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ABSTRACT

The Bakhrabad gas field i~ an old and matured gas field in Bangladcsh, whieh is

producing since 1984. This thcsis presents a systematic diagnosis of reservoir behavior of

this gas field with respect to. different flow regimes, reservoir connectivity or

compartmentalization, rcscrvoir drive meehani~m, estimation of reserve, and nature of

production decline. Production data such as flowing wellhead pressure and production

rate are used in different simple diagnostic tools like pressure VS. rate, decline and

appwximaled wellhcad material balance. The same data is also analyzed with different

type curve methods including Fetkovich, Blasingame, Agarwal-Gardner, and Normalized

Pressure Integral (NPI) type curves. Commercial production analysis (PA) software is

used for this purpose.

Pressure VS.ratc diagnosis reveals reservoir flow behavior with approximate duration of

flow regimes for t.hewells of respective sands of Bakhrabad gas field. It is found that

Pseudo-Steady State (PSS) flow regime is currently dominating in all pwducing sands.

No compurtmentalization is detected in any of thc producing sands. Decline diagnosis

shows exponcntial type of production decline in all major sand~. Approximate wellhead

material balance diagnosis indicates volumetric depletion as the drive mechanism for this

field. Type eurve analysis show good agreement between production dala and the

aswmcd radial reservoir model for this field. The Gas Initially in Place (GIIP) estimated

by different methods range from 916 to 1263 BCt', with the most likely value being 1200

BeF. These values compare well with thc previously reported valucs based on volumetric

method, whieh ranges from 1281 to 1392 BCF. Assmning abandonment at 600 psia, the

estimated recovery factors range from 53% to 73%.
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I'o"OMENCLATURE

A ReservolT drainage ore", ft'

8 Formalion volume faclor, reservoir bbllsloek tank bbl

b hyperbolic exponenl

b,~ y_inlcTIOeplofno~fiali7ed PSS equalion for oii, p,i/bbl

C, Dielz shape factor filTdrainage area, dim-Ie"

cf Formation (roek) compres,ibilily, psi"

", Go<comprc"ihility, psi"

", Total 'y,lem compres,ihilily, PSi"

c. Waler compresSibilily, p,t'

DL'R Pressure dcrivalive

DA'f" Arp' decline rate consl.n" Day-L

D, D~'dine rale constant (Exponenlial), Day"

d, ;';ominal decline rale, percenl

G Origin,l-gas-io-plaee, MSCF OrBSel'

C" Cumulalivo ga, production, MSCF

II R~""rYoir (oel pay) thickness, II

k Formalion permeabilily, md

L Tubiog length, It
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Chapter 1

INTRODUCTION
-

Reservoir characterizatiolJ, reSefVOlr flow behavior identification and reserve

estimation arc vel)' important topics for investigation of any re~ervoir. Such

investigation provides deeper understanding of the nature of the reservoir and help in

proper development of the lield. Different techniques have been developed to conduct

these investigation~, involving a variety of data and parameters. Most of these

methods involve analysis and interpretation of production data which are routinely

collc<:tedand available from industry databases.

The Hakhrabud gas field is an old and matured gas ficld in Bangladesh, which is

producing since 1984. Geologically Bakhrabad Gas Field falls within the eastern

folded region in the Meglma basin of Bangladesh, some 25 miles east of Dhaka and

located at north-west pan of the city of Comilla. The Bakhrabad structure is

interpreted from seismic datil (Figure 1) as a relatively gentle, symmetrical fold,

developed as an elongate anticline with a NNW.SSE trend. On the basis of single fold

seismic data, Welldnll (1990) mapped three culminations, C to the north (Narshingdi

gas field), B in the middle (Mariehakandi/Meghna gas field) and A to the south

(Bakhrabad gas field), The age of the sediments pcnetrated in the Bakhrabaclwells is

Neogene, but more precise dating is uncertain in tbe context of Bengal Basin

stratigraphy ~ a whole. The sediments may be placed in the Surma and Tipam

Groups, tentatively assigned to the Miocene and Mio-Pliocene age respectively

(Choudhury 1999).

The Bakhrabad gas field has 5 major producing sand layers namely B. DU, DL, G and

J. (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 Bakhmbad V>iasfirst recognized from a

gravity survey in 1953 (Choudhury 1999). First exploratory well, BK-i was drilled

vertically to a depth of 2827 m in the year 1965-69 and proved the presence of

reservoir succession as A, B, C, D, F, G, J, K and L Sands. Under the first phase

development project four more development well~ were drilled from the same pad

. including work-over of BKB-l in 1981-82, Additional 3 development wells \\,ere

.""



drilled m the most potential "J" sand in the period of 1988-89 implementing seoond

stage development in view of rapidly increasing gas demand in Bangladesh.
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Gas production rate from lhi, field reached slightly above 200 MMSCFD from 8

(eight) producing wells in 1992 to meet the country's demand. During this time, the

wellhead pressure started to decline with ~and and excessive water production.

