure tend to decrease till 350°F for

rheometer data, and again decline is observed in between 400°F to 450°F, after a
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sharp increase. The rheometer displays more realistic conditions of formation
temperature as compare to the viscometer so, it is better to rely on the mud rheology
measured with rtheometer. For WSM, both temperature and density is affecting on

swab pressures that’s why the values are higher as compare to UWSM.
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6. RESULTS AND DISCUSSIONS

The results from the Herschel-Bulkley analytical model is found to be varying from
the values obtained from Paradigm Sysdrill software. Not only for Herschel Bulkley,
but even for Bingham Plastic and Power Law rheological models, software results in

lower pressure values, compare to pressures calculated using analytical methods.

In fact the formulations which software is using, are not been exposed due to its
commercial integrity but according to the paradigm technical support department, the
software is lagging in calculating accurate surge and swab pressures, which they
admitted in response of email correspondence. The part of email reply, responded by
one of their technical person is, “We are making patch to the software that will be
available later in the year and we will update the code accordingly. Other fixes will
include fixing a gross error in the temperature model and inclusion of the eccentric
flow corrections for annular pressure loss for slim hole conditions.” They informed
to overcome this problem in next upcoming version, so the results taken from

Herschel Bulkley analytical model came out to be reliable.

Generally speaking, the steady flow model is conservative in nature and normally
does not consider the factors such as; 1) fluid compressibility, 2) fluid inertia, 3) pipe
longitudinal elasticity. Dynamic surge models, while giving less conservative
predictions, are more complex and require not only more input data, which may not

be readily available to engineers, but also more computer resources (Mitchell, 1988).

As shown in Figure 5.9, the effect of tripping speed is vital. The values greater than
10 ft/sec are taken just for getting idea, otherwise they are unrealistic speeds. The
swab pressure is increasing with increasing tripping speed. It can also be seen that
the annular fraction flow is rising, which means that the drilling fluid starts
displacing more from the annulus rather than from pipe interior. The tripping with
close ended pipe has more effect on surge pressures, as compare to open ended pipe,

shown in Figure 5.10.

Hole diameter has shown pronounced effect on swab pressure as shown in Fig. 5.11.
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The increase in annular clearance decreases the swab pressure significantly, and

increases the annular flow fraction.

The effect of fluid density on swab pressures has shown a minimal change. By
increasing the density of drilling fluid for both UWSM150 and WSM150, the swab
pressures are also increasing, and WSM150 has more pressure values compare to
UWSM150, at the same tripping speed.

Every one involves in drilling operations knows that, muds behave with non-
Newtonian fluid flow properties. Their viscosity is not only influenced by
temperature and pressure, but it is also strongly related to the velocity at which mud
runs inside the hydraulic system. The drilling fluid velocity and the resulting rate of
shear at the walls of the conducts, plays an important role on the viscosity of the
fluid. For this reason, the full range of shear rate usually considered for hydraulic
calculations. At least three data points of shear rates are required to calculate
Herschel Bulkey rheological constants, here six different values for shear rates have
been utilized for the examination

The temperature effect on swab pressure also seems unique, as Figures 5.14, shows
that for UWSM using viscometer dial readings, swab pressure is lowering till 300°F
and then increasing again. Similarly, Figures 5.15, 5.18 and 5.19 show a trend that
for sepiolite mud, between 100°F to 350°F, the swab pressure is reducing and then
increasing again. This reduction of swab pressure is due to the decrease of
consistency index (K), which describes the thickness of fluid (as “K” decreases mud
becomes thinner), which reflects that apparent viscosity is reducing and in turn swab
pressure is also reducing.

The increase of swab pressure is due to the gelation effect of mud, which can be
supported by the fact that yield stresses are also increasing after 350°F, as given in
Tables 5.11, 5.13, 516 and 5.18.

It 1s observed that the apparent viscosity values of mud first decrease until 350°F,
and then began to increase. The same situation is also experienced in the case of
yield point and gel strength values. This behavior is one of the main characteristic
properties of sepiolite clays. It is well known, that sepiolite begins to convert to a
smectite at 300°F, and this reaction is fully completed at 500°F. The new smectite
(thermally altered sepiolite clay) in the fluid have a thin flakey morphology, and they
increase the viscosity of the fluid (Altun et al., 2014).
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Figures 5.16 and 5.20, show the comparison results for UWSM and WSM, it can be
observed that the effect of barite (weighing material) is getting diminish at some
temperatures, which means that WSM and UWSM are resulting in almost same swab

pressures at certain temperatures.

After a sharp increase again a drop down of swab pressure is observed for only WSM
given in Figure 5.19, because of the reason that yield stress reduced as gelation effect
disappeared at 400°F early as compare to UWSM, also the flow behavior index (n,
that measures the degree to which the fluid is shear-thinning or shear-thickening)

lowered, which can be seen in Table 5.18.

In Figures 5.21 and 22, while comparing the results for rotational viscometer
(Fann35A) and HTHP rheometer (Fann50SL), it can be noticed that Fann50SL is
giving lower swab pressures from 200°F to 350°F, as compare to Fann35A. In Table
A.3 and A.4, the calculated values for flow behavior index, consistency index and
yield stress are given both for unweighted sepiolite mud and weighted sepiolite mud.
In Figure 5.21, the distance between two curves at the beginning and at the end, is

due to the viscosity effect between UWSM and WSM.

