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ABSTRRACT

The Bakhrabad gas field is an old and matured gas field in Bangladesh, which is
producing since 1984. This thesis presents a systematic diagnosis of reservoir behavior of
this pas feld with respect to. dilferent flow regimes, reservoir connecctivity or
compartmenialization, rescrvoir drive mechanism, estimation of reserve, and nature of
production decline. Production data such as flowing wellhcad pressure and production
rate are used in different simple diagnostic tools like pressure vs. rate, decline and
approximated wellhead material balance. The same data is also analyzed with diffcrent
type curve methods including Fetkovich, Blasingame, Agarwal-Garduer, and Normalized
Pressure Integral (NPI) type curves. Commercial production analysis (PA) sofiware is

used for this purpose.

Pressure vs. rate diagnosis reveals reservoir flow behavior with approximate duration of
flow regimes for the wells of respective sands of Bakhrabad gas field. It 1s found that
Pscudo-Steady State (PSS) flow regime is currently dominating in all producing sands.
No comparimentalization is detected in any of the producing sands. Declinc diagnosis
shows exponential type of production decline in all major sands. Approximate wellhead
material balance diagnosis indicates volumectric depletion as the drive mechanism for this
Geld. Type curve analysis show pood agrcement between production dala and the
assumed radial reservoir mode] for this field. The Gas Initialiy in Place (GIIP) estimated
by different methods range from 916 to 1263 BCF, with the most likely value being 1200
BCF. These values compare well with the previously reporled valucs based on volumetne
method, which ranpes from 1281 10 1392 BCE. Assuming abandonment at 600 psia, the

estimated recovery factors ranpe from 53% to 73%.
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. Chapter | wy
INTRODUCTION

Reservoir characterization, reservoit flow behavior identification and rmeserve
estimation arc very impormant topics for investigation of amy reservoir.  Such
investigation provides deeper understanding of the nature of the reservoir and help in
proper development of the field. Different technigues have been developed o conduet
these investigations, involving a varlety of dala and parameters. Most of these
methods invelve analysis and interpretation of production data which are routinely

collected and avatlable from industry databases.

The Bakhrabad gas field is an old and matured gas ficld in Bangladesh, which is
producing since 1984. Geologically Bakhrabad Gas Field falls within the eastern
{olded region in the Meghna basin of Bangladesh, some 25 miles east of Dhaka and
located at north-west part of the city of Comilla. The Bakhrabad structure 1
interpreted from scismic data (Figure 1) as a relatively gentle. symmctrical fold,
developed as an elongate anlicline with a NNW-SSE trend. On the basis of single fold
scismic data, Welldn]l {1990) mapped three culminabions, € to the north (Narshingdi
gas field), B in the middie (Marichakandi/Meghna gas ficld) and A to the south
(Bakhrabad pas field). The age of the sedimenis penetrated in the Bakhrabad wells is
Neogene, but more precise dating is uncertain in the context of DBengal Basin
stratigraphy a» a whole. The sediments may be placed in the Surma and Tipam
Groups, tenlalively assigned to the Miocene and Mio-Pliocene age respectively
{Choudhury 19%9).

The Bakhrabad gas field has 5 major producing sand layers namely B. DU, DL, G and
I, (Figure 2). There are 8 wells, of which 4 arc producing from these sands and the
rest are suspended from production due to excessive sand and water production, The
presence of potential gas-bearing structure at Bakhrabad was first recognized from a
pravity survey in 1953 {Choudhury 1999). First exploratory well, BK-1 was drnlled
vertically to a depth of 2827 m in the year 1968-69 and proved the presence of
reservoir succession as A, B, C, D, F, G, I, K and L Sands. Under the first phase
development project four more development wells were dritled from the same pad

- inctuding work-over of BKB-1 1n 1981-82, Additional 3 development wells were




dnlled wn the most potential "J" sand in the pericd of 1988-89 implementing second

stage development in vicw of rapidly increasing gas demand 1n Bangladesh,
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(Gas production rate from this field reached slightly above 200 MMSCFD from &
(eight) producing wells in 1992 to meet the country's demand. During this time, the
wellhead pressure started to decline with sand and exeessive water production.
Following excessive water production and subsequent decline in wellhead pressure
well no. BK 4 and KB 5 were closed and gas production ratc was reduced to 93
MMSCEFD pradually over the period of 1992-97. Ia overcoeme the producton
problem, semc well have been re-perforated and re-completed; no considerable
improvemenl was observed afierwards. Two more wells (BK 6 in August, 1998 and
BK 2 in June, 1999) were closed duc to excessive waler production with subsequent
pressure decline. At present 4 wells (Well no Bk. 1, Bk. 3, Bk. 7 & Bk. 8} are flowing
and production from this field is near aboul 35 MMSCFD since July 1999, Present rate
of watcr production is about 4.6 BBL/MMSCF and condensale production s 0.80-1.00
BBL/MMSCF (Choudhury 1999).

wellB L
recomp etc: ‘---____‘_l
well BK E—Q
e, e
S g well BK 4
oy recompleted

well BK 3
well BK 1

well BEL 8

Figurc 2 - Different Major Development Sands of Bakhrabad Gas Field

The advancements in production data analysis enable more sophisticaled analyses
accompanied by more refiable resulls. The value of these analyses, however, is

strongly dependent upon the quality of real production data and importantly, the



analysts ability to filter out the noisy data and retain the truc reservoir signal. The
blind application of these analysis methods, without consideration of data quality
issues, can Jead to misinterpretation and erroncous results. In this respeet, practical
diagnostic procedures of production data enable engineers to more effectively apply
advanced analysis techniques 10 real data at the operational level, by himiting the

possibilily of misinterpreting the data.

Praclical diagnostic procedures that can be applied to production data arc ecither
general — based on simple produciion data charts, or specific — using advanced
typecurves. Like well test analysis, modemn production data techniques employ the
use of lypecurves, which enable the quantitative and qualitative evaluation of a system
through identifying and matching trends in the data that are similar to the shape of the
underlying typecurve model. These typecurves are mostly production decling
lypecurves where a clear distinction can be made bohween transient and boundary
dominated {low periods. Transient rale and pressure data are uscd to determine
reserveir permeability, near wellbore condition (damage or improvement) and fracture
length. Boundary dominated data are roquired to estimate the fluid-in-place and

TEERTVES,

Kabir and Jzgee (2006) presented a simple diagnostic tool from which fow regimes
can be identified from raw production data such as wellhead Mowing pressure and rale.
Here data diagnosis imposes graphing pressure with rate and discerning trends.
Positive slope significs the pseudo-steady siate (PS8) flow period, which is boundary
dominated. Negative slopc implies infinite-acting (IA) or (ransient flow, when
boundary effects arc not felt. These plots aiso reveal comparimentalization end
communication of wells in reservoirs cspecially those wells that arc produced from
volumetric reservoirs. The duration of differcnt Aow regimes can also be identified

approximately from this diagnosis procedure, which is an outcome of this study.

According to Lee and Waticnbarger {1996), simple Cartesian and semi log plots of
production data {mainly rate, cumulative production and time) show characteristic
shapes for 4 volumctric reservoir which can be uscd as a diagnostic lool 10 determine

the type of decline before any calculations are made. Similarly, Carlesian plot of



flowing pressure and cumulative production can reassurc the drive mechanism of the

rescrvoir and identily any additional drive, as it is done in the material balance plot.

Various analysis techniques cxist to analyze production rate data for csiimaling 1n-
place fuid voiume and remaining reserves. Thesc mcthods entail from traditional
decline curve analysis. such as those offered by Arps (1945} and Fetkovich (1580} to
more sophisticated techniques (Agarwal, Gardner, Kleinsieiber and Fussell 1999;
Blasingame, McCray and Lee 1991; Blasingame, Johnston and Lee 1989; Mattar and
MeNcil 1997} involving both flowing botiomholc pressure and ratc. Most of these
methods apply lo single wells in volumelric reservoirs producing single-phase Muids
from a fixed drainage boundary. Mattar and Anderson (2003) provide a comprchensive

treatment ol the perminent metheds.

Changes in well performance may oficn be attributed 1o condensate banking or lignid
loading, reservoir subsidence or layered characteristics of reserve, {ines migration
precipitating changing skin, and a host of completion and/or wellbore-lift issues,

hesides depletion.

Objective of the Study

In this stady identification of flow repimes with ime intervals, overall decline type
and drive mcchanism of Bakhrabad pas ficld are determined using simple diagnosis
procedures, After diapnosis and analysis of all the wells in the Bakbrabad field in a
systematic approach, both the gas-in-place and expected ultiniate recoverable reserves
will be determined using some advanced methods mentioned above. A commercial

software package (F.A.8.T. RTA) will be used for this purposc.

The abjective of the study has been subdivided as Tollows:
1. Diagnosis of reservoir characteristics from measured production (pressure/ratc)
data:
a) Flow regime identification (i.c., PSS, Transient ete.) with time intervals
b) Determination of reservoir connectivity and comparimentalization
¢) Determination of overail decline type of reserve

d) Determination of drive mechanism



2. To estirate rcmaining reserve with Estimaled Ultimate Recovery (EUR) and

Recovery Facter (RF), and compare oulcomes from different methods using

production data

Methodolopy

To achicve the ahove objectives the following methods are 1o be adopted:

1.

[~k

To collect all the available production. reservoeir and field data for Hakhrabad and
screen the reservoir signal from the production data set (which may contain a lot of
unanalyzable data),

To use simple tools (graphical representations) to diagnose long-term well
performance, especially those that are influcnced by outer boundaries, in particular,
whether wells belong to the same or different compartments using spreadsheet
PIOLIAMS,

To analyze produchion data with traditional {Arps) decline analysis, and different
type curve analysis methods including Fetkovich, Dlasingame, Agarwal-Gardner,
Normalized Pressure Integral (NP1} and Transient typecurve analysis to cstimate
the remaining gas reserves and recovery factor.

To further :nalyse the data using Flowing Material Balance (FMB) and
Approximated Wellhead Material Balance (AWMB) rmethods.

A commercial production analysts software (F.AS.T. RTA by Fekete Associates

Inc.}y will be used to carrvout the above.



Chapter 2
LITERATURYE REYIEW

Therc are several practical diagnostic procedurcs, some general and others specific, that can be
applied to production data, both on simple productien chams and on advanced typecurves. Using
currenily accepted methods for analysis of produetion data, the estimation of original gas-in-
place may require several itcrations and/or secondary calculations, as well as othier veservoir or
well parameters, Howcver, the characteristic behavior of pscudosteady-stale or boundary-
dominated flow, must be exhibited prior to any material balance calculations. When production
is initiated in a well, various Mow regimes are encounlered as transition from infinite-action (JA)
to pseudosteady-state {PSS}. A systematic discussion on production data diagnosis with a
normal Carlesian plot was performed by Kabir and lzgec (2006). According o their paper, data
diagnosis impn-s.cs praphing pressure with rate and disceming trends: positive and negative. The
slope of the infinite acting (IA) flow period during variable-rate production in a liquid system is

given by:

Ll — -‘I
o) ik /TR S log[ k 2J—3,23+G.869.¢
dpw.frl - 1=h 'rn _IJ.-] d.f” éﬂ crrw (2 1)
dqﬂ - dg" .

dt

a

In the above equation, the numeralor remains ncgative, suggesting ncgative slope for the pur vs.

q graph during the A flow period. For the conslant-rate case, dga/dt, = 0, thus lcading

dp,, ! da, 10 infinity i.c. vertical line in graph. When a well is produced at 4 constant puy, the

slope atlains a zero value. The diagnostic 10o], put vs. g graph, is very simpie as it requircs 1o

catculations and leads 1o understanding of reservoir compartmenialization.

For variable-rate production during PSS (closed outer boundaries} flow in a liquid system the

slope is given by:

_0.25398
AP _ dhcA " (2.2)
dg, _dg, '
dt

n



The above equation shows that the slope is positive and is dominaled by reciprocal of connccted
pore volume {CPV), hA. Rale declines exponentially with time in a volumetric system. ‘Lhis
fact implies that the dy./dl, term in the denominater directly influences the slope on the put vs. q
graph, because the numerator is a linear term. [t can be also noted that the slope retuins the same
value so long the drainage volume remains contiguous. Thus during PSS flow, wells belonging
to the same containetr will exhibit the same slope. Dilfercnces in slope are an indication of

lateral or vertical compartmentalization of the rescrvoir.
P

Infnite-acting fow

Mateau Pened

{constant rate or
tubing hruted}

Pt
constant-pressure
production

Pseudosteady-State Flow

q

Fig. 2.1: Diagnostic P,,¢—q graph for a closed sysiem.

from Figure 2.1, it is clear that positive slope indicates the pseudosteady-state (P5SS5) flow
period, whereas the negalive slope implies infinite-acting ([A) flow. Constant-rate production

cxhibils infinite slope whereas constant-pressure production shows zero slope,

Wellhead pressurc data can be used for diagnosis in pressure vs. rate graph, as they arc readily
available and arc representalive of botlomhole conditiens. Moreover flowing bottom hole
pressure, pet has one-to-one corrclation with flowing wellhead pressure, pw, (Kabir and Hasan
2006} and do nol interfore with diagrosis. It is also possible to identify approximate duration of
different [low regimes if production raic vs. time is plotted in the same pressure vs, rate graph
(where time is plotted in the secondary y-axis and rate is the common x-axis). In this procedure
time scale can be adjusted so that rate vs. time curve overlay upon the pressure vs. rale curve.
Thus [rom the combined curves, i.e. p.y-q-t, approximate duration of different flow regimes can

be casily identified and used conveniently te other diagnostic procedures.



Different Reserve Estimation Methods

The reserve estimation methods discussed in this section are primarily those methods typically
applied 1o volumetric dry-gas rescrvoirs. In such cases gas cxpanston is the only drive
rechanisin — no external source(s) of energy arc considered in the calculations. All of these
methods presume ihat the entire reservoir is being characterized by performance from a single

will.

2.1 Material Balanee Methods

The material balance method was developed after the volumetric method (i.c., cstimates base on
porosity, Lhickness, areat extent) and material balance has evolved to become the most popular
mechanism for estimating reserves.  Schilthiuy {1941) presented a general form of material
balance cquation derived using a volumetric balance on a hydrocarbon system. Material
balances typically assume that the reservoir pore volume remains unchanged or it changes in a
consistent manner with respect to reservoir pressure.  The dala required for material balance
calculations include: fluid production data, reservolr temperature, rcservoir pressure dala,
reservoir fluid properties, and core dala. The materiat balance equalion for a valumetric dry gas
reservoir system presented by Schilthius neglecting water drive and interstitial water production

is given as:
G8gf = (G~GplAg . (2.3}

Where GBgi is the reservoir volume occupied by gas at the initial reservoir pressure, pi, and, on
the right hand side, {G-Gp) Be is the reservoir volume occupied by gas after gas production at
any pressure below the initial pressure. Schilthius used the principle of conservation of mass to
calculate remaining gas-in place. In volumetric terms, the statement of the matcrial balance
equation is thal remaining reserves are Lhe initial reserves less the produced reserves. In this

case, the simplest form of the material balance equation for a volumetric dry-gas reservoir is
Initial Yolume = Yolume Remaining + Yelume Removed (2.4)

The material balance equation was simplificd by Havlena and Odch (1963) and represented

graphically and, in particular,  plot of 5/Z versus Gp yields a straight-linc trend requiring only



an cxtrapolation ol the Fi/Z trend to the Gp-sxis o get the estimated ultimate gas produced, or

the gas reserves. This relation is given by:

P_-PJ G _.rUJ pr

i’ ¢

The material balance method can be applied for production at constant rate or constant
bortomhote Mowing pressure — or any variable-rate/variable-pressure condition.  An advantage

ofthe /% versus G plot is that it can be applied at any period of reservoir development. Most

imporlantly, the material balance method gives a good cstimate of recoverable gas-in-place as it
reports on only the volumes, which are in pressure communication, [ is noted that material
balance methods are developed in terms of cumulative fluid production and changes in teservoir

pressure, and therefore require accurate measurcments of both quantities.