Following excessive ",aler production and subsequcnt decline in wellhead pressure

well no. BK 4 and KB 5 were closed and gas production rate was reduced to 95

MMSCFD gradually over the period of 1992-97. ]'0 overcome the production

problem, somc well have been re~perforated and rc-completed; no considerahle

improvement was ohserved aften.vards.Two more wells (BK 6 in August, 1998 and

BK 2 in June, 1999) were closcd duc to excessive water prodlletion with subsequent

preSSllredecline. At present 4 wells (Well no Bk. 1, Bk. 3, Bk. 7 & Bk. 8) are flowing

and production from this field is near aboul35 MMSCFD since July 1999. Present rale

ohvater production is about 4.6 BBLlMMSCF and condensate prodlletion is 0.80-1.00

BBUMMSCF (Choudhury 1999).

wellBKS

Figurc 2 - Differem Major Development Sands ofBakhrabad Gas Field

The advancements in prodLlctiondata analysis enable more suphisticatcd analyses

accompanied by more reliable results. The value of these analyses, however, is

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



analyst's ability to filter out the noisy data and retain the true reservoir signaL The

blind application of the.,e analysis methods, without consideration of data quality

issues, can lead to misinterpretation and erroneous results. In this respect, practical

diagnostic procedures of production data enable engineers to more effectively apply

advanced analysis techniques to real data at the operational level, by limiting the

possibility of misinterpreting the data.

Practical diagnostic procedures that can be applied to production data arc either

general - based on simple production data charts, or specific - using advanced

typecurves. Like well test analysis, modcm production data techniques employ the

use 0[' lypecllrvcs, which enable the quantitative and qualitative evaluation of a systcm

through identifying and matching trends in the data that arc similar to the shape of the

underlying typeeurve modeL These typeeurves are mostly production decline

lypecurvcs where a clear distinction can be made bet\.vcen tramient and boundary

dominated iluw periods. Transient rate and pressure data are uscd to determine

reservoir permeability, near wellboro condition (damage or improvement) and fracture

length. Boundary dominated data are required to estimale the f1uid-in-place and

reserves,

Kabir and lzgee (2006) presented a simple diagnostic tool from which flow regimes

can be identified from raw production data such as wellhead flowing pressure and rale.

Here data diagnosis imposes graphing pressure with rate and discerning trend~.

Positive slope ~ib>nifiesthe pseudo"steadyMate(PSS) flow period, which is boundary

dominated. Negative slope implies infinite-acting (IA) or transient !low, when

boundary elfecls arc not felt. These plots also reveal compartmentalization and

commLlnicalionof wells in reservoirs especially those wells that arc produced from

volnmetric reservoirs. The duration of different flow regimes can also be identified

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

According to Lee and Wattenbarger (1996), simple Cartesian and semi log plots of

production data (mainly r<lte,cumnlativc production and lime) show characteristic

shapes for a volumetric reservoir whidl can be used as a diagnostic tool to determine

the type of decline before any calcnlations are made. Similarly, Cartesian plot of

,



flowing pressure and cumulative production can rea~SlLrethe drive mechanism of the

reservoir and identify any additional drive, as it is done in the material balance plot.

Various analysis techniques exist to analYle production rate d"la for estimating iu-

place !luid volume and remaining reserves, These methods enl<iil Irom traditional

d~cline curve malysis, such as those offered by Arps (1945) ,md Fetkovich (1980) to

more sophistlCatcd techniques (Aga"",al, Gardner, KleinSlcibcr and Fu~seJl 1999;

Blasingame, McCray and Lee 1991; i3lasingame, Johnston and Lee 1989; Maltar and

Me"t\'cil 1997) involving both flowing ooUomhole pressure and ratc. Most of the~e

methods apply [0 single wells in volumetric reservoirs prodllcing single-phase flllids

from a fixed drainage boundary. Matlar and Anderson (2003) provide a comprehensive

treatment orthe pcninent methods.

Changes in wel! perfomlance may oftcn be attributed to condensate banking or liquid

loading, reservoir subsidence or layered charactcristics of reserv~, fines migration

precipitating changing skin, and a host of completion and/or wellbore-lift ISSUCS,

besides depletion.

Objective of the Study

In this study identification of flow regimes with time intervals, overall decline type

and drive mechanism of Bakhrabad gas field are determin~d using simple diagnosis

procedures. Afl~r diagnosis and analysis of all the wells in the Bakhnlbad field in a

systematic approach, both the gas-in-place and expected ultimate recoverable reserves

will be determined using some advanced methods mentiuned above. A commercial

softVv"llJ"epackage (F.A.S. 1".RT1\) will be u~ed [or this purpose.

The objective or the sllldy has been subdivided as follmvs:

1. Diagnosis of reservoir characteristics from measured production (pressureJratc)

data:

a) Flow regime identification (i.e., PSS, Transient etc.) with time intervals

b) Detemlination of reservoir connectivity and compartmentalization

e) Determination of overall dlX:linetype of reserve

d) Determination of drive mechanism



2. To estimate rcmammg reserve with Estimated Ultimate Recovery (EUR) and

Recovery Factor (RF), and compare outcomes from different methods using

production data

Methodology

To achieve the above objectives the following method~ me 10be adopted:

L To collect alltbe available production. reservoir and field data for Bakhrabad and

screen the reservoir signal from the production data set (which may contain a lot of

unanalyzable data).

2, To use simple tools (graphical representations) to diagnosc long-term well

performance, especially those that arc influenced by outcr boundaries, in particular,

whcther wdls belong to the same or different compartments using spreadsheet

programs.