It can be derived that the rheological parameters such as yield stress, fluid behavior

index and consistency index have substantial effects on surge and swab pressures.

To predict how much trip speed can be increased if the formation temperature
changes. For this purpose, the readings from rheometer are taken for comparison of
UWSM and WSM at 350°F, and swab pressures are estimated using Herschel
Bulkley analytical model. From Table 6.1, it is clear that swab pressure is decreasing
from initial temperature around three times for UWSM and five times for WSM

respectively, which allows to make an increase in trip speed.

Table 6.1 : Possible increase in trip speed for UWSM and WSM until 350°F.

UWSM350 WSM350
Speed Swab press. Speed Swab
(ft/sec) Temp.(F) (psi) (ft/sec) Temp.(F) press.(psi)
4 100 617.08 4 100 1022.76
4 350 186 4 350 197
8 350 612.5 10 350 1018.34

As shown in Figure 6.1, the possible increase can be up to 8ft/sec for UWSM and 10

ft/sec for the WSM, and yielding almost the same amount of swab pressures.
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It is determined that at the formation temperature up to 350°F, the use of both

weighted and unweighted sepiolite muds allow to fasten the tripping speed of the

drillstring.

Existing trip speed Allowable increase in trip speed

10 +

Trip speed (ft/sec)
[e)}

350 (UWSM) 350 (WSM)
Temperature (F)

Figure 6.1 : Possible increase in trip speed at 350 °F.

As it is well known that “time is money”, and in drilling industry this fact is well
suited. In geothermal wells and deep offshore wells, the increase in tripping speed

can save time, and in return significant amount of money.
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7. CONCLUSION AND RECOMMENDATIONS

The conclusive remarks, derived from this study are as follows:

Herschel-Bulkley analytical model results in better swab pressure prediction
with compare to Paradigm Sysdrill, despite of the fact that it gave higher

values, the results are reasonable and make it a conservative solution.

Effect of tripping speed of pipe, and fluid density has direct relationship to

swab pressure.

If the space between borehole wall and drillstring (annular clearance) is

larger, the swab pressure is exhibiting lower values.

Swab pressure decreases, as formation temperature increases up to certain

value.

It is also determined that at the formation temperature up to 350°F, the use of
both weighted and unweighted sepiolite muds allow to fasten the tripping

speed of the drillstring.

Mud rheological constants varying with elevated temperatures have

substantial effect on surge/swab pressure calculations.

Mud clinging constant graph is not available for Herschel-Bulkley model so
far, which can be developed to predict more accurate frictional pressure

losses.

Investigation for different types of mud samples (i.e. KCL, Polymer based
mud, Lignosulphonate mud), can be performed to compare results against

sepiolite mud at higher temperatures.
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APPENDICES

APPENDIX A.1 : Mud Clinging constant (K), for computing surge/swab pressure.
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APPENDIX A.1
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Figure A.1 : Mud clinging constant (K), for finding effective fluid velocity.
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Table A.1 : Unweighted sepiolite mud composition (Altun, et al. 2014).

Composition Quantity Mixing Time (min)
Water 350 ml
Sepiolite 20 gm 20
Soda Ash 0.1 gm 5
Thermatine 3.25 ml 5
Hostadrill 5 gm 5

Table A.2 : Weighted sepiolite mud composition (Altun, et al. 2014).

Composition Quantity Mixing Time (min)
Water 350 ml
Sepiolite 20 gm 20
Barite 150 gm 10
Soda Ash 0.1 gm 5
Thermatine 3.25ml 5
Hostadrill 5 gm 5
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Table A.3 : Rheological constants for UWSM in field units.

Temperatures
(°F) Viscometer results Rheometer results
Ty Ty
n K (cP) (Ibf/100ft2) n K (cP) (bf/100ft2)
100 0.68 310.39 2.2 0.76 337.62 4.05
150 0.66 349.68 2.1 0.77 230.5 2.17
200 0.63 379.85 0.97 0.77 164.5 1.4
250 0.67 223 1.9 1 19.39 3.5
300 0.72 124.42 1.5 1.03  9.57 0.33
350 0.62  263.31 0.7 1.13  3.33 0.21
400 0.62  297.87 2.6 1.97 0.01 17.27
450 0.59  404.82 4.2 2.79  0.01 26.75

Table A.4 : Rheological constants for WSM in field units.

Temperatures
(°F) Viscometer results Rheometer results
Ty Ty
n K (cP) (Ibf/100ft2) n K (cP) (Ibf/100ft2)
100 0.64 610.65 3.32 0.68 863.23 7.08
150 0.65 515.3 2.42 0.7 476.89 3.6
200 0.7 276.1 1.3 0.75 226.18 1.8
250 0.72 200.03 0.89 0.89 56.35 0.43
300 0.79 106.75 2.08 1.08 7.91 1.06
350 0.86 64.04 2.36 1.22  2.08 0.2
400 0.61 465.71 3.5 1.99 0.01 314
450 0.61 486.96 54 1.22 2.86 24.7
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