The material balance plot (i.e., the 5/Z versus Gp plot) has historieally been used to provide an
indication of the reservoir drive mechanism from the shape of the p/z trend. A consislent

deviation of data from the siraight-line trend can indicate external source(s) of e¢nergy or a
secondary drive mechanism. It is noted that, this fact can be used as a diagnostic ool to identify
external source(s) of energy and cases other than the case of a volumeiric dry gas reservoir

syslern can easily be addressed.

It is important to note that matcrial balance methods require a sufficient duration of the
production history in order to yield accurate resulls — typically 10 percent of the estimated
reserves must be produced to provide a reliable estimate of gas reserves. Due to the sensilivity
of the matcrial balance methods Lo both data quantity and quality, one may rely on the
volumetric method for reserve estimation in the early stages of production, and then use the
material balance methods to refine the reserves estimation when sufficlent data are available.

{F.AST)
The complexity associated with the matertal balance method for reserve estimation is linked 1o

(e availability of average and initial reservoir pressure data, The pressure dependent parameters

in the malerial balance cquation are evaluated at lhe average reservoir pressure. The average

{8



reservoit pressure remains the reference point for all paramcters throughout the producing life of
the rescrvoir; and therefore it is impomant in the material balance mcthod. In obtaining the
average reservoir pressure cstimates, most opcrators use & pressure build-up test, which s costly,
particulariy for tight (or low permcability) gas reservoirs. Pressure build-up tests for gas wells
require long-shut-in periods lor the reservoir pressure profile to stabilize. This practice {s simply

unecenomical for many low permeability reservoirs,

Mattar and McNeil (1997) introduced the “Flowing” Gas Material Balance (FMB) for which
shut-in rescrvoir pressurcs are not requircd. Instead pz plot of the “flowing” pressurc versus
cumulative production is used. In this method, a straight linc drawn through the Howing
pressure data and then, a parallel line drawn through the initial reservoir pressure gives the
original gas-in-place {OGIP). As wellhcad pressure measyrements are represeniative of
bottomhole conditions (no fluid influx inte the wellbore}, a procedure similar to FMB, hut
ignoring compressibility factor z, is used to generate a rcasonable wellhcad material balance
caloulation. which they defined as Approximate Wellhead Material Balance (AWMB).  This

method is a very practical and simple tool tor the early quantification of reserves.

2.2 Decline Curve Analysis

The analysis of production decline cutve dala can provide estimates of original gas-in-place, gas
reserves, drainage atea, [uture expected production rate and the remaining productive life of the
well. Asg with other methods, the decline curve technique is dependent on the quantity and
quality of data, and this method is applicable only when the reserve is in natural decline. The
basis for the decline curve methods varics from empirical relations (e.g., the exponential and
hyperbolic relations) to semi-analytical reiations derived using matcrial balance and
pscudosteady-state flow relations. The caleulated reserves are considered to be the hydrocarbons

in communication with a particular producing well.

The usc of production dala as a forecasting tool dates back to 1918 when Lewis and Beal (1918)
presented the consistent shape of the production decline curve as a mathematical tool, wltich may
be used to forecast future production. Lewis and Beal (19)8) obscrved that the production

decfine on a Cartesian plot of rate against time has a "powcr law" behavior actually a straight-

11



line trend on a log-log plot, and using the model trend or the calculated coefficients, a forecast of

future production ¢an be projected.

Production data analysis became a popular reserve forecasting ool in the 1940's when Arps
(1945) presented his harmonic, cxponential, and hyperbolic decline relations each of which
where empirically based. This technique, develeped by Armps, although well received in the
industry, was used only for prediction and interpretation of production rate decline — not for the

estimation of in-place [luid reserves or formatien properties.

Arps later expanded the use of decline curve analysis to provide the predictien of primary
reserves, This approach involved the extrapolation of rate-time data using hyperbolic and
exponential decline dala models. For reference, the Arps relations for flowrate and cumulative
production are given in Table 2.1.

Table 2.1 Summary of the “Arps Analysis”™

Arps Flow rate Relations:

Casc Rate Relations

GExponential; (b= 0) ()= g, exp{—D 1) {2.6)

Hyperbolic: (0<b<1} g() __j_ 27N

[1+20 r]ﬁ

Harmonic: (b= 1 2.8

{(b=1} gt} = =60 bD 1 (2.8}
Arps Cumulative Preduction Relations:

(Case Rale Relations

Exponential: (b= 0) N (= %[1 — cxp[—ﬂ,f]] (2.9

Hypetbolic: {d<b<l) N (5= Q ) [l—[] +BD A ”}] {2.10)

Harmonic: (b= 1) N,y = % In{l+ D 1) {2.11)

)
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Arps’ obscrvations regarding the decline curve exponent, 5, for solution gas drive reservair
gystems arc given below:

& =0 — Reservoir is highly undersaturated.

b ={ — Dominant producing mcchanism is due to pravity drainage and no free surface.

b ={.5 - Gravity drainagec with frce surface.

b = 0.667 — Solution gas-drive reservoir, when average reservoir pPressurc, 7 versus

cumulative eil, Mp 15 Tinear,

b = (.333 — Solution gas-drive rcserveir, when average reservoir pressure sguared, 2p

versuy cumulative oil, Np 1s lingar.

Fetkovich (1980) proposed a substantial improvement in decline curve analysis by suggesting ihe
matching productien data onto specialized "type curves” {analogous 10 the analysis of well test
data). Fetkovich presented the "unified" exponential decline 1ype curve {which is the analylical
solution for the case of a single well in a bounded symmetric rescrvoir) and coupled this data
with the Arps hyperbolic ratc relations {given in terms of specialized dimensionless rate and lime
function} to create what has becomne know as the “Fetkovich Decling Type Curve” {or simply the
“Fetkovich Type Curve”). ‘Fhe etkovich type curve is the most familiar and widely accepted

type eurve for the analysis of production data.

Regarding the hyperbolic “stems™ on the Fetkovich type curve, these trends are thought to
account for “non-deal™ reservoir behavior such as: changes in mobitity, rescrvoir heterogencity
and layering. Tt is also noted (hat the “early ttme™ portlion ol the Fetkovich decline type curve 15
utilized much the same as type curve analysis for well test dala. The analysis of early time
production data wsing the Fetkovich {1980) decline type curve is ofien problematic — the

quantity and quality of thesc data may prevent a unique analysis from being achleved.

Fetkovich and coworkers combincd the appropriatc malerial balance and pseudosteady-state
flowrate equations to develop explicit rale-lime decline equations for single-phase flow behavior
in both oil and gas reservoir systems. This work was seen as a theoretical atlempt o justify the
Arps empirical equations, which Fetkovich had used as the foundation to develop the umified

type-curves. Fetkovich advised thal reservoir volume and volume-related flow characteristics

13



should not be estimated using decline type curve analyses prior to the full development of
boundary dominated flow behavior, The reported use of decline curve analyses on several field
cases in Fetkovich’s paper itlusirates the versatility and utility of the decline type curve analysis

concept.

Al-Hussainy, et al. (1966) presented a new mechanism lor addressing the eflects of pressure-
dependent gas propertics. The now concept was that of a "pscudopressurc” as a variable that
could be used 1o pamially lincarize the pas diffusivity equation. The definition of pseudopressurc
as given by the authors is:

F

_ F
m{p) =2 j—ﬁg o S T

Fhasr
The first comprehensive attempt to linearize the entire gas Mow equation was by Agarwal (1979},
Agarwal presented a pseudotime function for a real gas that incorporates changes in gas viscosity
and totzl compressibility as a function of time, The pseudotime function as proposed by
Apgarwal s given as:
' 1
t (t)= J-— dt

5 He (e, (p)

Another type curve solution for analvsis of gas flow systems was presented by Carter (1985),

(2.13)

who correlated the casc of a gas well produced at a constant bollomhole pressure using
specialized dimensionless variables. This type curve clearly exhibils the influcnce of the
pressure drawdown (i.e.. p, - pwr) on the gas flowrate behavior. In theory, the “Carter type curve”
addresses the issue of the compressibitity-viscosity product (as a function of the average
reservoir pressure), however, it is noted that the controlling facter on the Carter formulatien is

the assumption of the constant bettomhele pressure condition.

{Carter used the A-variable to reflect the magnitude of pressure drawdown and the influcnce of
pressure drawdown on the compressibility-gas viscosity product. lor exampilc, the A=1 case
comesponds to the enponential decline curve exponent fi.e., b=0} — that is, the equivalent liquid
case. Large pressure drawdown cases yield A-values as low as 0.75 (or lower). As noted, the

Carter typc curve was developed as a sofution to boundary dominated radial gas Mow equations
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for production at constant bottomhole pressure — where these conditions make the Carter type
curve the approptiate choicc for the estimation of gas well reserves (for the case of gas flowrate-
titne analysis). The Carter i-variable is piven as:
_ e

H,5,

1 (2.14)

The Fetkovich decline type curve with all its innovation in the improvement of production data
analyses has its limitations, Doublet, Pande, McCollum and Blasingame {1994) reporied the
limitations of Fetkovich decline type curve analysis arc largely due to non-compatibility with
fleld operations and reservoir inconsistencies that distort the production data (in particular, the
variable rate/pressure histories common in practice as well as the analysis of gas reservolr
systems). These issues arc significant and often render the original “Tetkovich” analysis

approach unienable.

Another issue associated with the Fotkovich decline type curve approach is the
oversimplification of the gas flow solution. The liquid solution presented by Fetkovich is only
applicable for pas flow cases during transient [low and for very small pressure drawdowns.
These smail drawdowns assume gas properlies remain constant or change only sfightly with
changing pressures. For large drawdown cases the liquid case can not be used to represent the

pas flow case.

The pscudopressure and pseudotime functions are shown to linearize (Lee, et al. 1996) the gas
diffusivity equation and thus, permil us o wsc liquid flow salutions as a basis {e.g., (he Fetkovich
type curve) for the analyses ol gas production data — provided that the pseudopressure and
pseudotime functions are appropriately delined and computed for the case of boundary-

dominaled gas flow behavior.

Fraim and Wattenbarger (1987) modified the Agarwal definition of the pseudetime function to
yicld a “normalized™” formulation and proposed 1o use this form to account lor the non-linear
product of total compressibility and gas viscosily using the average reserveir pressure as the
reference pressure in the pseudotime integral. The nermalized pseudopressure and pseudotime

functions are shown to lincarize {Fraim and Wattenbarger, 1987) the gas diffusivity equation
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{i.c., create an "equivalent liquid" response) — and, as such, allows for the use of lguid [low
solutions for the analyses of gas production data. The Fraim and Wattenbarger pseudopressure
and pscudotime formulations can be dircetly incorperated into decline type curve analysis. This
approach provides a direct mechanism to address the variation in pressure dependent properties
tor Lhe gas flow case — however, this approach does not address the variable- rate/pressure-drop

A

Blasingame and Lee (1986) introduced a ncw concept for addressing the issue of variable-rate
and variable pressure production data — in particular, how to analyze such data to provide

eslimates of drainage area and reservoir shape. This work was applied to type curve matching.

Palacio and Blasingame (1993} proposed a rigorous approach for the analysis of variablc-rate
and variable bottomhole pressure data using a modified pseudotime function (where this result
was a combination of thc Fraim and Wattenbarger pscudotime relation {for gas) and the
Blasingame and Lee variable-rate/variable pressure drop relation. The approach wes both
straightforward and stable, and was a significant improvement over work presented by McCray,
et al.(1991) — where the objective was to eslablish a constant pressure production anakog. As
such, Palacio and Blasingame proposed a constant rate analog where gp/Ap, dala were plotted
apainst a pseudotime function, and the data trend was malched onto the Arps harmonic stem

(b=1) on the Fetkovich decline type curve.

Callard and Scheneweck(1995) presented a simplified approach for well performance osing a
“combined lypc curve” analysis. They provided a methed for lhc pressure normalization of
cunulative production in deciine curve analysis. Variations in the bottomhole [lowing pressurcs
were addressed by dividing the cumulative production by the pressure difference between initial

and botlomhole pressures.

In 1998 Agarwal, ¢l al. presented a combined package of decline type curve analysis using the
work of Palacio and Blasingamc (1993), Carter (1985), and Cullard and Scheneweck (1995).
Agarwal, et al. also presented a “Rate-Cumulative Production Decline Type Curve” which is a

plot of normalized gas flowrate as a function of cumulative production.
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Chapter 3
PRESSURE VS, RATE DIAGNOSIS

Diagnosis mcans the process of identifying or determining the nature of rescrvoir through
cvaluation of production history, cxamination and review of production or performance data.
Thus & prior assessment of the quality and completencss of the production data is a must.
The available production data of Bakhrabad Gas Field from BGFCL are monthly flowing
wellhead pressures and monthly average gas flow rates of different wells (8 wells). Data
frequency is a non-issue for diagnosis. Kabir and [zgee (2006) stated in their paper that data
frequency ranging from high {minutes) to low (months) has no bearing on the ability (o
establish trends, provided sufficient number of data points arc available. Flowing pressure
averaged over any period have little significance, unless operating conditions are stable and

reasonably constant. In diagnosis the key ingredient is data syncrgy.

In this chapter pressure vs. rate diagnostic tool is used to identify reservoir flow behavior and
approximate duration of different flow regimes [rom a Cartesian pressure/rate graph. In the
next two chapters decline diagnosis and approximate well head material balance (AWMB)

analysis are presented respectively with the prodnetion data of Bakhrabad gas ficld.

3.0 Sand-wise pressure vs, rate diagnosis

Since the inception w May 1984, number of production wells in Bakhrabad Gas Field is eight
and they were producing from B, DU, DL, G and J sands. Theit present status is given in the
following table:

Table 3.1 Present Status of all wells in different sands of Bakhrabad gas ficld;

Strart of Current
Sand| Well | Production Status Remarks
BK1 Auyg, '85 Producing
1 {BKko Dce. 89 Suspended
BK7 Dec. 89 Producing
BKS& Dec. '89 Producing
G | BK3 Oct. '86 Producing
BK4 Oct. 94 Suspended Recompicted well
DL | BK2 May. '84 Suspended
BK3S Dec. '94 Suspended Recompleted well
DU | BK4 Dect, '86 Suspended
B | BK5 Oct. '84 Suspended




3.1J Sand

J Sand is one of the major reserveirs of Bakhrabad Gas Field. This sand was penelrated by all
eight wells and was tested in welis B 1, BK2, BKS, BK7 and BK8. At Well BK2, lower part
of J Sand was found to be tight. Thus there are four wells that produced from } Sand, e,
BK!, BK6, BK7 and BK3.
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From Figures 3.1 to 3.4, it is clearly visible that al! wells of I Sand have gone through TA,
PSS, constani rale and conslant pressure flow periods. In August 1983, BK 1 was put on
production and it showed TA period from start of the production to February 1988, Then it
followed long PSS flow duration, exhibiting positive slope line up to May 1998, Then it
followed constant pressure production up to May 1999 and since then rate restriction wasg
imposad, 1.e. conslant rale production at about 8 MMsciD was followed (Fig 3.1).
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BK ¢ was put on production in December 1989 and showed TA flow period up to June 1992,
Then from August 1992 to February 1998, BK 6 followed PSS [low and from February 1998
to Augost 1998, it followed constaml pressure [low period. No consiam rate production
period was found as this well had suspended for excessive water production long before the
imposed rate restriction (Fig 3.2).

BK 7 was also put oa production in December 1989 and showed IA flow period up to
January 1991, Then from March 1992 to February 1998, it followed PSS flow and from
February 1998 to Aupgust 1998, it followed constant pressure low period. From October
1999, it slarted to produce ar an imposed constant rate of about 8 MMscf/D (Fig 3.3).