3. To analyze produdion data "itb traditional (Arps) decline analysis, and different

typc curvc analysis methods induding Fetkovich, Blasingame, Agarwal-Gardner,

Norma1i7ed Pres~ure lntegral (NPl) and Transient typeeurve analysis to estimate

the remaining gas reserves and recovery factor.

4. To further analYle the data using Flowing Material Balance (FMB) and

Approximated Wellhead Material Balance (AWMB) methods.

5. A ~ommercial production analy~is software (F.A-S.T. RTA by Fekete Associates

Inc.) will be used to earryout the above.



Chapter 2

LITERATURE REVIEW

There are several practical diagnostic procedures, some general and other, specific, that can be

applied to production data, both on simple prol!uction charts and on advanced typecurves. Using

currently accepted methods for analy,is of pruduction data, the estimation of original gas"in-

place may require several iteration, and/or secondary calculations, as well as other reservoir or

well parameters, However, the characteristic behavior of pscudosteady-;tate or boundary-

dominated flow, must be exhibited prior to any material balance calculations. \Vhen production

is initiated in a well, vari(lUs flow regimes are enc<)untered as transiti<)n from lnfinite-action (lA)

to pseudosteady"stale (PSS). A systematic discussion on production data diagno"is with a

nonnal Cartesian plot was performed by Kabir and lzgee (2006). According to their paper, data

diagnosis imposes graphing pressure with rate and discerning trends: positive and negative. The

slope or the infinite acting (lA) flow period during variable-rate prul!uction in a liquid system is

given by:

dPW!"--=
dq"

!"q,-q,~,\ d,,!, ( k 'J '2] 0869\-m L...-'-- -m - og , -~. +. S
j~' " -1,-1 dl" ift#c,r~

dQ,

dl"

(2.1)

In the above equation, the numerator remains negative, sugge~ting negative slope for the Pwrvs.

q graph during the IA flow period. For the con~tant-rate case, dq"/dtn ~ 0, thus leading

dP.r, Idqn to infinity i.e. vertical line in graph. When a weli is produced at a constant Pwr,the

slope attains a zero value. The diagnostic tool, pwtvs. q graph, is very simple as it requires no

calculations and lead~ to understand ing ofreservoir compartmental ization.

For variable-rate production during PSS (dosed outer boundaries) now in a liquid system th~

slope is given b)';

O.2339B
dp"!N rhc,A

q,
= (2.2)

dq, dq"

d"
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The 3bove equation sho\\is that the slope is positive and is dominated by reciprocal of connected

pore volume (Cry), ~hi\.Rate declines exponentially with time in a volumetric system. "lhis

fael implies that the d'loldln term in the denominalor directly influences the slope on the Pwtvs. q

graph, because the numerator is a linear [enn. II can be also noted lhat the slope retains lhe same

value so long the drainage volume remains contiguous. Thus during PSS flow, well> belonging

to the same container will exhibit lhe same slope. Differences in slope are an indication 01"

Ialeral or vertical compartmentalization of the reservoir.

Innnite-acl1ng flow

Pseudo steady-State Flow

constant-pre ssute
productlO:J.

PIaleau Penod

(constant rale or
tubing hrruted)

I'ig. 2.1: Diagnostic P"r-q graph for a closed system.

From Figute 2.], it is clear that positive slope indicatcs the pseudosteady-state (PSS) flow

period, whereas the negative slope implies infinite-acting (IA) flow. Constant-rate production

exhibits infinite ,lope whcreas eonstanl-presSure production shows zero slope.

Wellhead pre~sure data can be used for diagnosis in pre>sure vs, rate graph, as lh~y are readily

available and arc representative of bottombole conditions, Moreover flowing bottom hole

preS8ur~, pwthas one-to-one correlation with flowing wellhead pressure, pwh(Kabir and Hasan

2006) and do not interfere with diagnosis, It is also possible to idcntify approximate duration of

diff~rent now regimes if production rate vs_ lime is plotted ill the ~ame pressure vs. rate graph

(where time is plotted in tbe seC<1ndaryy-axis and rale is thc common x-a>.i~). In this procedure

time scale can be adjusted so that rate vs_ time curve ov~r1ay upon the pressure vs. rale curve.

Tbu" [rom the combined curves, i.e, Pwh'q-l, approximate duration of different flow regimes can

be easily identified and used conveniently to other diagno~(ie procedures,
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Different Reserve Estimation Metbods

The reserve estimation methods discussed in this section are primarily those methods typically

applied to volumetric dry-ga~ reservoirs. In such caSeS gas expansiol1 is the only drive

mechanism - 110external source(s) of energy arc considered in the calculations. All of these

methods presame that the entire reservoir is being characterized by pertormance from a single

well.

2.1 Material Balancc Methods

TIle material balal1~emethod was developed alter thc volumetric method (i.c., estimates base on

porosity, thickne~s, areal extent) and material balance has evolved to become the most popular

mechanism for estimating reserves. Schilthiu> (1941) presented a general form of material

balance equation derived using a volumetric balance on a hydrocarbon system. Material

balance~ typically assume that the reservoir pore volume remains unchanged or it changes in a

consistent manner with respect to reservoir pressure. The data requircd for material balance

calculations include: fluid production data, rescrvoir temperature, reservoir pressure data,

reservoir fluid properties, and core data. The material balance equation for a volumetric dry gas

reservoir system prescnted by Schilthius neglccting water drive and interstitial water produelion

is given as:

GBr;i = (G-Gp)Bg (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) Eg is the reservoir volume occupied by gas after gas production at

any pressurc below the initial pressure, Schilthius used the principle of conservation of mass to

calculate remaining gas-in placc. In volumetric lenns, the statement of the material balance

equation is that remaining reserves are the Initial reserves less the produced reserves. In this

case, the simplest form of the material balance equation for a volumetric dry-gas reservoir is

Inilial Volume ~ Volume Remaining + Volume Removed (2.4)

The material balance equation was simplified by Havlena and Odeh (1963) and represented

graphically and, in particular, a plot or p / z versus Gp yields a straight-line trend requiring only

9



an extrapolation or the Ji I z trend to the Gp-axis Loget the estimated ultimate gas produced, or

the gas re,erves. This relation is given by:

(2.5)

The material balance method can be applied for production at constant rate or constant

bollomhole flowing pressure - or any variable-rate/variable-pressure condition. An advantage

of the pfz versus Gp plot is thaLit can be applied at any period of reservoir development. Most

importantly, the material balance method gives a good estimate of recoverable gas-in-plaee as it

reports on only the volumes, which are in pressure communication, II is noted that material

balance methods arc developed in tenns of cumulative fluid production and changes in reservoir

pressure, and therefore require accurate measurements of both quantities.

The material balance ploL (i.e., the pi z versus Gp plot) has historically been used to provide an

indication of the reservoir drive mechanism from the shape of Lhe pi z trend, A consistent

deviation of data from the straight-line treml can indicate external source(s) of energy or a

secondary drive mechanism. It is noted that, this fact can be used as a diagnostic tool to identify

external source(s) of energy and cases other than the case of a volumetric dry gas reservoir

sy;tem can easily be addressed.

It is important to note that material balance methods require a sufficient duration of the

prodllction history in order to yield accurate results - typically 10 percent of the estimated

reserves must be produced to provide a reliable estimate of gas reserve" Due to the ~ensilivity

of !he material balance meLhods to hoth data quantity and qllality, one may rely on the

volumetric method for re;erve estimation in thc early stages of production, and then use the

material balance methods to refine the reserve; estimation when sufficient data are available.

(F.A.S:l".)

The complexity associated with the material balance method for reserve estimation b linked to

Uleavailability of average and initial reservoir pressure data, The pressure dependent parameters

in the material balance equation are evaluated at the average reservoir pressure, The average

10



reservoir pressure remains the reference point for all parameters throughout the producing life of

the reservoir; and therefore it is important in the material balance method. In obtaining the

average reservoir pressure estimates, most operators use a pressure build-up test, which is costly,

particularly for tight (or 10'" penneability) gas reservoirs, Pressure build-up tests for gas wells

require long-shut-in periods for the reservoir pressure profile to stabilize, This practice is simply

uneconomical for many low petmeability reservoirs,

Mattar and McNeil (1997) introduced the "flowing" Gas Material Balance (PMB) for which

shut-in reservoir pressures are not required. Instead p/z plot of the "flowing" pressure versus

cumulative production is used. In this method, a straight line dravm through the flowing

pressure data and then, a parallel line drawn through the initial reservoir pre>sure gives the

original gas-in-place (OGIP). As wellhead pres.<,ure measurements are representative of

bottomhole conditions (no f1uid influx into the wellbore), a procedure ,imilar to j.MB, but

ignoring compressibility factor z, is u,ed to generate a reasonable wellhead material balance

calculation. which they defined as Approximate Wellhead Material Balancc (AWMB), This

method is a vcry practical and simple tool for the early quantification of reserves.

2.2 Decline Curve Analysis

The analysis of prodllction decline curve data can provide cstimate8 of original gas-in-plaee, gas

reserves, drainage area, future expected production rate and tbe remaining productive life of the

",ell. As 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 varies from empirical relation~ (e,g., the exponential and

h.yperbolic relatillns) to semi-analytical relations derived using material balance and

pseudosteady"stalc flow relations. The calClllated reserves are considered to be the hydrocarbons

in communication with a particular producing well.

The llse of produel ion data 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, which may

be used to forecast future production. Lewis and Beal (1918) observed that the production

decline on a Cartesian plot of rate against time has a "power law" behavior actually a straight-

II



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

future production can be projeC[ed.

Production data analysis became a popular reserve forecasting tool in the 1940's when Arps

(1945) presented his harmonic, exponential, and hyperbolic decline relations each of whieh

where empirically based. This technique, developed by Arp" although well received in the

industry, was used only for prediction and interpretation of production rate deelinc - not for the

cstimation of in-place fluid rcscrves or formation properties.

Arps later expanded the u,e of decline curve analysis to provide the prediction of primary

reserves. This approach involved the extrapolation of rate-time data using hyperbolic and

exponential decline data models. For reference, the Arps relations for l1o'Wrateand c"m"lative

production are given in Table 2. 1.