Similarly BK & was also put on production in December 1989 and showed 1A flow period up
to January t1991. Then from March 1992 to March 1998, it {otlowed PSS flow and from
March 1998 to Apnil 1999, it foliowed constant pressure flow period. From October 1999, it
slarted to produce at an imposed constant rate of about 8 MMsci/D (Fig 3 .4).
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Fig 3.5 pwn-q diagnostic plot of all wells at J Sand

Frgure 3.5 shows that wells are from same area, essemtially replicate the PSS flow behavior
amid scatter. Thus from p.s-g graph, well performance can reveal connectivity. In the above
figure, with unequal puw; p-q greph indicates separation. But with about same slope, the graph
represents the wells are in same reserve. The changing par may due to heterogeneity or
changing kh.
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3.2 DL Sand

DL Sand was produced by two wells, BK2 and BKS Well BK5 was watered out in May
1997. Well BK2 in the DL Sand was perforated in two intervals: ) 7390 — 7475 ft and 2}
7480 — 7500 . Thus BK2 was produced by commingled system.

Pweh, pst
Tlrree, mor

Fig 3.6 pus-q-t diagnostic plot of BK2 at DL Sand

BK 2 was put on preduction in May 1984, From Fig 3.6, it is found that unlike other wells
BK2 have two separate phase of production. Each phase have their individuzl 1A and PSS
flow periods. From May 1984 to December 1985, BK 2 followed 1A flow and then foilowing
a long plateau period it showed PSS flow period from January 1989 to October 1992 (Fig
3.6). If this phase of production is named as phase 1 production for BK 2, then after going
through & two month workover period (November and December 1992) the final phase of
production may named as phase 2 production. In the workover pericd, a sand trap was
installed before the processing plant to reduce sand production, which didn’t work properly
later. Thus in phase 2 producticn, weil BK2 showed 1A flow period from January 1993 to
October 1995 and following a plateau period it again showed PSS flow period from January
1998 to June 1999 (Fig 3.6). This well hed alsc been suspended for excessive water
production afier June 1999,

After recompletion in DL sand BK5 was pul on production on December 1934, BKS5
showed very small 1A flow period in the recompleted zome, From Fig 3.7, it is seen thal BKS
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followed PSS flow from December 1994 to May 1997, It followed two near constant flow
periods — at the start of production from February 1995 1o February 199¢ and at the end of

praduction form January 1997 to may 1997
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Fig 3.8 pw-q diagnostic plet of all wells at DL Sand
Figure 3.8 shows that wells are replicating the PSS flow behavior. Thus from puw-g

disgnostic plot, it reveels connectivity. In the above figure, with unequal pw, p-g graph
indicales separation, but with same slope, the graph represents the wells are in same reserve.
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3.3 DU Sand

DU Sand was produced by well BK4 only, Well BK4 staried 1its production in October 1986
and was out of production due to excessive water production in November 1992, Well BK4
in the DU Sand was perforated in the imerval 7110 — 7145 fi.
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Fig 3.9 puq-t diagnostic plot of BK4 at DU Sand

BE4 showed 1A [low period up to February 1988, Then from july 1389 to Movember 1992,
BK4 followed PSS [low and from February 1988 to July 1989, it followed plateau period (Fig
3.9).

3.4 B Sand

B Sand was produced by well BKS only. Weli BKS5 started production in October 1986 and
was out of praduction due to excessive water and sand produciion in October 1994, BKS
showed IA flow period up to Jarmary 1987. Then from September 1990 to October 1994,
BKS3 foliowed PSS flow and in between Jenuary 1987 to September 1990, it followed plateau

period (Fig 3.10).
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3.5 G Sand

G Sand was produced by wells, BK3 and BK4. Well BK3 is a producing well and BK4 was
recompleted in this sand later when its produciion had been suspended from DU Sand due to
excessive amount of water production. BK3 staed its produdiion from October 1986 and
showed [A flow period up to February 1988 (Fig 3.11).
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Fig 3.11 puw-g-t diagnostic plot of BK3 at (G Sand

Then from Jamuary 1995 to April 1999, it followed PSS flow and from April 1999 it started to
produce at an imposed constant rete of aboul 10 MMsct/D.
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Afier recompletion in G sand BK4 was put on production on October 1994,  BK4 showed
very shon IA flow period in the recompleted zone. From Fig 3.12, it is seen Lhat BKS
followed PSS flow from October 1994 10 December 1996, Then it Toilowed a constant fow
pefiods from December 1996 to November 1997,
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Figure 3 13 shows that wells are replicating the PSS flow behavior. Thus from pus-q
diagnostic plot, 1t reveals connectivity, In the above figure, with unequal p.., p-q graph
indicates separatton, but with same slope, the graph indicates that the wells are in same

[eserve.
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Figure 3.5 shows that in pyn-q graph. wells of J sand are ncarly overlapping in PSS regime
with scattered data. Thus firom p vs. q diagnosis, wells perfonmance reveal connectivity. In
that figure. with unequal pus. p~q graph indicates separation but with about same siope, the
graph represents the wells are In same reserve. Figure 3.8 also shows that wells are
replicating the PSS flow behavior and reveals connectivity. Thus wells of DU sand are in
same reserve. Figure 3.13 shows that wells of G sand arc also represcnting same slope in the
PSS flow bechavior. Thus with same slope, the diagnosis reveals the wells of G sand arc in
same Teserve. From p vs. q diagnosis it is clear that there is no compartmentalization in any
of producing sands of Bakhrabad gas ficld. Wells of their respective sands are producing
from the same reserve or sand. This simple diagnostic tool also showed 1ts use in identilying

flow regimes of individual wells with approximate duration of different flow regimes,
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Chapter 4

DECLINE DIAGNOSIS

According 0 Lee and Wattenbarger {1996}, the basis of decline-curve analysis is Lo
match past production performance histories or trends with a “model”. Assuming thal
future production continues to tollow the past trend, these models can be used to estimate
original gas in place {OGIP) and to predict ultimatc gas reserves at some future rescrvoir

abandonment pressurc or economic production rate.

Prior to perform any modem decline curve analysis, conventional analysis of three forms
of dechine — cxponential, harmonic and hyperbolic — reveals different shape on Carlesian
and semi log graphs of gas production rate vs. time and gas production rate vs.
cumulative gas production. Figs. 4.1 through 4.4 show typical responses for exponential,
hypetbolic, and harmonic declines. Because of their characteristic shapes, these plots can
be used as a diagnostic tool to determine the type of declinc before any caleulations are
made. Cartesian plot of rate vs. cumulative gas production (Fig. 4.3) can be used lo

extrapolate Lo raw recoverable reserves {Mattar and McNeil).
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Fig. 4.1 Decline curve shapes for a Cartesian plot of rate vs. time
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Fig 4.4 Decline-curve shapes for a semilog plot of rate vs. cumulative production.
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According to [koku (992), the factors that directly alfect the decline in gas production
rate are: {1} reduction in average reservoir pressurc and (2) increases in the ficld water
cut in water-drive fields. Certain conditions must prevail before one can analyze a
production decline curve with any degree of reliability. The production must have been
stable over the period being analyzed; i.e., a flowing well must have been produced with
constant choke size or constant wellhead pressure. The production decline observed
should truly reflcct reservoir productivity and not be the result of cxternal causes, such as
a change in production conditions, well damage, production controls, and equipment
failure. In this section, type of decline and raw recoverable reserve will be discussed for

wells of different sands,

4.0 Sand-wise Decline diagnosis
This section discusses decline-curve methods for cstimating ulimate gas recoveries and
predicting the type of decline from the analysis of long-term gas-production data from

individual wells of different sands.

4.1 J Sand

There ate four wells in J Sand: BKI, BK6, BK7 and BK2. Among them BK6 is
suspended for production due to excessive water production. Individual well’s decline
diagnosis plots arc presented in appendix B. Here a combined plot is presented for wells

in common sand. Carlesian plot of Rate vs. Time of all wells in I Sand is given in the

{ollowing ligure.
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From this tradinonal declinte plot it is evident that all the wells in J Sand show similar
type of decline behavior. BKI1 exhibils lenger prorated production and declnmng
production than other wells, as it is the ofdest well in } Sand (Figd4.6). For producing
welis (BK1, BK7 & BK8} before rate restriction was imposed and for suspended well
(BK6} before suspension, a sharp exponential decline is commeon for ali which is an
indication of gas wells undergoing hiquid loading according to Felkovich, Fetkovich, and
Fetkovich {1994),
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Fig 4.6 Semilog plot of Rate vs. Time of all wells in J Sand
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From Cartesian plot of Rate vs. aumulalive production of individual wells in appendix B,
raw recoverable reserve for BK1 15 139 bef, for BKS is 70 bef, for BK7 is 95 bef and for
BK8 15 100 bef. And cumuiative gas production (G,) for these wells up to Avgust 2006,
are accordingly 121.84, 52.075, 90.2 and 83.63 bef. Fig 4.7 and fig 4.8 also indicale the

identical exponential type decline for all wells in J Sand.
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4.2 G Sand

There are two wells in G Sand: BK3 and BK4 Among them BK3 is producing well and
BK4 (recompleted in G Sand) is suspended due o excessive waler production and
pressure decline. Carlesian plot of Rate vs. Time of all wells in G Sand is given m the

following figure.
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Fipz 4.9 Carlesian plot of Rate vs. Time of all wells in G Send

From this Cartesian plot it is chserved that two wells m G Sand show similar type of
constant percentage decline behavior. BK3 exhibits long promated production before
declining production, whereas BK4 started deciiming from the beginning of producton in
G Sand (Fig.4.10). Th:s sharp eéxponential dechine is an indicaton of wells undergoing
liquid loading,
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Fig 4.10 Senulog plot of Rale vs. Time of all weils in G Sand
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From Cartesian plot of Rate vs. cumulative production of individual wells in appendix B,
raw recoverable reserve for BK3 is 135 bef and for BK4 is 15 bef and cumulative gas
production (G,) for these wells up to August 2006, are accordingly 129.4 and 13.454 bef,

Fig 4.11 and fig 4.12 also indicaie the identical exponential type decline for all wells in G
Sand.
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4.3 DL Sand
There are two wells m DL Sand: BK2 and BKS (recompleled in G Sand). Both wells are
suspended due o excessive water production and pressure decline. Cartesian pilot of Rate

vs. Tune of ali wells in DL Sand is given in the following figure.
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Fig 4.13 Canesian plot of Raie vs. Time of ail wells in DL Sand

From Lhis Cartesian plot it is observed that two wells in DL Sand show simnilar type of
constant percentage decline behavior. BK2 exhibits long prormated production before
declining production, whereas DKS sianied declining from the beginning of production in
DL Sand (Fig 4.14). This sharp exponental decline 15 an indication of wells undergoing

liquid loading.
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Fig 4.14 Semilog plot of Rate vs. Time of all wells in DL Sand
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From Cartesian piot of Rate vs. cumulative production of individual wells in appendix B,
raw recoverable reserve for BK2 1s BB bef and for BKS is 11 bef and cumulative gas
production (G,) for these wells up 10 August 2006, are accordingly 83.29 and .446 bef
Fig 4.15 and Fig 4.16 also indicate the identical exponential type decline for all wells in
DL Sand.
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4. 4 DU Sand
There 15 only one well in DU Sand BK4, which is suspended due to excessive water
production and pressure decline,. BK4's decline diagnosis plots are given below:
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Fig 4.17 Cartesian plot of Rale vs. cumulative production of BK4 in DU Sand

From Cartesian plot of Rate vs. cumulalive production of this well in DU Sand (Fig
4 17), raw recovemble reserve i1s 47 bef and cumulstive gas production ((G,) for this well
up to August 2006 1s 44.78 bef The decline dragnosuc curves for this well indicate
exponential type decline.

4. 5B Sand

There 1s only one well in B Sand BKS, which is suspended due to excessive water and

sand production. BK5’s decline diagnosis plots are given below:
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From Cartesian plot of Ratc vs. cumulative production of this well in B Sand, raw
recoverable reserve is 65 bef and cumulative gas produciion Gy} for this well up to
August 2006 is 41.96 bef. The decline diagnostic curves for this well indicate

exponential type decline.

In this chapter, from decline diagnosis, the type of decline for all the wells are sought out
and from cartesian plot of rate vs. cumulative gas production, raw recoverable reserves

and QGIP of all the wells are determined. They are sumunarized in the following table.

Table 4.1 Summary of resuits of Decline diagnosis for all wells of Bakhrabad gas [teld:

Raw Recov, Gp
Sand Yell Reserve (Aug'06) Decline type
bcf bcf
BK1 139 121.84 Exponential
1 BKA 70 52.08 Exponential
BK7 95 90.2 Exponential
BKS 100 83.63 Exponential
G BK3 135 129.4 Exponcntial
BK4 15 13.45 Exponential
DL BKZ 88 83.29 Exponential
BK3S 11 9,45 Lxponential
DL BK4 47 44.78 Lxponential
B BKS 65 41.96 Exponential
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Chapter 5
AWMD DIAGNOSIS

According to Mattar and McNeil (1997), if compressibility factor z is ignored, a material
balance calculation can give a very reasonable approximation of the OGIP. As wellhead
pressure measurements are represcntative of botlomhole conditions (no fluid influx ino the
wellbore), a procedure similar to flowing matenial balance (FM13), but ignoring z, ¢an be used
to generate a rcasonable wellhead matenal balance calculation, which is approximatc
wellhead material balunce (AWMB).

According 10 Lee and Wattenbarger {1996), il sufficicnt pressure and production data arc
available to define the line of p/z vs. G, plot fully, the dominant drive mechanism can also be
determined from the shape of the plot. Alth;::ugh consistent deviations from a straight line
suguest other sources of reservoir energy, errors in pressure and production measurements
also can causc depariures from a straight line, Thus a similar plot of p/z vs. G, the AWME
plot can be used to determine the dominant drive mechanism of Lhis gas reserve. Fig 5.1

shows iypical shapes of p/z plots for selected gas reservoir drive mechanisms.

Ceopressured Btrong Water
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Fig 5.1 Shapes of p/z plots for various drive mechanisms

5.0 Sand-wise Approximate Welthead Material Balance (AWMB) Analysis

This section discusses material balance melhod for estimating coripinal gas in place (OGIDP)
and predicting the drive mechanism of sands from the analysis of long-term gas-produclion
data {mainly pressure and cumulative production data) from individual wells of different

sands.
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5.1 J S5and
There are four wells in J Sand: BK1, BK6, BK7 and BKB. A simpiilied material balance
analysis has been conducted at cach of these wells using AWMB method.
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Fig 5.2 AWMD plot of BK1 of J Sand

From the above figure of Mowing welihead pressure vs. cumulative production of BKI, it i3
seen, the up trend of inilial pressure points, a straight declining middle portion and finsl
deviated portion from straight pressure points.  Cause of the initial up trend of flowing
pressure points is the absence of other Lthree wells in the J Sand during the years 1984 1o
1989, Thus pressure declined at @ much slower rale initially. 'When other wells (BKG, BK7
& BKB) came infe production in tate 1989, the pressure started to decline at a much [aster
rate. The deviated portion at the end is probably due to the tiguid loading problem in J Sand.
Initial Gas In Place (OGIP) value estimated from this plot 1s 148 bef.

\
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Fig 5 3 AWMB plot of BKé of J Sand
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Figure 5.3 represents plot of Nowing wellhead pressure vs, cumulafive producthion of BK6, Tt
is almost & straight declining curve of flowing pressure with cumulative gas production data,
except a litile deviated portion at ihe tail end probably due to iquid loading problem, OGIP
value ¢cstimated from this plot fer BKG is 92 bef
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Fig 5.4 AWMB plot of BK7 of J Sand
From Figure 5.4 it 15 secn that the shape of the curve is straght e but at the cnd deviated
upward from straight poriion, The deviated portion at the end is probably due to the liquid
loadimg problem in BK7,  OGIP valuc estimated from this plot is 110 bef.
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Fig 5.5 AWMB plot of BK8 of ] Sand
From Figurc 5 5 1t 18 scen that the shape of the curve 13 strmght linc bust at the cnd deviated
upward from straight portion The deviated poriion al the end is probably due to the liguid
loading problem in BKS. OGIT* valuc cstimated from this plot is 102 bef. in ihe lollowing

table summary of resulis of AWMB method for the wells of J sand 1s presented-
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Table 5.1 Summary of results of AWMB method for all wells of J Sand:

Raw Recov. Gy QGIP | Remaining | Recovery
WellsinJ Sand | Reserve | (Aug’06) Reserve Faclor
bef bef bef bef %
BK 1 139 121,84 | 148 17.16 82.324
BK & 70 52.075 92 17.925 56.603
BK 7 95 90.2 110 4.8 82
RK 8 160 83 63 1902 16.37 81.990
Total 404 3477745 + 452 56,255 76.934
5.2 G Sand

There are two wells in G Sand: BK3 and BK4. A simplificd material balance analysis hag
been conducted at cach of these wells using AWMB method.
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Fig 5.6 AWMD plot of BK1 of G Sand

Figure 5.6 represents plot of flowing wellhead pressure vs. curmulative production ol BK3. |
is almosi a straight declining curve of Howing pressure with cumulative gas production data.
OGIP value estimated from this plot for BK3 is 200 bef.
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Fig 5.7 AWMB plot of BK4 of G Sand

Figure 5.7 represents plot of flowing wellhead pressure vs. cumaiative production of BK4. Tt
is almost a straight declining curve of flowing pressure with cumulative gas production dala,
except a little devialed portion at the tail end probably due to liguid loading problem. OGIP
value estimated from this plot for BKS is 18 bef. In the following table summary of results of
AWMB method lor the wells of G sand is presented:

Table 5.2 Summary of resulls of AWMB method for all weils of G Sand-

Raw Recov. Gy OGIP | Remaining | Recovery
Wellz in G Sand | Reserve | (Aug’06) Rescrve Factor
bef bef bef bef Yo
BK 3 135 129.4 200 5.6 54.7
BK 4 15 13.454 18 1.546 74 744
Total 150 142.854 | 218 7.146 65.529
5.3 DL Sand

There are two wells in DL Sand: BK2 and BK5. A simplificd material balance anatysis has
been conducled at cach of these wells using AWMB method
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Fig 5.3 AWMB plot of BK2 of DL Sand

Figure 4.40 represents plot of flowing wellhead pressure vs. cumuiative production of BK2,
It is almost a straight dechining curve ol flowing pressure with cumuiative gas production
data, except a liitle deviated portion at the later portion probably due to liquid loading
problem. OGIP value estimated from this plot for BK2 15 121 bef.

2

1800
16800 L

:
/

g

o
st \\
\
h
&} 5000 10000 15000 20000 25000
Cumulatve produchon (G}, Mt

h
~E8BBE

Fig 5.9 AWMB plot of BK5 of DL Sand

Figure 5.9 represents plot of flowing wellhead pressure vs. cumuiative production of BKS. It
is almost a straight declining curve of flowing pressure with cumulative pas production data.
OGIP vzlue estimated from this plot for BKS is 23.7 bef. In the foflowing table summary of
results of AWMB method for the wells of DL sand is presented:
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Table 5.3 Summary of results of AWMB method for all wells of DL Sand:

Wells in D [Raw Recov.| G, OGIP | Remaining, | Recovery
Sand Reserve | (Aug'06) Reserve Factor
bef bef bef bef %o
BK 2 38 8329 121 471 68.834
BK 5 11 9.446 23.7 1.554 39.856
Total 99 02736 |144.7| 6264 64.088
5.4 DU Sand

There 1s one well in DU Sand: BK4. A simplificd material balance analysis has been
conducted at this well using AWMB mcthod.
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Fig 5.10 AWMB plot of BK4 of DU Sand
Figure 5.10 represents ploi ol Howing wellhead pressure vs. cumulative production of BK4.
It is aimosl a sumight declining curve of flowing pressure with cumulative gas produclion
dala, except a fittle deviated porlion al the tail end probably due to liguid loading problem.
OGIP value estimaied from this piot for BK4 is 130 bef. In the following table summary of
results of AWMB method for the well of DU sand is presented:

Table 5.4 Summary of results of AWMB method for all weils of DU Sand:

Raw Recov.| G OGIP | Remaining { Recovery
Well in DU Sand{ Reserve | (Aug’06) Reserve Factor
bel bef bef bef Y
BK 4 47 4478 130 2.22 34.44




5.5 B Sand
There is one well in B Sand: BK5. A simplified material balance analysis has been
conducted at each of these wells using AWMB method.
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Fig 5.11 AWMB piot of BK5 of B Sand

Figure 5.11 represents plot of flowing wellhead pressure ve cumulative production of BKS.
Tt is almost a straight declining curve of flowing pressure with cumulative gas production
dats, except a little deviated portion at the tail end probably due to liquid leading problem.
OGIP value estimated from this plot for BKS is 115 bef. In the following table summary of
results of AWMB method for the well of B sand 15 presented:

Table 5.5 Sommary of resultts of AWMB method for all wells of B Sand:

Raw Recovy G OGIP | Remaining | Recovery
Well in B Sand | Reserve | (Aug’06) Reserve Factor
bef bef bef bef Yo
BK 5 65 4]1.958 115 23042 |36 485217

Choudhury (1599} presented companison of the GIP estimates of different studies conducted
on Bakhrabad Gas Field using material balance method in his papes. Gas in place eslimates
of Welldrll (1990}, IKM (1990), Petrobangla (1993) and Mokbil (1997) were close but higher
than his study results. Now comparison of GIP cstimates of different studics incloding
AWMB meihod of present study is presented below:
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Table 5.6 Comparison of the OGIP (bcf) estimales of Bakhrabad Gas Field from different
studies:

Sand Yolumetric Material Balance
Chou | Chou
Well Well Pchro dhury | dhury

drill | KM | Mobil | drill | IKM | bangla | Mobii | FBHP | FWHP
G 1@ | 90 [ 60 o] o3 | on | 99 | 99 | AWMB

I o1 | 5354 350Q 385 | 597 665 666 460.5 | 469.5 452

G 300 | 262 247 370 | 318 | 2455 244 216 223 218

DL | 150 | 151 132 200 148 176 175 1445 | 147.5 144.7

Do 187 | 222 254 167 150 180 187 159 150 130

R 145 | 143 98 231 145 j 166.6 167 151 154 115

Total | 1392 | 1332 | 1281 | 1553 | 1388 | 1433.1 | 1439 1122 1142 1059.7

From lhis table it is evident that gas in place values estimated with AWMB method of
different sands are very similar to those estimated with flowing bottomhole pressure (FBHE).
Flowing wellhead pressure (FWHP) methods of Choudhury and other matenial balance are
also close o volumetric estimation of different studies. Present estimates of gas in place of
different sands using AWMB method are the lowest of all other previous studics. AWMB
method alse reveals volumetric drive mechanisin of all wells in different sands and liquid
loading problems in some wells. An acceplable method for quantifying OGIP is to provide a
miniinum and maximum value. The minimum value is casily oblained by using maierial
balance ecspecially FMB methods. A maximum value is found using volumetric
determination from geological (or seismic) mapping, Without using diagnostic plots, therc is

no way of qualifying the level of confidence in production data analysis.
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Chapter 6
TYPECURVE ANALYSIS

Only flowing wellhead pressures arc available for the wells of Bakhrabad Gas Field for
analysis, as down hole electronic pressure measurement systems are not present there. For
different analysis procedures, Nowing bottom hole pressure is required. In this study Mowing
botlom hole pressure, par is calculated from the monthly representative flowing wellhead
pressure, puh using the software F.A.S.T. RTA. For Dry Gas Wells, F.A.S.T. RTA defaults
to a multi-step Cullender Smith procedure as a wellbore correlation opticn and it is used to
calculate p.. For gas wells with some liquids in flow stream, Beggs & Brill or Gray
correlation is used. In this case, Beges & Biiil is the default correlation. Tn Bakhrabad,
produced gas and liquid from all the wells are separated centrally and through a common
header, the separated liquid flows furlher downstream for scpamation of water and
condensate. As a result, it is not possible to deterrnine liquid production from individual
wells. Thus liquid production rates with gas production for respective wells cannot be used

in the saflwarc.

Most of the input parameters used in computer based production data analysis are taken from
data supplied from Petrobangla and previous studies conducted by [KM (1990) and
Choudhury (1999). The necessary data for these analyscs have been derived from geological
and geophysical study, core-analysis, well-log analysis and well-test results provided he
production data of different wells and sands of Bakhrabad Gas Field. Input paramciers for

these analyses arc given in Appendix C.

6.0 Computer based production data analysis
In this seation a systernatic approach to production data analysis by typecurve maiching is
presented with a commercial PA (Production Analysis) tool F.A.ST. RTA (by Fekete

Associates Inc.). It maximizes the benelits of each of the following methods:
* Arps decline analysis
» Fetkovich typecurve analysis

» Blasingame typecurve analysis
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e Aparwal-Gardner typecurve analysis
o Normalized Pressure Integral {NPI) typecurves
s Flowing Material Balance (FMB)

e Transient typecurve analysis

These metheds are suited for production data of varying guality and completeness. They arc
utilized to determine both the fluids-in-place and the expecled uitimate recoverable reserves
(based on current andior expected future operating conditions) and to verify previous
estimations conducted with simple methods. More importantly, they serve to asscss the
confidence fevel of the reserves estimate by qualifying the production dala as either infinite
acting or boundary dominated, as weli as volumetric or non-volumeltric (aquifer suppored,

multi-layer, elc) previously determined from production data diagnosis.

Among the above-mentioned methods Fetkovich, Blasingame, Agarwal-Gardner, NPI and
Teansient are typecurve methods and they will be discussed in this chapter. Arps and FMB
are nontypecarve methods and they will be discussed in the next chapter. Each of the
typecurve mcthods yield estimates of EUR (Fetkovich) andfor fluid-in-place (Blasingame,
Agarwal-Gardner, NPI and Transient}). EUR represents the total amount of gas that can be
produced under specified operating conditions {p.y, depth). It is always equal lo or less than
the OGIP. The primary purpose of typecurve analysis is o determine the dominant [low
regime from the production data: infinile acting (radial flow, fracture fingar flow, herizonlal
well flow), transitional {influenced by boundaries and/or heteropeneities) or boundary
dominated (depletion or displacement). If the diagnostics indicate that boundary dominated
flow has not been reached, there is no way to predict ultimate reserves or fluids-in-place with

any confidence.

6.1 Fetkovich Typecurve Analysis

This typecurve is simple to apply and does not require flowing pressure data and does not
inherently assume a dominant fow regime (plot does not use superposition time). Empirical
nature in depletion analysis (uses Arps theory} makes it versatile. Bul transicnt analysis

assumes constant flowing pressure.  Thus it is uscful for production data where lowing
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pressures are constant or can be assurmned constant. It is also useful for non-volumetric
teservoirs with two or more mobiie phases.
in this analysis proccdurc a data curve of fow rale (q) vorsus time {t) is plotted
logarithmically and then matched on qpu vs. tng typecurves. Then transient {r.p} slem is
spught out based on closest curve. Similarly depletion (b) stem {5 selected based on closest
cure or the following guidelines:
- b = 0, Single phase liquid production, high pressure gas (constant Mowing
pressure)
- 0.1 <b < 0.4, Solution pas drive oii reservoirs
- D4 < b <0.5 Most gas wells (cxcluding tight gas}
- b=10.5, Oil wells under eflective edge water drive
- 0.5 <b <0.9, Layered, composite, connected reservoirs
- Fetkovich states that b value should never exceed a valuc of 1 for boundary
dominated production.
In detail, type curve analysis is done by scicctingl a match point, and reading ils co-crdinates
off Lthe data plot {q and thmueh, and off Lhe type curve plot (qpg and togdmaen. At the same time
the stem values ("ot and "b") of the matching curve are noted. From the right-hand-sct of

type curves, the Decline Curve Parameters can be cblained:

1
= q[m.u!c } (6.1)
§ oo lrnatch)
D =M€r¢_ﬁ} (6.2)
t{mateh}

b = valuc of type curve stem (right-hand-set of type curves) (it is noted that for
Exponential Decline D,=D and b= ()
With these, we can now calculale the EUR (Expected Ultimate Recovery). The [ subscript
denotes conditions at the beginning of the forecast period. Now, we can estimaie Nuid-in-

place and drainage area.

BUR = Qp + 1~ der (6.3)
g, =qge N (X
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From lefi-hand-set of type curves, the ‘Reservoir Parameters’ can be obtained, if p.. pws 1, b,

¢, ¢, and r,, are known.

(r—‘) = value of type curve stem (left-hand-set of type curves)
march

r“\h'

k is oblained from rearrangmg the delinition of
ar =g JALTES*T Ir{r_,) 3 6.7)
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Solving for ., from the definition of tpa:

0.0063284
s = s (6.9)
l;ﬁpqﬁi e ~1fln| = _3
2 Fo miatch Froa ] 4
Fow = [LJ 0.006328% e (61DY
Tl S man e 1

d r ’ r 3
It EOI C e
.ﬁ':!r{i] e (8D
rH'IJ

In Fetkovich typecurve analysis, depletion analysis tends to be non-unique (hyperbolic

decline curves are very similar in shape) and only EUR, based on historical operating

conditions, can be calculated.
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Sand-wise Fetkovich typecurve analysis
Number of production wetls in Bakhrabad Gas Field is eight and they are producing from B,

DU, DL, G and ] sands. In this section the results of Fetkovich typecurve analysis of

dilfercnt wells ol these sands have becn presented.

6.1.1 . Sand

There are 4 wells in | sand: BK!, BK6, BK7 and BK&. In Fctkovich typecurves there are
two sets of curves that converge in thc center, Matching data on the left side provides
information about the (ransient behavior of the system (k, s) while the right side is meant for

poundary dominated data. Fetkovich typecurve analysis of individual weils of J Sand is

given betlow:
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Fig 6.1 Fetkovich Typecurve Analysis of BK1 at] Sand
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Fig 6.4 Fetkovich Typecurve Analysis of BKS at ] Sand

In these cascs, the data do not fit on the Fetkavich curve properly; especially transient dala of

any well do not fit any type curve, and so cannol be analyzed correctly. The reason tor not

matching this data set comes from onc of the assumptions of the Fetkovich analysis:

production occurs under consiant bottom hele flowing pressure conditions.  Fortunately,

most of the other analysis techniques are not limited by constant rate or pressurc conditions.