Table 2.1 Summary of the "Arps Analysi,":

Arps Flow rute Relations:

Case .R.".o. R.o.I.'.6.. 0."..•'~_____ _ _

Exponential: (b = 0)

Hyperbolic: (O<b<l)

Harmonic: (b '" 1)

q(l) '" If, exp(-D,tl

q(l) '" q, 1

[1+bD,tJj

q(t) '" [1+~D,tJ

(2.6)

(2.7)

(2.8)

Arps Cumulative Prod"ction Relations:

Case

Exponential: (b = 0)

Hyperbolic: (O<h<l)

Harmonic: (b = I)

Rate Relations

N (I)=~[l-exp(-D,I)]
" D,

N (1)= q, il-(J+bDI)'--{l'"'lj.
p (l-b)D, '

N p(1) '" ~ In(1+D,t)
D,

12

(2.9)

(2.10)

(2.11)



Arps' observations regarding the decline curve exponent, b, for solution gas drive reservoir

systems are given bclow:

b = 0 - Reservoir is highly undersaturated.

b = 0 - Domin3nt producing mechanism is due to gravity drainage and no free surface,

b = 0.5 - Gravity drainage with free surface.

b = 0.667 - Solution gas-drive reservoir, when average reservoir pressure, p versuS

cumulative oil, Np i, linear.

b = 0.333 - Solution gas-drivc rescrvoir, when average reservoir pressure squared, 2p

versus cumulative oil, Ivp is lineaL

Fetkovich (1980) proposed a substantial improvement in d~dine curve analysis by suggesting the

matching production data onto specialized "type curves" (analogllU~ to the analysis of well test

data). l'etkovich presented the "unified" exponential decline type curve (which is the analytical

solution for the case 01' a single well in a bounded symmetric reservoir) and coupled this data

with the Arps hyperbolic rate relations (given in terms of specialized dimensionless rate and time

function) to create what has become know as the "Fetkovich D~elin~ Type Curve" (or simply the

"l'ctkovich Type Curve"). 'lhe Fetkovich type curve is the most familiar and widely accepted

type curve fot thc analysis of production data.

Regarding thc hyperbolic "stcms" on the fetkovich type curve, these trends are thought to

accounl for "non-ideal" reservoir behavior sueh as: ch3nges in mobility, reservoir heterogeneity

and layering. It is also not~d lhallhe "early ~ime" portion of the Fetkovieh deehne type curve is

utilized much the same as type curve analysis for "ell test data. The analysi~ of early time

production data using thc Fetkovieh (l980) decline type curve is often problematic - <h,

quantity and quality of these data may prevent a unique analysis from being achieved.

Fdkovlch and coworkers combined the appropriate material balance and pseudosteady-state

flowrate equations to develop explicit rate-time decline eqtmtions for single"phase flow behavior

in both oil and gas reservoir sy,tem~. This work was seen as a theoretical attempt to justify the

Arps empirical equations, which Felkovich had used as the foundation to develop (he unified

type-curves. Felkovich advised that resetvoir volume and volume-related 110wcharaeleristics
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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 fetkovieh's paper illustrates the versatilily and utility of the decline type curve analy"is

concept.

AI-Hussainy, et al. (1966) presented a new mechanism for addressing the effects of pressure-

dependent gas properties. The new concept was that of a "pseudopressure" as a variable that

could be used to partially linearize the gas diffusivity equation. The definition ofpseudoprcssure

as given by the author, is:
,

m(p)=2 f P dp
p,"~ j./K (p)z(p)

(2.12)

The first comprehensive allempt 10 linearize the enlire gas flow equation was by Agarwal (1979).

Agarwal pre,ented a pseudotime function for a real gas that incorporates changes in gas viscosity

and tNal compre,sibility as a function of time. The p,eudotime function as proposed by

Agarwal is given as:

, 1
'(n= j---d'
" ol'g(p)c,(p)

(2.13)

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

who correlated the ca;e of a gas well produced al a constanl bOllomhole pressure using

specialized dimensionless variables. This type curve clearly exhibits the influence of the

pressure drawdown (i.e., p, - Pwr)on the gas flowrate behavior. !ntheory, the "Carter type curve"

addresses the issue of the compressibility-viscosity product (as a Junction of the average

reservoir pre,sure), however, it i~ noted thatlhe controlling factor on the Carter fOl1llulation is

the assumption oftlle constant bottomhole pressure condition.

Carter used the A.-variable to reflect the magnitude of pressure drawdown and the influence of

pressure drawdown on the compressibility-gas viscosity product. For example, the 1,=1 case

corresponds 10 the e"ponential decline curve exponent (i.e., b~O) - (hat is, Ihe equivalent liquid

case. Large pressure drawdown cases yield A.-values as low as 0.75 (or lower). As noted, the

Carter type curve was developed as a solution to boundary dominated radial gas now equations

14



for production al constant bottomhole pressure - where these condnions make the Carter type

curve the appropriate choice for the estimation of gas well reserves (for the case of gas nawrate-

time analy,is), The Carler )."variable is given as:

(2.14)

The Fetkovich decline type curve with all its innovmion in the improvement of production data

analyse, has its limitations, Doublet, Pande, McCollum and Blasingame (1994) reported the

limitations of Fetkovich decline type curve analysis arc largely due to non-compatibility with

field operations and reservoir ineonsislcncies that distort the production data (in particular, the

variable rate/pressure histories common in practice as well a> the analysis of gas reservoir

systems). These issues arc significant and often render the original "I'etkovich" analysis

approach untenable.