The type curve data being very noisy and difficult to interpret, type curve “Dala Filter™ is

used here for better matching. Portion of data {it on the right hand stem type curves probably

due to some constant pressure production at the end of production profile of wells BK1, BK7

and BK§. In the following table summary of results of Fetkovich analysis for the wells of

sand is presented:

Table 6.1 Summary of results of Fetkovich analysis for wells of J Sand:

Wells in J Sand| OGIP | Area | EUR D, dy | b
bef acTe bof %

BK ] 2403851 714.221200.075 | 0.058531 0.5

BK 6 101.8 |892.61| 81.44 |0.113937|i0.77] 0

BK 7 122.520] 383.7 | 97.158 |0.123743 | 11.64| 0

BK & 1084981360141 85417 |0.(50931 ] 14.1 | O
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6.1.2 z Sand

There are 2 wells in G sand: DK3 and BK4. Fetkovich typecurve analysis of individual wells

of G Sand is given bellow:
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The transicnt data of any well do not fit on the Fetkovich curve properly and so cannot be
analyze. The type curve data being very noisy and dilficult to interpret, type curve “Data
Filter™ is also used here for better matching. Portion of data fit on the right hand stem type
curves probably due to some constant pressure production at ihe ead of production profile of
wells BK3. In the following table summary of resulis of Fetkovich analysis for the wells of
G sand is presented:

Tablc 6.2 Summary of results of Fetkovich analysis for wells of G Sand:

Wells in G Sand! OGIP | Area FUR D, d | b
bef acre bt %o

BEK. 3 203,116 1664.535| 164,254 | 0.070099 | 6.771 O

BEK 4 18284 | 25606 14.27 |0.545288 0.1

6.1.3 DL Sand

There are 2 wells in DL sand: BK2 and DKS. Fetkovich typecurve analysis of individual

wells of DL Sand is given bellow:
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Fig 6.7 Fetkovich Typecurve Analysis of DPK2 at DL Sand
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Fig 6.8 Fetkovich Typecurve Analysis of BKS at DL Sand

The transicnt data of any well do not [it on the Fetkovich curve properly and so cannot be
analyze. The Lype curve dala being very noisy and diflicult to interpret, type curve “Dala
Filter” is also used here for better matching. But boundary dominated data also do not [it on
the right hand stem typc curves for any well. in the following table summary of results of

Fetkovich analysis for the wells of DL sand is presented:

Table 6.3 Summary of results of Fetkovich analysis for wells of DL Sand:

Wolls in DL Sand| OGIP | Area | EUR | Dy d | ®
bof acre bef 04

BK 2 121.953|1410.71(98.249(0.114137|10.79] 0

BK 5 20666 | 312.21 [14.469(0.40824§33.52] 0

6,1.4 DU Sand

There is only one well in DU sand; BK4. Fetkovich typecurve analysis of this well of DU

Sand is given bellow:
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Fig 6.9 Fetkovich Typecurve Analysis of BK4 at DU Sand

o

The transicnt data of this well do not fit on the Fetkovich curves properly and so cannot be
analyzed properly. The type curve data being very noisy and difficult to inlerpret, type curve
“Data Filter” is also used here {or betier matching. Only boundary dominated data hard[y fit
on the right hand stem type curves for this well, In the {ollowing tablc summary of resulls of

Fetkovich analysis for the well BK4 of DU sand is prescnted:

Table 6.4 Summary of results of Fetkovich analysis for well BK4 ol DU Sand:

Wells in D1J Sand | OGIP | Arca | EUR 0, d, b
bef acre bcf 2%

BK 4 60.97 | §28.43 [48.983|0.352571129.71| G

6.1.5 B Sand
There is only one well in B Sand: BK3. Fetkovich typecurve analysis of this well of B Sand

is given bellow:
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Fig 6.10 Fetkovich Typecurve Analysis of BK3 at B Sand

The transient dala of this well do not [it on the Fetkovich curves properly and so cannot be
analyzed properly. The type curve data being very noisy and difficult to interpret, type curve
“Iata Filter” is also used here for better matching. Only some portion of boundary
dominated data fit on the right hand stem type curves for this well. In the following table

summary of results of Fetkovich analysis for the well BKS of B sand is presented:

Tablc 6.5 Summary of results of Fetkovich analysis for well BK4 of' B Sand:

Wellsin B Sand | OGIP | Arca | EUR [} d |b
bef acre bef S
BK. 5 107.466| 1196.24(31.89810.084124] 8.07 | 0
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6.2 Blasingame Typecurve Analysis

In this method depletion analysis is analytical. Concepts of normalized rate, material balance
time and pseudo time arc used here. Using Normalizing Rate data and Material Balance
Time aliows reservoir to be analyzed independently of production constraints {variable rate /
pressure profiles). This method is valid for single-phase volumetric reservoirs and primarily
applicable to wells with goad quality production and Mowing pressure data. A model (radial,
fractured, horizontal) iv selectod [iest and three rate functions are plotted against matcrial

balance pseudo time L. For gas wells, matcrial balance pseudo time is defined as follow:

— .II'I[C.'I ]’ q &-rr = -HECHEJGJ (p_pr - Pp-}

1 _df= (6.12)
g nuple,(p) 2¢p,

To use this method some data preparation is reguived: calculation of notmalized rate by
dividing q by Ap, for gas reservoirs. Normalized Rate for gas wells is delined as follows:

7 .4 N ()
AP P P

T'he rate integral is defined at any point in the production life of a well, as the average ratc at
which the well has produced until thal moment in time. The normalized ratc integral is

defined as follows:

= _A0 L
i [ép ] , ‘_}[ﬁ e (6.14)

!

The ratc integral derivative is defined as the semi logarithmic derivative of the rate integral

function, with respect to malerial balance time. 1t is defined as follows:

Qs = g =—~—}L=—Im—£—’ (6.13)
ap, | dini, dat,,

r

Now a data pot of normalized ratc (q/Ap,) versus material balance (pseudo} time (T} have to
be plotied logarithmically, Then q/App vs. La data plot is matched to qpg vs. tma {conslant rate
typeeurves in Fetkovich dimensionless format) and a iransient {rsp = TeTwa) Stem is sought
out. A Rate-Initcgral (gy) data plot and a Rate-Integral Derivative (qa) data plot are

constructed. Then ‘complimentary’ Lypecurves (qpg, and gpga curves) are matched by g; and



qu data to try and [ine tune and to confirm match. Matching is similar to previous type curve
matching. Unlike the Fetkovich analysis, Blasingame does not rcquire ‘b (hyperbolic
exponent) values. Instead, the data are matched on the single depletion (material balance)
stern. Given a curve match, the reservoir parameters k, s (from transient match) and Area,
QGIP {from boundary dominatcd match) can be obtained if p, h, o, ¢, and r, are known,

k is obtained from rearranging the definition of qpq

g [1.41?£5*T]{In A 6.16)
=] -3 e 6

‘?m:ﬁpp T L
i :

g | 2P, (1.41?55*?]bm 6D
G int maates h I

Salving for rya from the definition of

0.0063284t

Ty = . {6.18)
llﬁlufclllr:'ﬂ' i _1 In' r‘: -l
2 r“'“ Maich rm Hnieh 2
. - [ 4, ] 2{},{}{}632&& (6.19)
I-l'w RIAlh I [ F ] ][ [ Iy ] I]
ﬁ#l’ cl'r - -"L - ] ln _.E- -
2 r‘“ﬁ watch r“'ﬂ' Hmch 2
5= m["—WJ . (620)
Yo
WZ
A= 435"5{] (acres) (6.21)
!
G, =-—23'—["*—“J [E—ﬂ—p’—J (beh) L 62y
(Z‘.El‘.Cr }" Jm tezteft I s maich

The qi and gy curves exhibit a unique signature for boundary dominated production, when
matched simultanecusty with the normalized rate data. Concept of rate-integral allows for a

relatively smooth derivative typecurve, which is not normally possibie for drawdown data.

In Blasingame typecurves, Rate-integral calculations are very sensitive to early-time errors.

The q and g curves can contain large cumulative deviations due to relatively insignificant

o0



early-time errors. Rate-integral-derivative (qia) docs not readily display the different flow

regimes but it is useful for pattern recogmtion.

Sand-wise Blasingamc typecurve analysis
In this section the resuits of Blasingame typecurve analysis of different wells of diffcrent

sands lave been presented.

6.2.1.J Sand

There are 4 wells in J sand: BK1, BK&, BK7 and BK8. The first step in performing a
Dlasingame analysis is to choose (he correct model. For analyzing the data of Bakhrabad
Gas Ficld, radial modet is selected. Then this analysis provides a reliable and versatile
method for estimating early time paramcters (k, s) and also estimating OGIP and drainage

arca. Dlasingame typecurve analysis of individual wells of J Sand is given bellow:

IO bt
B 0l Blasirgwm: 1yneirse Analyme
i Medndng na w
", i - FrcxEa
:"‘-‘0\{ e T privimsd i Fah
’ -
KT e . Skt il
;} \“Q‘:'.. \:"‘\ kv enl s
. L A ™
‘i o - :
1] R --\"‘-\_\.- |-Par vk s
I - | uinth s et
LAk FEnr
N Ll
R FLTT -
d | 4w
5 i - raL
E_ P L1 TP R
£ o =noa
= 3 - I
o
-
a2
H e [T PR
¥
N i
[T s T
o
o~ . //_.-‘-.\
(-:-:‘53/ a J
" A
H'\—\.——"'-Fi
na

H " * EEERIH 14 LTS ] i
ToroameTE Tl orEETE 3 drets o 1 LR I

Y LTI Flalril BalS FRUE 11T
S it K b s H L P N o

Fig 6.1 1 Blasingame Typecurve Analysis of BK1 at J Sand
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Fig 6.14 Blasinpame Typecurve Analysis of BK8 at ] Sand

Due to the issuc of non-uniquencss, analysis of production dala is performed by simultaneous
matching of multiple type curves {i.c. normalized rate, integral and derivative). The integral
curve smeoothes out noisy data. while the derivative exaggerales changes in the character of
the data, Blasingame plots show good match for all wells in J Sand. Thus (he results of this

analysis are more reliable than Fetkovich analysis.

Table 6.6 Summary ol results of Blasingame analysis for all wells of J Sand:

Wells in ] Sandjt.n| OGIP | Arca | EUR k g
bef | acre bel mic
Bk 1 T215.214(63%.43|179. 124[4 1 8032(-7.26724

BK 6 15194723 830,30 75.779 |14.0661-6.44478

BK 7 18 [112.802|353.24| 90.242 | 27152 | -6.0173

BK 8 18(104.264(346.08| §3.411 |10.3339]-6.00707

6.2.2 G Sand
There are 2 wells in G sand: BK3 and BK4, Blasingame Lypecurve analysis of individual

wells of G Sand is given bellow:
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Fig 6.15 Blasingame Typecurve Analysis of BK3 at G Sand
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Fig 6.16 Blasingame Typecurve Analysis of BK4 at G Sand

The transient data of BK3 are very noisy although type curve “Data Filter” is used here for

better matching. Later portion of data of BK4 deflected from the boundary stermn in
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normatized rate type curve. In the following table summary of results of Blasingame

analysis {or the wells of G sand iy presented:

Tablc 6.7 Summary ol results of Blasingame anatysis for wells of & Sand:

Wells in G Sand|rey| OGP | Area EUR k g
bef acre bef md
BK 3 18 [203.672] 1669.1 [162.937| 41685 |[-6.79375
BK 4G 7| 77.139 |1048.14| 64.913 |37.0468|-7.51434
6.2.3 DL. Sand

There are 2 wells in DL sand: BK2 and BKS. Dlasingame typecurve analysis of individual

wells of DL Sand is given bellow:
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Fig 6.17 Blasingame Typecurve Analysis of BK2 at DL Sand
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Fig 6.18 Blasingame Typecurve Analysis of BK5 at DL Sand

There is some data scatter in transient data of BK2. But Blasingame plots show good match
for BK2 and BK3. In the following table summary of results of Blasingame analysis for the

wells of DL sand is presented:

Table 6.8 Summary of results of Blasingame analysis for wells of DL Sand:

Wells in DL
Sand ren| OGIP Area EUR Ik 5
bef acre bef e
BK 2 THI38. 777157942 | 111.02214.0496|-7.71936
BK 3 7| 25.048 | 37842 | 20.038 |6.7779|-7.00495

6.2.4 DU Sand
There is only one well in DU sand: BK4. Blasingame typecurve analysis of this well of DU

Sand is given bcllow:
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Fig 6.19 Blasingame Typecurve Analysis ol BK4 at DU Sand

Dala of BK4 in DU Sand shows good match in Blasingame typecurves. In the following

tablc summary of resulis of Blasingame analysis for the well BK4 of DU sand is presented:

Table 6.9 Summary of results of Blasingame analysis for well BK4 of DU Sand:

Wells in DU
Sand tep| QGIP Arca § EUR k g
bef acre bef md

BK 4 121152867 |2077.09]128.64|27.061 |-7.31049

6.1.5 13 Sand
There is only one well in B $Sand: BKS5. Blasingamc typecurve analysis of this welt of B

Sand is given bellow:
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Fig 6.20 Blasingamc Typecurve Analysis of BK5 at B Sand

Data of BK35 in B Sand shows good match in Blasingame typecurves. In the lollowing table

summary ol results of Blasingame analysis for the well BKS5 of B sand is presented:

Tahie 6,10 Summary of results of Blasingame analysis for well BK4 of B Sand:

Wells in B Sand|r.a;| OGIP | Area EUR k 5
bef acte bcf md
BK 5 T T35.082) 1503651 108.006 | 5.0248 |-7.69478
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6.3 Agarwal-Gardner Rate-Time Typecurve Analysis
Agarwal and Gardner method is build upon the work of both Fetkovich and Palacio-
Blasingame, utilizing the concepts of the cquivalence between constant rale and constant
pressure solutions, They present new typecurves with dimensionless variables based on the
conventional welltest definitions, as opposed to the Fotkovich dimensionless definitions used
by Dlasingame et al. ‘They also include primary and semi log pressurc derivative plots (in
inverse format for decline analysis). Lumhermore, they present their decline curves in
additional formats 1o the standard normalized rate versus time plot. These include the rate
versus cumilative and cumulative versus time analysis plots.
Similar to previous analysis, in this pracedure a model (radial, fraciured, horizontal) is
selected [irst. Then g/Ap, vs. tcfa) data plot is matched to qp vs. tha (constant rate typecurves
in welltest format) and a transient (r.p) stem is sought out. The dimensionless pressure for
standard welliest analysis is defined as
) 141.2k4(p, - p,, ]

gbu

The dimensionless flow rate is simply the inverse of the above equation {in the welltest

(6.23)

P.‘J

literature, qo has a slightly different definition)

gy = — e (628

Normalized Rate lor gas wells is delimed as [ollows:

¥ __ ¢ (829
AP, P, Pos

Inverse-pressure-detivative (1I/DER) for gas wells is defined as {ollows:

-1
_ a{&]
i i g
= =]t —— 5.26
DER  ,4p, T (6.26)
o
Dlnit,,)

The inverse-pressurc-derivative plots arc constructed. Then ‘complimentary” typecurve
{1/DER) arc matched by data plot to fine tune the match.

For gas wells, qp is defined as follows:

09



_1.417E6T, ¢

Yo = (6.27)
kh Ap,
The permeability (k) is calculated from above, as follows:
/
L LALTEST, (q ﬁpp} (6.28)
h 4o march
From the definition of toa,
0.00634 &f _
o4 o (6.29)
’rﬁﬁﬂ r c It FE‘E
. is calculated as foltows:
- /MH e 30
‘lll :rgﬁ‘u'cr' Lo steiehi
Additional reservoir parameters are caleulated as follows:
i€ e (683D

¥y o=—
N (rc Jlr rll'\ci‘ )mu]’r..rr

5= ln[-’i*—J e (63D

Fug

1

i
= £ £.33
23560 eres) (6.33)
r
widhs pT
G TP b g ey (638
z TP,

In Agarwal-Gardner method Inverse-Pressure Derivative typecurve has similar functionality
to Pressure Transicnt Derivative (simply the inverse). Thus, different transient How regimes
can be more easily distinguished. The transition from infinile acting to boundary dominated
flow oeeurs at a toy of 0.1, which is a single vertical line, common to all typecurves on the
plot. {Such a line cannot be drawn on the Blasingame plot.}

Inverse-pressure derivative is usually too noisy to gain any mcaningful interpretation, A
suggested improvement to Lhis method is to calculate a pressure integral (i.e. NP typecurves)
and base the inverse-pressure derivative on this. The resulting derivative plot retains most of
the characteristics of the *raw data’ derivative, but has much less scatter. Overall, tends to be

more non-uniquc than Rlasingame.
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Sand-wise Agarwal-Gardner typecurve analysis
Tn this scction the results of Agarwal-Gardner typecurve analysis of diflerent wells of

different sunds have been presented.