Another issue a,sociated with the Fetkovieh decline type curve approach is the

oversimplificmion of the gas flow ,alutian, The liquid solution presented by Fetkovich is only

applicahle for gas flow cases during transient 1I0w and for very small pressure drawdowns.

These small drawdO\VIls assume gas properties remain constant or change only slightly with

changing pressure,. For large drawdown cases the liquid case can not be used to represent the

gas flow case.

The pseudopressure and pseudotime functions arc shown to iilleari7e (Lee, et aL 1996) the gas

diffusivity equation and thus, permit uS to usc liquid flow solutions as a ba,;is (e.g., the Fetkovieh

type curve) for the analyses of gas production data - provided that the pseudopressure and

pseudotime functions are appropriately defined and computed for the case of boundary-

dominalcd gas now behavior.

Fraim and Wattenbarger (1987) modified the Agarwal definition of the pseudotime function to

yield a "normalized" formulation and proposed to use this farm to accoullt l'or the non-linear

product of total compressibility and gas vi,cosity using the average reservoir pressure as the

reference pressure in the pseudotime integral. The normalized pseudo pressure and pseudotime

functions are ,hown to linearize (Fraim and Wattenbarger, 1987) the gas diffusivity equation
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(i.e" create an "equivalent liquid" response) - and, as ~uch, allows for the use of liquid [low

solutions for the analyses of gas production data. The Fraim and Wattenbarger pseudopressure

and pseudotime formulations can be directly incorporated into decline type curve analysis. This

approach provides a direct mcchanism to address the variation in pressurc dependent properties

for the gas flow ca,e - howcver, this approach does not address thc variable- rate/pressure-drop

case.

Blasingamc and Lee (1986) introduced a new concept for addres~ing thc issue of variable-rate

and variable presslll'e production data - in particular, how to analyze such data to provide

estimates of drainage area and reservoir shape, This work was applied to type curvc matching.

Palacio and Blasingame (1993) proposed a rigorous approach for the analy<;is of variable-rate

and variable bottomhole pressure data using a modified pseudo(ime function (where this result

was a combination of the Fraim and Wattenbarger pseudotime relation (for ga;) and the

Blasingame and Lee variable-rale/variable pressure drop relation. The approach was both

straightforward and stable, and was a significant improvement over work pre~nted by McCray,

et al.(l991) - where the objective was to establish a constant pres;ure production analog. As

such, Palacio and Blasingame propo~ed a constant rate analog where qJ6pp data were plotted

against a pseudotime function, and the data trend was matched onto the Arps harmonic stem

(b"'l) on the Fetkovich decline type curve.

Callard and Schencweck(l995) presented a simplified approach for well performance u<;inga

"combined typc curve" analysis. They provided a method tor the pressure normalization of

cumulativc production in decline curve analysis. Variations in the bottomhole flowing pressurcs

were addressed by dividing the cumulative production by thc pressure difference between initial

and bottomhole pressures.

In 1998 Agarwal, d al. pre<;ented a combined package or decline type curve analysis using the

work of Palacio and Blasingame (1993), Carter (1985), and Cullard and Scheneweck (1995).

Agarv.'al, et a!. also presented a "Rate-Cumulative Production Decline Type Curve" which is a

plot ofno[mali~ed gas tlowrate as a function of cumulative production.
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Chapter 3

PRESSURE VS. RATE DIAGNOSIS

Diagnosis means the process of identifying or determining the nature of reservoir through

cvaluation of production history, cxamination and review of production or performance data.

Thus a prior assessment of the quality and completeness 01"the production data is a musl.

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-issu~ for diagnosis. Kabir and izgce (2006) stated in their paper that data

frequency ranging fTOm high (minutes) to tow (months) has no hcaring on the ability to

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 synergy.

In this chapter pressure vs. ratc diagnostic tool is used to identify rescrvoir lIow !x:havior and

approximate duration of diiferent lIow regimes from a Cartesian pressure/ratc graph. In the

ncxt two chapters decline diagnosis and approximate well head material balance (AWMB)

analysis are presented respectively with the production data ofBakhrabad gas field.

3.0 Sand-wise pressure vs. rate diagnosis

Since the inception m May 1984, number of production wells in Bakhrabad Gas Field is eight

and they were producing from B, OU, DL, G and J sands. Their pre~ent status is gi~en in the

following table:

Table 3.1 l'resent Status of all wells in different sands ofBakhrabad gas ficld:

Strart of Current
Sand Well Production Status Remarks

ilKl AuS. '85 Produdng
J BK6 Dec. '89 Sus cnded

~
Dcc. '89 Producing

- 1!!5! Dec. '89 Producing
G J!!Q Oct. '86 Producinn

BK4 Oct. '94 SLispendcd Recom tctcd well
DL BK' May. '84 Susoended

BKj Dec. '94 Sns ended Recom leted well
DU BK' Oct, '86 Suspcpded
il BK5 Oc!. '84 SLispended