6.3.1 J Sund

There arc 4 wells in J sand: BK1, BK6, BK7 and BKS8. The first step in performing an
Agarwal-Gardner analysis is to choose the correct model.  For analyzing the data of
Bakhrabad Gas Ficld, radial model is selected. The AG rate vs. time plet can be used in
conjunclion with the Blasingame plot for helping to firm up estimates of OGIP and carly
time parameters (permeability and skin). Agarwal-Gardner Lypccurve analysis of individual

wells of J Sand is given bellow:
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Fig 6.21 Agarwal-Gardner Typecurve Analysis of BK] at | Sand
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Fig 6.23 A garwal-Gardner Typecurve Analysis of BK7 at J Sand
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Fig 6.24 Agarwal-Gardner Typecurve Analysis of BK8 at | Sand

Due 1o the issue of non-uniqueness, analysis of production data is performed by simultaneous
matching of multiple type curves (i.e. normalized rate and derivative). AG plots show good
maich for all wells in ] Sand. In the following table summary of results of Agarwal-Gatdner

analysis for the wells of ) sand is presented:

Table 6.11 Summary of results of Agarwal-Gardner analysis for all wells of ] Sand:

wells in J Sand |rep| OGIP | Area | EUR k 5
bhef | acre | hel md
BK | 7 [178.741|531.06]148.768(32.3429]-7.16408
BK & 7 | 92.136 |807.87| 73.709 |28.2492|-7.37385
BK 7 18 |112.768(353.13| 90.214 | 3.9515 1-6.01561
BK 3 18|104.273(346.11] 35.418 | 10.241 |-6.00356

6.3.2 (i Sand
There arc 2 wells in G sand: BK3 and BK4. Aparwal-Gardner typccurve analysis of

individual wells of G Sand is given bellow:
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Fig 6.26 Agarwal-Gardner T'ypecurve Analysis of BK4 at G Sand

The tvpe curve data being very noisy and difficult to interpret, type curve “Data Filter” is

used here for better matching. AG plots show good match lor all wells in G Sand. In the
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following table summary of results of Agarwal-Gardner analysis for the wells o G sand is
presented:

Table 6.12 Summary of resulls of Agarwal-Gardacr analysis tor wells of G Sand:
Wells in G Sandir,s| OGIP | Area | EUR | K s
bct acre bel md
RHK 3 28 |206.016| 1688.31 | 164.813] 5.7326 | -6.35609
BK 4G 7 | 63.222 | 859.04 | 53.202 [36.1617|-7.40455

6.33 DL Sapd
‘There arc 2 wells in DL sand: BK2 and BKS5. Agarwal-Gardner typecurve analysis of

individua) wells of D1. Sand is given bellow:
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Fig 6,27 Agarwal-Gardner Typecurve Analysis of BK2 at DL Sand
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Fig 6.28 Agarwal-Gardner Typecurve Analysis of BK3 at DL Sand

The type curve data being very noisy and difficult lo interpret. type curve “Data Filter” is
used here for betler matching. AG plots show good match for all wells in DL Sand. In the
followiny tablc summary of results of Agarwal-Gardner analysis for the wells of DL sand is
presented:

Table 6.13 Summary of results of Agarwal-Gardner analysis for wells of DL Sand:

Wells in DL Sand |t.n| OGP | Area EUR k g
bef acre bef md
BK 2 4%1136.86111557.62| 109.480(37.6279|-5.77681
BK 5 121 22386 | 3382 | 17.909 |12.6953|-6.35946
6.3.4 DU Sand

There is only onc well in DU sand: BK4. Agarwal-Gardner typecurve analysis of this well of

DU Sand is given bellow:
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Fig 6.29 Agarwal-Gardner Typecurve Analysis of BK4 at DU Sand

AG plots show good match for BK4 in DU Sand. In the following table summary ol results
of Agarwal-Gardner analysis for the weil BK4 of DU sand is presented:

Table 6.14 Summary of results of Agarwal-Gardner analysis for well BK4 of DU Sand:

Wells in DU Sand |rpf OGIP | Area EUR k g
bel ACte bet md
Bk 4 121153. 119 (2080.51 [ 128.851127.43441-7.30783

6.3.5 B Sand
There is only one well in B Sand: BKS5. Agarwal-Gardner typecurve analysis of this well of

B Sand is given bellow:
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Fig 6.30 Agarwal-Gardner Typecurve Analysis of BK5 at B Sand

AG plots show good maich for BK5 in B Sand. In the following table summary of results of

Aganwal-Gardner analysis for the well BKS of B sand is presented:

Table 6.15 Summary of results of Agarwal-Gardner analysis for well BK4 of B Sand:

Wells in 3 Sand| | OGIP Area EUR k 5
bef acre bef ind

BK 5 7 | 140.85 [1567.85] 112.68 6.7362]-7.70538
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6.4 NPI (Normalized Pressurc Integral} Typecurve Analysis

Blasingame ct al (1989) developed the Normalized Pressure Integral (NPI} analysis. This
method uses normalized pressure instead of normalized ratc. Anpalysis 18 the inverse of
Agarwal-Gardner Rate-Time Typecurves. The objective of the mcthod was to present a
robust diagnostic method for drawdowns that did not suffer from noise and data scatter, as is
typical of the standard welltest derivative.

Tn this analysis procedure, a model] {radial, fractured, horizontal} is selected first and three
rate functions are plotted against material balance time t;. For pas wells, matcrial balance

time is defined as follow:

¢

_ A, J- 9 __ = 16204, — P,) o (6.35)
g o #4(P)c,(P) 24p,

!

4]

Normalized Pressure for gas wells is defined as follows:

ﬁpp - .P.a - Ppw.f
d q

The pressure integral is defined at any point in the production lifc of a well, as the average

{6.36}

normalized flowing pressure drop at which the well has produced until that moment in time.
The normalized pressurc integral is defincd as follows:

(E&J =_]'.TEI3.DLQ'; (63D
7 ) tui 4

ot B ]

The pressure integral derivative is defincd as the semi logarithmic derivalive of the pressure

integral function, with respect to material balance time. It s detined as follows:

g ot

{2
[%J = 9 (639
1of cir

In this analysis procedure a model (radial, fractured, horizontal) is selected. Then Apy/q vs.
te(a) data plot is matched to qp vs. tpa (Constant rate typecurves in welltest format} and a
transient (Ten) stemn is sought out. A Pressure-Integral (pp) data plot and a Pressure-Integral
Derivative (p,g} data plot are constructed and ‘complimentary’ typecurve {po.} and (ppig) are

matelied by data plot to fine tune the match. Given a curve match, the reservoir paramelers
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k, 5 (from transient match} and Area, OGIP (from boundary dominated match) can be
obtained if p, h, ¢, ¢, and r,, are known.

k is obtained from rcarranging the defimition of pp

thap,
Py = ", (6.39)
1.417£67g
kzl.d,lTEﬁT[ P, } L (640)
h III:."P.l'llllrlgll nerch
Solving for r., from the definition of tpa:
L= EI.{]D!SELH:.;M (6.41)
x‘ﬁ#rc.’rrﬂ
10.00634
- 00063 [fi} e (64)
wp‘ticﬂ It‘.I'.M mraich
_ r {6.43)
rl"
[FW]marr.fr
s:ln[ij e (644
r‘bm
Q006341417 EG T
G = LO0EIDAA17E)sp ., [“_] _Pa | 107 e (645)
(zﬁicf)lpm I-"M ity ﬁppllllq mnich

Sand-wisc NPT typecutve analysis
In this scetion the results of NPI typecurve analysis of different wells of different sands have

been presented.

f.4.1.J Sand
There arc 4 wells in J sand: BK1, BKS, BK7 and BK8. The fist step in perferming a NPI

analysis is to choose the correct model. For analyzing the dala of Bakhrabad Gas Field,

&0



radial model is selected. Then this analysis provides a reliable and versatile method for
estimating early time parameters (k, s} and zlso estimating OGIP and drainage arca. NPI

typecurve analysis of individual wells of' 1 Sand is given bellow:
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Fig 6.34 NPI Typecurve Analysis of BKS8 at J Sand

Due to the issue of non-uniqueness, analysis of production data is performed by simullaneous

maltching of multiple type curves (i.c. normalized rate and integral). NPT plots show geod
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match for all wells in J Sand. In the following table summary of results of NPI analysis for

the wells of ] sand is presented:

Table 6.16 Summary of resuits of NPI analysis for all wells of I Sand:

Wells in ] Sand|r.n| OGIP | Area | LUR k 5
hef | acre bt md
BE 1 7 [186.136(553.03(154 923)24.7510|-7.92923
BK & 28| 90.685 [795.14| 72.548 |15.7547|-6.378606
BK 7 18 |115.222]360,82| 92178 | 41757 [-6.51113
BK 8 181107.118]355.55] 85.694 {12.0786/-6.50378
6.4.2 G Sand

There are ? wells in G sand: BX3 and BK4. NPI typccurve analysis of individual wells

of G Sand is given bellow:
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Fig 6.36 NPI Typecurve Analysis of BK4 at G Sand

The type curve data being very neisy and difficull 1o interpret, type curve “Data Filler” {s
used here for beter matching. NPI plots show good match for all wells in G Sand. In the

following table summary of results of NP1 analysis for the wells of G sand is presented:

Table 6.17 Summary of results of WPI analysis for wells of G Rand:
Wells i G Sand{r.p| OGIP | Area | EUR k s

bef acre bef md
BK 3 28 204.163]1673.15] 163.33 | 6.0325 |-6.75062
BK 4G 7| 64,877 | 881.53 | 54.595 [41.8413|-8.16235

6.4.3 DL Sand
There are 2 wells in DL sand: BK2 and BK3. NPI typecurve analysis of individual wells of

DL Sand is given hellow:
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Fig 6.38 NP1 Typecurve Analysis of BK5 at DL Sand -

NPI plots show good match for all wells in DL Sand. In the following table summary of

results of NP analysis for the wells of DL sand Is presented:
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Table 6,18 Summary of resulls of NP1 analysis for wells of DL 5and:

Wells in DL Sand |rop| QGIP | Area ElIR k g
bef acre bef md
BE 2 12[159.107] 1810.8 [127.286| 8.5608 |-7.81805
BK 5 7| 22,548 | 340.65 | 1R.038 | 9.5826 |-7.68695

6.4.4 DU Sand
There is only one well in DU sand: BK4. NPI typecurve analysis of this well of DU Sand is

given bellow:
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Fig 6.39 NP1 Typecurve Analysis of BK4 at DU 5Sand

MNPI plots show good match for BK4 in DU Sand. In the following table summary of resulls
of NP1 analysis for the well BK4 of DU sand is presented:

Table 6.19 Summary of results of NPI analysis tor well BK4 of DU Sand:

Wells in DU Sand|t.;| OGIP | Area EUR k 5
bef acre bef md
BK 4 12 151.527|2058.87 | 127.511(49.4506) -7 88224
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6.4.5 B Sand
Therc is only one well in B Sand: BK5. NPJ typecurve analysis of this well of B Sand is

given bellow:
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Fig 6.40 NPl Typecurve Analysis of BKS5 at 3 Sand

NPI plots show goed match for BKS in B Sand. [n the following table summary ol results of

NP] analysis for the well BKS of B sand is presented:

Table 6.20 Summary of results of NPI anatysis for well BK4 of B Sand:

Wells in 3 Sand|rag;| OGIP Area LR k 5
bef acre bef md

BK 5 121136.452|1518.89|109,162]6.9433|-7.73015
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6.5 Transient Typecurve Analysis

The transient typccurve analysis method is not a new method of data anal ysis. Rather, it
provides an alternative porspective that is ideal for analysis of very short (carly) production
periods, and/or analysis of very low permeability TRSEIVaIrs.

In the Blasingame, Agarwal-Gardner and NPI analyses, the typecurves are scaled such that
there is converpence onto a single boundary dominated stem {unit slope). This is achicved
through the use of a dimensionless time that is based on arca (tpa OT lyg). Une conscquence
of this type of scahing is that therc are numerous transicni stems. If a dimensionless time
based on well radins {ts) is chosen instead, there will be & single transient slern with a series
of boundary dominated curves. When viewing all the typccurves togcther, the transient
presentation provides a maore convenient base for analysis of (ransient data. Thus lhe
{ransicnt presentation of the typecurves provides a more unique typecurve match ag transient
data works better with the Transicnt format {(gp vs lp). The accepted time-superposition
function for Rale ‘I'ransient Analysis is Material Balance Time (MBT). Since MBT s
rigorous for boundary dominated flow, it is a natural standard for cvaluating variable rate
production data. When dealing with only transient dala, ihe standard timc-superposition for
transient flow {pressure transient analysis) is radial superposition time.

In this methodology, the horizontal axis is malerial balance pseudo time, which 15 defined as

follows:

f

HE 4
ool et 6.46
g J#{ﬁ)cr(ﬁ} (6:46)

on the vertical axis, (wo variables arc plotted, namely Normalized Ralc and Inversc of Semi-

log Derivative. Nurmalized Rate for gas wells is:

4 -9 .. (64D
ap,u pr_.P_,wj'

and Inverse of Semi-log Derivative is:

l |
= 6.43
DER 3 ap, (6:48)

aln(r,)
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The novmalized rate and inverse scmi-log derivative data are ploticd against material balance
time on a log-log scale of the same size as the Lype curves. This plot is called the “data plot”.
The data plot is moved over the type curve plot, while the axes ol the two plots are kept
paraliel, until a good match is obtained. Type curve analysis js done by selecting a match
poini, and reading its co-ordinates off the data plot (g/Ap, and ta)mach, and off the type curve

plot (qp and tp)march. At the same time the stern value “roty,” of the matching curve is noted.

In radial basis of analysis, k is obtained from rcarranging the definition of qp

g 1417 E6T, ¢
o= {6.49)
kh &pp
The permeability (k) is caleulated from above, as follows:
i
, _ LAVTEGT, [q pPJ L (650)
h 4n mAtce
From the definition of tpa,
0.006344
bt - N 0.51
'I) ¢y.|£rﬂr'3ﬂ ( }
Fwa 15 calculated as follows:
R {
o |000634k, (1.41?}35?:, )[f_, ] [q ép,?] L 652)
\l ﬂn"‘rcar A I-“ merich 4 match

Skin is calculated as follows:

s=1n[’—"] . (653)
ruw

Volume and area parameters are calculated as follows:

0.00634%1 4176 pT /
- (0.00634X Y p.T, [!ﬂ] [‘f ﬁpp] (Y *E—9(bel) ... (6.54)
malck ey

el Ymmirh
IL:'JL”Zr_Pm fn g]‘.r

— GZJ Ijlr-.l'ﬁi'
dhs,p,T,, 43560

{acres) e e {6.55)

I should be noted that boundary dominated Mow analysis is not advised using this method.
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Sand-wise Transient typecurve analysis
In this section the results of Transient typecurve analysis of different wells of different sands

have been presented.

6.5.1 J 8and

There arc 4 wells in J sand: BKI, BK6, BK7 and BK8. The first step in performmg a
Transient analysis is to cheose the correct model. For analyzing the data of Bakhrabad Gas
Field, radial model is selected. Then this analysis provides a reliable and versatile method
for estimating early time paramelers (k. s} and also estimating OGIP and drainage area.

Transient typccurve analysis of individual wells of I Sand is given bellow:
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Fig 6.41 Transient Typecurve Analysis of BK 1 at J Sand
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Fig 6.44 Transient Typecurve Analysis of BKZ at J Sand

Due to the issue of non-unigueness, analysis of production data is performed by simultaneous
matching of mulliplc type curves {i.e. normalized ratc and integral). Transienl plots show
good match for all wells in J Sand. In the following table summary of results of Transient

analysis for the wells of J sand is presented.

Table 6.21 Summaty of results of Transient analysis for all wells of J Sand:

Wells in § Sand |ren| OGIP | Area | EUR k s
bet acre bet md
BK 1 71 2152 1639,391179.113|87.2054 | -7.2569
BK 6 121 86.159 |755.461 68.927 | 14.6723|-6.80131
BK 7 18] 110.39 |345.69| 88.312 | 2.3676 | -6.00495
BK & 18[105.181|349.13| 84,145 | 10.4968| -6.0099
6.5.2 G Sand

There are 2 wells in G sand: BK3 and BK4. Transient typecurve analysis of individual wells

of G Sand ts given bellow:

92



redly bl
Pird @

1
Tl Peaerg Traement Typeuive Annhyms

i Puy] “pkane
N Fl

!
iy
: rnboml
1 Fim] 37 =
LT n
1 T .x-_&nm
T aEL
‘V‘i‘*ﬁ‘
kM
Lakpwd-n
121
oM T4
x I
Z LY I
I T
E L =
[EELI. N

L . L L kY
" o 11 l-*":I' 1 31 & II?EI.I 1 ) l.:‘rl»‘| 111 !.i?l* 1 1 l!ifl“
, ki Bapce Tiew
Fig 6.45 Transient Typecurve Analysis of BK3 at G Sand
umn  bdR
ml nmm Tramserl Typscuys Anslres
Ac Lpacne
q il carisu gxls
prinb !
aalle]
w % ~
! L - b TYE G T
LT gr e
: . ?\‘H 3 inr i
1 " Fe—, TR LN y 'h_‘
: K kS \\:‘ ::"\_;':_-‘ .:;,:._._ ——— {'-:."-'!' ';? ?l‘ AL T
- . w e g - !
13 1 \-. "\_\_‘\-\'- \\ _ilﬂ:\_..‘-.'\—_\g:;__:: If __r‘p ;;:I;:- T
i N \"{. -'.,;5' L ' e
w1 . o te - ;E‘j‘- i 108 Tt
i 't ' .\"- o \':'., B’% iy = ANk
7 L Y T '
; : \k‘ R " ?‘\ o Hﬂf} nF [T S
i ", R T }'\' vy M
: - Tt \'L" A N
W B R,
" g Tan B TR
r'[‘}_"’:I Wt LEA_, \\. * ) k\ .
53 CLoE ot . .
r: 4 J b , N -
x - '::_1 fiker v, . "\.\
1 . i.\;-;’ N . 5,
! e ¥ .\
it Tff' \\“I - ) Y

F] I#*EII.1.I 17T l-l'ifllll|I H Il’i?:ln 112 l-!nifilu_ 1 43 Ill(lv
Ahri PaInA TEe

Fig 6.46 Transient Typecurve Analysis of BK4 at G Sand

The type curve data being very noisy and difficult lo interpret, type curve “Data Filter” 1s

used here for better matching. Transient plots show good mateh for all wells in G Sand. in
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the following iable summary of resuits of Transicnt analysis for the wells of G sand is
presented:

Table 6.22 Summary of results of Transient analysis for wells of G Sand:
Wells in G Sandjrzy OGIP | Avea | EUR k s
bt ACTE bef md
BE 3 181203.849 | 1670.55|163.079| 3.5205 |-6.79264
BEK 4G 12| 77.361 |1051.16| 65.1 |36.9542]-6.96047

6.5.3 DL Sand
There are 2 wells in DL sand: BK2 and BKS., Transient typecorve analysis of individual

wells of DL Sand is given bellow:
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94



Teliw Burpanae Teaneiet Typocurss Analyaly
PUE Dy Eane
YITIN: 2= STR
rgn
f—ra eahes
gr-m:ir-
PO
P T3
L Ellmar !ﬂ,
ooyt It T
w gt =
I E LARUB
3 E'i"“ rs
4 iy [ [T ]
+ N A
dand FRIL 1
f car Tl e
o
L]
= AF Inin »
!- LEP o

o ERE] 13!!:“ 1 I-IIH?I!IIL 2 l-lll?l'" 2 lllirl* 1 1 4387
sl Belanc Tes

Fig 6.48 Transicnt Typecurve Analysis of BKS at DL Sand

The type curve dala being very noisy and difficult to interpret, type curve “Data Filter” is
used here for better matching,  Uransient plots show good match for all wells in DL Sand. In

the following table summary of results of Transient analysis for the wells of DL sand s
presented:

Table 6,23 Summary of results of Transient analysis for wells of DL Sand:

Wells in DL Sand{ty;| OOGIP | Arca CEUR k 5
bl acie bef md
BE 2 T 1491281697251 119.302| 4.0145 |-7.74502
BE 5 70244071 36874 | 19.526 | 6. 7728 |-6. 08160
&.5.4 DU Sand

There is enly onc wetl in DU sand: BK4. Transient typecurve analysis of this well of DL

Sand is given bellow:
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Fig 6.49 1ransient Typecurve Analysis of BK4 at DU Sand

Transient plots show good match for BK4 in DU Sand. In the following table summary of

results of Transient analysis for the well BK4 of DU sand is presented:

Table 6.24 Summary of results of Transient analysis for well BK4 of DU Sand:

Wells in DU Sand || OGIP | Area ELR k &
bef acre bef md
B 4 21154928 210500 130,374 | 28,7375 -7.3137
6.5.5 B Sand

There is only onc well in B Sand: BK5. Transicnt typecurve analysis of this well of B Sand

is given bellow:
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Fig 6.50 Transient Typecurve Anatysis of BKS at B Sand

results of Transient analysis for the well BKS of B sand {s presenied:

Table 6.25 Summary of results of Transicnt analysis tor well BK4 of B Sand:

Wells in B Sand|rep| OGIP | Area EUR k 5
bef acre bef md
BK 3 P21 1360371151427 108.83 |7.2767)-7.14800

All the tyvpe curve methods (except Fetkovich) showed extraordinary agreement between data
and reservoir model (radial) for Bakhrabad Gas Field’s different wells (both preducing and
suspended). AG. Balasingame, NP1 and Transient typecurve methods yicld similar values of
skin (which is ncgative) and closer values of permeability of different wells. In the case of
negative skin the effective wellbore radius is greater than the actual radius (due to stimulation
results). This result complies with the sand production problems of Bakhrabad (Gas Ficld.
The dominant flow regimes for ditferent wells are also determined excellently by these fype
curve methods and they firmly agree with the pressure versus rate diagnosis performed in

Chapter 3. Gas in place values and EUR values of different wells are also very similar in

dilfereni analysis for respective wells.
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Chapter 7
NON -TYPECURYE ANALYSES

The non-typecurve methods are considered 1o be more suitable for guantilative analysis of
reserves, because they are Cartesian plots {late-time data does not get compressed by the time
scale). The Muid-in-place analysis is performed once the presence of boundary dominated

flow is confirmed from the previous diagnostics,

7.1 Arps {Traditional) Decline Analysis

Arps decline analysis is easy and convenient to apply and does not require knowledge of
pressure data or reservoir parmmeters. It provides production forecast and cstimates the
expecled ultimate recovery (EUR) {at current operating conditions} using Arps decline curve
theory. The semi-log rate versus time plot is used in conjunction with the linear rate versus
curnulative production plot, which helps to ensure that periods of shut-in are not included as
part of the decline.

According to FAST. RTA Technical Documentation {2003), there are soine common
Decline Analysis Concerns:

s If hyperbolic forecast (s used, it is better 1o set the duration of the lorecast (and thus
the EUR} limiting no longer than 10 years, rather than setting an economic limit.
‘This prevents unrealistically high estimates of ELR.

e Jt is betler to be aware of the historical flowing pressure trend when forccasting
production.  If the trend shows steeply declining pressures, even lhe most
conservative exponential decline will over-predict EUR.

& The ‘b’ valucs that exceed | should not be used to determine EUR, as it will cause
unrealistic resulls.

» Exponential decline is consistent with the understanding of single-phase, boundary
dominated low, whereas hyperbolic decline is considered to be consistent with the
performance of solution-gas drive reservoirs.

Using the following equations, the expected ultimate recovery (EUR), original gas in place

{OGIP) and area can be calculated for a variety of situations in exponential decline.
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Where, the *1* subscript denotes conditions al the beginning ol the forecast period, and:
q — initia! rate. This is the staring rate of the period preceding the forecast
JQup — 2bandonment rate
q; - rate at the beginning of the forecast period
Q- cumulative production at the start of the forecast

D — decline rate

Sand-wisc Arps Decline Analysis
In this section the results of Arps Decline analysis of different wells of 4, G, DL, DU and B

sands have been presented.

7.1.1 J Sand

There are 4 wells in J sand: BK1, BK6, BK7 and BKS. The Traditional page consists of two
plots: Semilog Rate vs. Time and Rate vs. Cumulative Production. The lefi-hand side data
table of each plot shows the decline (nominal decline “d” and exponential decline “D”) and
output parameters (EUR- Expected Ultimate Recovery and RR- Remaining Reserves). When
the wellbore Fowing pressure is entered (Pws), an OGIP is back calculated from the EUR.

Arps Decline analysis of individual wells of ) Sand is given bellow:
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Fig 7.4 Arps Decline Analysis of BKS at ] Sand

All the wells of J Sand show hyperbolic type of decline in Arps Decline Analysis. But the
hyperbolic exponent “b” is very close to zero value cxcepl well BK8&. This kind of anomaly

in tesults is probably due to the inclusion of restricted rate data at the cnd portion of
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producing wells. In the following table summary of results of Arps analysis for all wells of ]

sand is presented:

Table 7.1 Summary of results of Arps analysis for all wells of 1 Sand:

Wells in } Sand| OGIP | Arca | EUR D, d, b
kel acre bl Co
BK | 174.977 | 51988 | 149188 [ 0.077069] 7.42 1 0.036032
BK & 62298 |546.24 | 52.398 12.033206]86.91 | 0.063296
BK 7 110.556|346.21| 92.586 {0.16435215.16] 0.037
BK & 102,263 |339.44 | 85.037 10.117087111.050.260864

7.1.2 G Sand
There are 2 wells in G sand: BK3 and BK4. Arps Decline analysis of individual wells of G

Sand is gven bellow:
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lig 7.6 Arps Decline Analysis of BK4 at G Sand

In the following table summary of results of Arps analysis for the wells of G sand is
presented:

Table 7.2 Summary of results of Arps analysis for wells of G Sand:

Wells in G Sand| OGIP | Arca EUR [} d, b
bhef acre bel B
BK 3 2022331163731 173.909|0.075046 | 7.23 [0.0094
BK 4 16,771 t 227.88 | 14.044 | 1.554499(78.87| 0O

7.1.3 DL Sand
There are 2 wells in DL sand: BK2 and BKS. Arps Deeline analysis of individual wells of
DL Sand is given bellow:
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Fig 7.7 Arps Decline Analysis of BK2 at DL Sand
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Mg 7.8 Arps Decling Analysis of BKS at DL Sand

In the following table summary of results of Arps analysis for the weils of DI sand s

presented:



Table 7.3 Summary of results of Arps analysis for welis of DL Sand:

Wells in DL Sand| OGIP | Area | EUR D, d |b
bef acre bef %o

BK 2 110,501 1257.62193.289(0.28691%(24.94] 0

BK 3 13.72 1 207.28 |10.794 [ 0.742678 | 52.42| O

7.1.4 DU Sand
There 15 onty one well in DU sand: BK4. Arps Decline analysis of this weli of DU Sand is

given bellow:
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Fig 6.9 Arps Decline Anzlysis of BK4 at DU Sand

In the following lable summary of results of Arps analysis for the well BK4 ol DU sand is

presented:

Table 7.4 Summary of results of Arps analysis for well BK4 of DU Sand:

Wells in DU Sand | OGIP | Area | EUR D, d, |b
bef acre bef %4
Bk 4 55.000|748.66(46.13911.385232|74.97| 0
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7.1.5 B Sand

There is only onc well in B Sand: BK5. Arps Decline analysis of this well of B Sand is given

bellow:
EQEXTHE [ Wi va TN
|_ == == —— s ——— —e=—=
musmanL . ——f—
irmt =i Swudneiied 1 — i
i 1 [ e E
rnde1 | Fagr she i. |‘ .r.l.r'n'"‘,' be TR "ﬁ_ _ " ,
e Eipcmen H "‘r'ﬂ! — s e = p—t
Y = —_— — — Ea |
b (1111 1 1 =
a (L) :' - T
I': o : u AL" He i Ll !
LR LEU LR R TL L TN T T T T TR ;: i1 s 1w | g 1 oo 1]
R T R .{'Tﬁ%i' ’-{1 i.'"
& L g & T
e TLESEL Rppngeene %{; !"H Eo
w e nue gk, sl - o
E N L T | mr aln® Lse, Rt wx "Cutrariudiue
IR i [, !
e RENGREREERIANANS |
er Wil E, '?. "JI i "|::| 14 [ ll b
L e LT ;‘.‘ L1 L l\ Ilﬂlr .rll'l h""‘.‘." . H .l.‘| r-d;; 1.1__1
A FEIM g ‘-:" = ¥ H ] iy
i na e » 15; Ill T'lj |f J W ll'hr - .
-+ H-. 2 T i
Prowston e e + ‘! g |‘II' 1 } -
¥, PP g | &-y '
5. s lﬂ .' -
H LUk .
“ no e I
"

R L L L
) L e, BT

Fig 7.10 Arps Decline Analysis of BK3 at B Sand

In the following table summary of results of Arps analysis for the well BK5 of B sand is

prescnted:

Table 7.5 Summary of results of Arps analysis for well BK4 of B Sand:

Wells in B Sand| OGIP | Arca | EUR | Dy 4, |b]
bel | acre bef %
BK 5 67.536|751.76|56.921]0.247386|21.92| 0

7.2 Flowing Material Balance

The Flowing Material Balance (FMB}) is a straightforward and intuitive method of production
data analysis based on a modified version of the Agarwal-Gardner Rate-Cumulative
typecurves and its functionality is similar to conventional gas material batance. The method

is similar to a conventional material balance analysis, buf requires no shut-in pressure data
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{except initial reservoir pressure). Instead, it uses the concepts of pressure normalized rate
and material balance {pseudo) time to create a simple linear plot, which extrapolates to
fluids-in-place. This method is superior to typecurve methods for cs;;imating Tluids-in-place,
because data are plotted on a linear scale. Late-time data on typecurves tend to be somewhat
compressed, duc to the logarithmic nature of the plot.

In FMB analysis procedure first Gas-in-place {OGIP) is estimated. Then pseudo-time (L}
for gas wells is calculated using previous equation. Then the normalized cumoiative

production (Q,} is calculated using the following equation:

= 4 1.5}
"edy (

Then a plot of normalized rate (g/Ap) versus Qy is constructed and bast-fit line is extrapolaled
to get OGIP. New OGIP is used in the repeated procedure. Once convergence on QGIP is
achieved, the EUR (bascd on a specilied abandonment pressure) can be estimated using the
following equation:

Eb?:i(&—@]mm (16

Phe 2o

T

This FMB can only be applied to reservoirs in depletion (similar to p/z plot).

Sand-wise Flowing Material Balance Analysis
in this section the results of FMB analysis of dilfercnt wells of these sands have been

presented.

7.2.1 J Sapd

There are 4 welis in J sand: BK1, BK6, BK7 and BK8. Unlike other analysis, AG FMD is
not a type curve analysis. Rather, its functionality is similar to both the Arps Rate versus
Cumulative Production analysis and the P/Z versus Cumulative Production {conventional gas
material balance) plot. The x-axis of the graph is “Normalized Cumulative Production” and
the y-axis is “Mormalized Rate”. An altcrnative, or compliment to the AG FMB, is the
Mowing F/Z plot. When the AG FMB and Flowing FP/Z unalyses are displayed
simultancously. the AG FMB plot is dominant (it is the active analysts and the p/z simply

responds to its position). FMB analysis of individual wells of ] Sand is given bollow:
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Fig 7.12 FMB Analysis of BK6 at J Sand
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Table 7.6 Summary of results of FMB analysis for all wells of ] Sand:
Wells in J Sand| OGIP | Area | EUR
bet acrc bef

BK 1 i25.158([371.86] 104.17
BK 6 §2.407 |810.247 73.925
BK 7 112.874(353.47| 90.299
BK 8 104.615(347.25| 83.692

7.2.2 {z Sand
There are 2 wells in G sand: BK3 and BK4, FMB analysis of individual wells of G Sand is

given bellow:
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Fig 7.16 FMB Analysis of BK4 at G Sand

In the following table summary of resulis of FMB analysis for the wells of G sand is

presented:
Table 7.7 Summary ol results of FMB analysis for wells of G Sand:

Wells in G Sand| OGIP | Area | EUR
bl acre bef

BK 3 208231170647 166,583

BK 4 56.828 1 772,16 | 47.821

7.2.3 DL Sand
There are 2 wells in DL sand: BK2 and BK5. FMB analysis of individual wells of DL Sand

is given bellow:
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Fig 7.18 FMB Analysis of BKS at DL Sand

In the following table summary of results of FMB analysis for the wells of DL sand is

presented:
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Table 7.8 Summary of results of FMB anatysis for wells of DI, Sand:

Wells in DL Sand| OGIP | Area | EUR
bel acne bcf
BK 2 1464131 166632 117.13
BK A 22475133954 1 17.98
7.2.4 DU Sand

There is only one well in DU sand: BK4, FMB analysis

bellow:
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In the following lable summary of results of FMB analysis for the well BK4 of DU sand is

presented:
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Fig 7.19 FMB Analysis of BK4 at DU Sand

of this well of DU Sand is given
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Table 7.9 Summary of results of FMDO analysis for well BK4 of DU Sand:

Wells in DU Sand| OGIP | Area EUR
bef acre bef
Bk 4 145240 1973571 122.229
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7.2.3 B Sand

There is only one well in B Sand: BK5. FMB analysis of this well of B Sand is given

bellow:
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Fig 6.20 FMB Analysis of BK5 at B Sand

In the following tablc summary of results of FMB analysis for the well BKS of B sand is

presented:

Table 7.10 Summary of results of FMD analysis for well BK4 of B Sand:

Wells in B Sand| OGIP | Area | EUR
bef | acre hef
BK 5 134.18(1493.6|107.344

Non-typecurve methods (traditional and FMB) provide quantitative analysis of reserves of

differcnt sands of Bakhrabad Gas Field. Arps (traditional} analysis {irmly comply with the

decline diagnosis of chapter 4 and justifies exponential decline type production of the wells

of diffcrent sands.

volumetric drive mechanism in wells of diflerent sands.