3.1 J Sand

J Sand is one of the major reservoirs of Bakhrabad Gas Field. This sand was peoetrated by all

eight wells and was tested in wells SKI, BK2, BK6, BK7 and BK8. At Well BK2, lower part

of J Sand was found to be tight. Thus there are four wells that produced from J Sand, Le.,

SKI, BK6, BK7 and BK8.
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Fig 3.1 p,rn-q-t diagnostic plot ofBKl at J Sand
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Fig 3.4 p.,b-q-t diagnostic plot of BK8 at J Sand

From Figures 3.1 to 3.4, it is clearly visible that all wells of J Sand have gone through lA,

PSS, constant rate and constant pressure flow periods. In August 1985, BK I was put on

production and it showed fA period from start of the production to February \988, 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 was

imposed, i.e. constant rate production at about 8MMsdID was followed (Fig 3.1).



BK 6 was put on production in December 1989 and showed 1A flow period up to June 1992.

Then from August 1992 to February 1998, BK 6 followed PSS flow and from February 1998

to August 1998, it followed coru;tant pressure flow period. No constant rate production

period was found as this well had suspernled for excessive water production long before the

imposed rate restriction (Fig 3.2).

BK 7 was also put on 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 August 1998, it followed constant pressure flow period, From October

1999, it started to produce at an imposed constant rate of about 8 MMscf7D (Fig 3.3).

Similarly BK 8 was also put on production in December 1989 and showed IA flow period up

to January 1991. Then from March 1992 to March 1998, it followed PSS flow and from

March 1998 to April 1999, it foHowed constant pressure flow period, From October 1999, it

started to produce at an imposed constant rate of about 8 MMscf7D (Fig 3.4).

=i
o l-'-''''--'__'~_i_._'~__'
000 5.00 1000 15.00 2000

q._fiO

Fig 3.5 Pwh-q diagnostic plot of all wells at J Sand
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Figure 3.5 shows that wells are from same area, essentially replicate the PSS flow behavior

amid scatter. Thus from pm,-q graph, well performance can reveal connectivity. In the above

figure, with unequal Pwt; p-q graph indicates separation. But with about same slope, the graph

represents the wells are in same reserve, The changing Pwt may due to heterogeneity or

changing kh.



3.2 DL Sand

DL Sand was produced by two wells, BK2 and BK5 Well BK5 was watered out in May

1997. Well BK2 in the DL Sand was perforated in two intervals: 1) 7390 - 7475 ft and 2)

7480 - 7500 ft. TlrnsBK2 was produced by commingled system.
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Fig 3.6 p.w-q-t diagnostic plot ofBK2 at DL Sand

BK 2 was put on production 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 individual IA and PSS

flow periods. From May 198410December 1985,BK 2 followed lA flow and then following

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 I production for BK 2, then after going

through a two month workover period (November and December 1992) the final phase of

production may named as phase 2 production, In the workover period, a sand trap was

installed before the processing plant to reduce sand production, which didn't work properly

later. Thus in phase 2 production, well BK2 showed IA 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 had also been suspended for excessive water

production after June 1999,

After recompletion in DL sand BK5 was put 011production on December 1994. BK5

showed very smalllA flow period in the recompleted zone. From Fig 3,7, it is seen that BK5



followed PSS flow from December 1994 to May 1997. It followed two near constant flow

periods - at the start of production from February 1995 to February 1996 and at the end of

production form January 1997 to may 1997.
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Fig 3,8 Pwn-qdiagnostic plot of all wells at DL Sand

Figure 3.8 shows that wells are replicating the PSS flow behavior. Thus from pwh-q

diagnostic plot, it reveals connectivity. In the above figure, with unequal P"b, p-q graph

indicates separation, but with same slope, the graph represents the wells are in same reserve.



3.3 DU Sand

DU Sand was produced by well BK4 only, Well BK4 started its production in October 1986

and was out of pro duet ion due to elIcessive water production in November ]992, Well BK4

in the DU Sand was perforated in the interval 7110 - 7145 ft.
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Fig 3,9 p.w-q-t diagnostic plot of BK4 at DU Sand

BK4 showed IA flow period up to February 1988. Then from July 1989 to November 1992,

BK4 followed PSS flow and from February 1988 to July 1989, it followed plateau period (Fig

3.9).

3.4 B Sand

B Sand was produced by well BK5 only. Well BK5 started production in October 1986 and

was out of production due to excessive water and sand production in October 1994. BK5

showed IA flow period up to January 1987. Then from September 1990 to October 1994,

BK5 followed PSS flow and in between January 1987 to September 1990, it followed plateau

period (Fig 3.10).
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Fig 3.10 P"b-q-! diagnostic plot of BKS at B Sand

3.5 G Sand

G Sand was produced by wells, BK3 and BK4. Well BKJ is a producing well and BK4 was

recompleted in this sand later when its production had been suspended from DU Sand due 10

excessive amount of water production. BKJ slarted its production from October 1986 and

showed IA flow period up to February 1988 (Fig 3.11).
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Fig 3.11 Pwh-q-tdiagnostic plot ofSK3 at G Sand