FMDB also fully agrees with the AWMB analysis and conlirmed

The use of traditional decline

analysis in concert with the FMB provides an excellent indicator of whether historical and

current production conditions are sufficient for the well to atlain optimum recovery of gas in

place.
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A systematic approach to production data analysis using the best meihods available enahles
one to obtain a full picture ol the reserve. In the following table comparison of gas in place
(bef) of different sands of Bakhrabad Gas Iield using typecurve, non-lypecurve and AWMB

metheds are presented:

Table 7.11 Comparison of gas in place (bet) of different sands of Bakhrabad Gas Field using

typecurve, non-typecurve and AWMB methods:

Typecurveless
Typecurve methods methods

Sands] AG Blasingamse | Fetkovich NP TRANSIENT| ARPS | FME | AWMB
J 487.91B £27.003 573212 | 499.161 516 93 M50 004|435 054 | 457

G | 269238 280 811 222 268.04 251,21 [219.004/ 265 059 218
DL | 158 247 163.825 144.619 | 181665 173535 [|124.221]168.2881 1447
DU o] 153119 152 867 BRO.BY 151 527 154 925 | 55089 |145.249| 130

B 140.85 135.082 107 466 | 136.452 136 037 |67 536 | 134 18 115
Total | 1210372 | 1259.588 1102.267 |1237.835| 126284 [915954/114843| 1059.7

In this study several modern decline curve methods and malerial balance metheds arc
presented for estimating the original gas in-place using flowing data (pressure and
production}.  Up o August 2008, cumulative production of Bakhrabad Gas Field was
670073 bel and an abandonment pressure of 600 psia was assumed in different analysis
procedure, as there is compression facility in this ficld. From the above table, based on
Transient typecurve method, highest gas in place cstimale is 1262.64 bcf, which yields a
recovery of 53.07% for the field, whercas based on traditiona! declinc analysis, lowest gas in
place estimate is 913.954 bef, which yields a recovery of 73.15% for Bakhrabad Gas Field.
Gas in place value estimated using AWMB method is 1059.7 bef, which yields a recovery of
63.23% for Bakhrabad.
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Chapter 8
CONCLUSIONS AND RECOMMENDATIONS

3.1 Conclusions

Following conclusions are made based on the findings of this study:

1.

Bal

Pressure versus rate diagnostic plot successfully discerns reservoir [low behavior with
approximate duration of flow regimes for the wells of different sands of Bakhrabad
Gas Field. 11 1s found that {nfinite Acting low pecriod exisled for a time in all
producing sands. Presently PSS flow regime is predominant in the producing sands.
Current production behavior of Bakhrabad gas field is boundary dominated, which
indicatcs Bakhrabad to be a mature field.

Multipte wells in the same sand exhibiled the same slope on the pressure-rate (p-g}
plot; sugeesting reserveir connectivity, ‘Therefore there is no comparment in the
major sands of Bakhrabad Gas Field.

From decline analysis, a sharp exponential decline is noticed at the end of the
production profiles of all the wells. This is common for both producing wells {before
rate restriction) and for suspended wells (before suspension). This is an indication of
pas wells undergoing liquid leading- a common phenomencn at the final stage of
preduction of mature gas fields.

AWMB method reconfirms the recovery mechanism is volumetric depletion and no
evidence of aquifer support exists in this field. Laler portion of deflcction from
straight line i this methed probably indicate liguid loading phenomena. 1t is possible
that water is intruding from any upper wet strata, which may happen due to poor
cernent.

Type curve analysis methods showed good agrecment between data and reservoeir
radial model for this field. They also reveal negative skin eflect in all wells, which
complies with the sand production probtem of this field. It suppgests the presence of
large cavities around the wellbore,

The Gas Initially in Place (GITP) value of this field obtained by different methods
ranges from 915954 BCF to 1262.64 OCF, with the most likely value being 1200
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RCF. These values compare well with the previously reported values hased on
volumetric method, which ranges from 1281 to 1392 BCE.

Based on an abandomment pressure of 600 psia, ultimate pas recovery from ihe
Bakhrabad Gas Ficld ranges from 53 to 73 percent of the initial gas-in-placc for the

major sands.

8.2 Recommendations

Following recommendations are made from the findings of this study:

1.

The systernatic approach of reserve cstimation procedurc showed in this study can be
applied (o other gas fields of Bangladesh.

To be cerain about liquid loading problem and to prevent it for suspended wells
having such problem, ccment evaluation of the wells, especially of the suspended
wells may be undertaken.

Using the range of GIIP values of different mecthods of this study, production

forecasting can be pencrated using numerical or analytical models.
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APPENDIX A

Derivation of p-q Slope for different Flow Regime

Al Multi rate Superpaosition Equation

Real reservoir systems usually have several wells operating at varying rates. The
diffusivily equation, which is a combination of 1) the law of conservation of mass, 2} an
equation of state, and 3) Darcy's law; when eapressed in radial co ordinates, is lincar.

™ ]

CILMLL R L2 fe e (ALD
grt  rdr 00002637 kOt

Multiple rate and multiple-well problems can be considered by applying the principle of

superposition. The mathematical basis for this technique is explained by Van Everdingen
and Hursl, Collins & olhers.

The superposition principle states that adding solutions to a linear differential equation
results in a ncw solution o that differential equation, but for different boundary

conditions.
R
pr~p{r,r}:14l.Z%[pﬂ(i‘D,F'I,,Cmgeame.t‘f}?,....)+S] L ALD

Equation (A1.2) is a solution of Equation (A1.1} for a single well producing al constant

rate q.

Fig.AL.1: Multiple-well infinitc system for superposition explanation.
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To illustrate the principle of superposition in space, consider the threc-well infinite
system an FigAl.l. At t =0, Well | stans producing at rale g, and Well 2 stars
producing at rate g;. It is needed to estimalte ihe pressurc at the shut-in observation peint,
Well 3. To do this, it is nceded to add the pressure change at Well 3 caused by Well 1 1o
the pressure change at Well 3 caused by Well 2:

Ap, = Ap,, +4Ap, e e {ALD)
To use Eq. (A1.3), we must substitute Eq.(A1.2) for Ap. Then, extending to an arbitrary

number of wells,j=1,2, ... ..., 0,

14120 &
2N 4,8, p,(, 7, e e {(AL4)

=1

Aplt,r) =
where, rp, is the dimensionless distance from Well j to the point of interest.
It is noted that Fq.(A1.3) and {A1.4) add pressurc changes {or dimensionless pressure),

not pressurcs. [f the point of interest is an operating well, the skin factor must be added

to the dimensionless pressure for that well onty.
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Fig.A1.2: Calculation of pressure change at observation well of Fig: Al.1 for
superposition.
Fip.Al.2 graphically illustrates the use of Eq.(Al.3) and (Al.4) for the system of
Fig.Al.l and the exponential intcgral pp.

| -7
tpahp) = —= Eil —£ Al.Sa
Poltyry) 3 -{ W, ] { )
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ﬁ%[l'ﬁ{!u 112 +0.80507] L (A1sD)

Eq.{A1.5h) may bc used when tp/rn” »100

The exponential integral is defined by

- U

Ei(—:)=—j£ du ... (Al6a)
i i
Erf—x) = In(x) + 0.5772 for x<0.0025 (Al.6b)
I
}(ﬂu-'ﬂ.ﬂ'
=
pil .
I TiNE —*

Fig.A1.3: Variablc rate schedule for superposition explanation,
To iHustrate an applicatien of the principle of superposition to varying flow rates, it is
considered a single-well system with the productien-rate schedule shown in Fig. Al3.
The productien rate is g; from t = 0 to t and the second (imaginary) well producing at rate
{qz — 4.}, starting at t; and continuing for a time period {t — t1). The nct rate after time t,
would be q, + (g2 — 1) = gz. As before, Ap’s are added for these conditions, The gencral

form of equation lor N ratcs, wilh changes att, j= 1,2, ... N, is

14|2,ui_{( ~¢,.8, Jp,{t-1,.] J+s) .. (ALD

In Eq.{A L7}, [t4,4]o is the dimensionless time calculated at time (t—t;). For Fig AL3, N

=2 and only two lerms of the summation arc needed.
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Fig.A | 4: Schematic represcntation of a variable production-rate schedule
Fig.Al.4 schematically shows a variable-rate history. In the nomenclature of that figure,
production (or injection) starts al Lime O, the rate remains comstant at g until Umc ty, then
changes to qy until Lime t; ete.  Rate qj ends at time 1 and t, = & The last (and current)
rale is always qu. The pressure at the well (or at any other point for which pp is known}
may be calculated at any time during rate qy by using the principle of superpositicn as

indicated by Eq.(A1.7). The pressure at the well is

P.,r[f}: Fi _']%{QIIPD(ID)-FS]
+{£?2 —ql):pu[[f—fl]ﬂ)+s]+(g1 _qz)llpﬂ{[" _"2]5:)""5] T
+(¢?,-.- — e IPD{[I -!;M—]]D)-I-S]} (Al.8)

This may be rearranged to

141284 {‘-'h [Pﬂ (i‘”)— Fn ([I —1 LJ ]]

141
pw.l"{!')=.PJ - kb

+QE[PH([I - ]u]' Pu{[f_leu]]+~~~
pall’ O [Pu {[r _fm-zln)_ Po {[f =t ];} )]
+'?N[Puﬂf_rw-1]u)1+ '5'} (A1.9)

If the system is infinite-acting and if the logarithmic approximation of the exponcntial

integral, Eq.{A1.5b), applics, Eq.(A1.9) may be writlen

70.60 B f (—t
= p — P e i L | +g, In|
pal)=p-— {m L—f]] % [!_IJ
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+q,~.r_lin[iiﬁ}“?w[l“(f—w-:]*'“[ k 2]—?.4316+23” L (ALY

Ly P ¢,
0Or
162.68u
t)l=p, ——*
% togl 12 |+ loglt =1, )+ log b |-32275+0.86859s
F]q; g -y dnl loglt =1, Gwert) :

o (ALTL)
Eq.(Al.8) through (Al.11) are convenicnt for estimating pressurc resulting from

multiple-rate histories. However, the form

— I —
7 =py)_ 1250 [El[—q’ 4r ]103(:-5_. )]Hcg[ £ a]—a.zz?s +{].363593}

For kh a=l b 'ﬁ” eh
L (ALLD)
which results from combining Eq.(A1.8) and Lq.(A1.5b), is more convenicnt for

analyzing multiple- rale data.

A2 Tnfinite-Acting Flow Period;
During infinite-acting {low period, the generalized multirate superpesition equation for

liquids is given by Eq.(A |.12). Rearranging this equation

Py~ Pur _ IﬁE;B;.r [iﬁq, -q;_l]lug({" —rJ_]}]Hng[ k :]_123“},‘3695] . (AZD)
qﬂ

-l g ¢.‘u 'CJ P

Setting s = | 6A6UB/KA, and rearranging Eq. A2.1, we ablain

Pu = P, —m{i( L — 4, Nogle, —rj_,)}—mqﬂ{lﬂg[ i 2]—3.23+ [}.3693} e (A2.2)

] 'Fﬁ."l"EJ rllr

Using the chain rule of differentiation, ong can write

do., d
Py _ P dy . (A23)
dt dg dt

Rearmanging Eq. A2.3. we have
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dp,, dp/di
dg  dgidt

Differentiating Eq. A2.2 with respect to 1, £, and 3. wc obtain

2l - aonte 1o)== )
o
dty

]
,—i

din'{(‘iﬁ _‘?n}]ﬂg[fs _fu)"' (‘?1 _‘?l)lﬂg(fa 'f|}+ {’-?3 _‘fz)mg(‘!a — & }}
_lg-a) lo-a) lg-a))
{'f's _‘rn} I:I}_Ii] {fs _Iz)

Therefore, the general form of time derivative can be written as

12 Sk
I{; (‘?J — 4,0 )Eﬂg (r“ -1, )} - ; ﬁ_

Combining Eqs. AA4 and AAS, we have

s g - d
L T ISR m@[ £ 2]-3.23+D.369::
dpujﬂ =R dr-“ duct,

(A2

... (A2.5)

{(‘?1 _‘fu)]ng(*'z _fu]"‘[‘i’z "5"|)]ﬂ‘g{"2 _f:)}:m(‘ﬂ _‘fn)'*'ﬁ{‘fz _‘3"|)

... (A2.6)

 (AZT)

... [A28)

... (A2.9)

For the constant-rate case, we have dgw/dt, = 0, thereby leading dp.sfdg, to infinity or the

verlical line on the pur/g graph. Otherwise, the numerator remains negative in Eq. A2.9,

suggesting negative slope for the p,s /¢ graph during infiniteacting flow. Obviously,

when a well is produced at constant p.s the slope altains a zero value,

A3 PSS Flow Period:

Duting PSS flow, the general governing flow equation for variable-rate liguid flow is

given by (Blasingame end lLee, 1986)

- 3 og e -1
PP _gg 6B 44 +ﬂ,2_13932qj(; ny
oy ki erc.virw ¢ hc!‘d =l g,

128

(A3.1)



Rearmanging Liq. A3.1, onc obtains

B 44 ) 023398 &
= p, =706 g - t —e Y. . (A32
Pu =P r [e’c,,rjj ¢ he, 4 ;T:.q‘(“ ) (A3.2)

Differentiating Eq. A3.2 with respect to time, one oblains

dp,; _ D.2339B

= A3
a ghed (A33)
Differentiating Eq. A3.2 with respect to £, £, ctc., we can write
dig (r, —¢ 1
Maq, {A3.4)
dt,
for timestep 1, and
dig =t )+, 1, —
{q1(1 U) ‘h(z 1}}=q.2 . {.ﬁ?ﬁﬁ)

dt,
for timestep 2, and so on.
Therefore, the general form ol time-derivative can be written as
d ]
—_ qu(rj—rﬂ) =g, {A3.6)
dt |4

In gther words,

49 _9:"4 I 7% %)
di -k

Eq. A3.6 is negative because the numnerator is negative, while the denominator is always

positive. Therefore, combining Eqs. A2.4, A3.3, and A3.7, we obtain

_ 023398
Py Bhe, A (A3.8)
dyg, _dg, '
at

Fg. A3.8 shows that the positive slope will be exhibited when p,ris graphed against g.
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~Peftine Curves of Individual Wells of Bakhrabad Gas Ficld
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Appendix C

Input parameters for computer based PDA
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