Then from January 1995 to April 1999, il followed PSS flow and from April 1999 it started to

produce at an imposed constant rate ofahout 10MMscfi'D.
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After recompletion in G sand BK4 was put on production on October 1994. BK4 showed

very short IA flow period in the recompleted zone, From Fig 3.12, it is seen that BK5

followed PSS flow from October 1994 to December 1996. Then it followed a constant flow

periods from December 1996 to November 1997.
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Fig 3.12 Pwh-q-tdiagnostic plot ofBK4 at G Sand
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Fig 3,13p"m-qdiagnostic plot of all wells at G Sand

Figure 3 13 shows that wells are replicating the PSS flow behavior. Thus from P"h-q

diagnostic plot, it reveals connectivity, In the above figure, with unequal Pwh,p-q graph

indicates separation, but with same slope, the graph indicates that the wells are in same



Figure 3.5 shov,"Sthat in pwh-q graph. well>;of J sand are ncarly overlapping in PSS regime

with scattered data. Thus from p vs. q diagnosis, well, perfonnance reveal connectivity. In

that figure. willi unequal pwf. p-q graph indicates separation but with about same slope, the

graph represents the wells are in same reserve. Figure 3.8 also shows that wells are

replicating the PSS flow behavior and reveals cOIUlectivity. Thu~ wells of DlJ sand are in

same reserve. Fil,'llre 3,13 shows thaI wells of G sand arc also representing same slope in the

PSS flow behavior. Thus with same slope, the diagnosi~ reveals the wells of G sand arc in

same re~erve. From p vs. q diagnosis it is c1car that there is no compartmentalization in any

of producing sands of Bakhrabad gas field, Wells of their respective ~and~ are producing

from the same reserve or sand. This simple diagnostic tool also showed its u~~ in id~ntifying

flow regimes of individual wells ",ith approximate duration of different flow regimes.
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Chapter 4

DECLINE DIAGNOSJS

According to Lee and Wattenbarger (1996), the basis of decline-curve analysis is to

match past production performance histories or trends with a "model", Assuming thal

future production continues to follow the pa~t trend, lhese models can be used to e,limatc

original gas in place (OG1P) and to predict ullimate gas reserves at some future reservoir

abandonment pressurc or economic production rate.

Prior tll perform any modem dccline curve analysis, convenlional analysis of three forms

of dechne _ cxponential, harmonic and hyperbolic - reveal> different shape on Cartesian

and semi log graphs of gas production rate vs. time and ga>; production rate vs,

cumulative gas production. Figs_4.1 through 4.4 show typical responses for exponcntial,

hyperbolic, and harmonic declines. Bccause oftheir characteristic shapes, thcse plots can

be used as a diagnostic tool to determine thc type of decline before any calclliations arc

made. Cartesian plot of rate v~_cumulative ga~ production (Fig. 4.3) can be used to

extrapolate to raw recoverable reserves (Mattar and McNeil).

Fig. 4, j Decline curve shapes for a Cartesian plot of rate vs. time
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Fig. 4.2 Dechne-curve shapes for a scmilog plot of rate vs. time.

Fig. 4.3 Decline-curve ~hape, for a Cartesian plot of rate vs. cumulative production.

~••••••

Fig 4.4 Decline-curve shapes for a ;emilog plot or rate vs. cumulative production.
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According to Ikoku (19n), thc factors that directly affect the decline in gas production

rate are: (I) reduction in average reservoir pressure and (2) increases in the tield water

cut in water-drive fields. Certain conditions must prevail before one can analyze a

production decline curvc with any degree of reliability. Thc production mlLst have been

stable over the period being analY7ed; i.e., a flowing well must have been produced with

constant choke site or constant wellhead pressure. The production decline observed

should truly reflect 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 tor estimating ullimate gas recoveries and

predicting the type or decline from the analysis of long-term gas-production data from

individual wells of di fferent sands.

4.1 J Sand
There are tour wells in J Sand: BKI, BK6, I3K7 and BK8. Among them l\K6 is

suspended for production due to excessive water production. Individual well's decline

diagnosis plots are presented in appendix B. Herc a combined plot is presented for wells

in common sand. Cartesian plot of Rate vs. Time of all wells in J Sand is given in the

following figure.
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Fig 4.5 Cartesian plot of Rate V5, Time of all wells in J Sand

From th,S tradmonal decline plot it is eVident that all the wells in J Sand show similar

type of decline behavior, BKI exhibits longer prorated production and decllnmg

production than other wells, as it is the oldest well in J Sand (Fig.4.6). For producing

wells (BKl, BK7 & BK8) before rate restriction was imposed and for suspended well

(BK6) before suspension, a sha'P exponential decline is common for all which is an

mdication of gas wells undergomg liquid loading according to Fetkovich, Fetkovich, and

Fetkovich (1994).
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Fig 4.6 Semitog plot of Rate vs. Time of all wells in] Sand
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Fig 4 8 Semi log plot of Rate vs. cumulative production ofal! wells in J Sand

From Cartesian plot orRate vs. cumulative production ofindiv,dual wells in appendix B,

raw recovemble reserve for BKI is 139 bcf, for BK6 is 70 bef, for BK7 is 9S ]x:fand for

BK8 is 100 ber. And cumulative gas producllon (Gp) for these wells up to August 2006,

are accordingly 12],84, 52,075, 90.2 and 83,63 bcf Fig 4.7 and fig 4.8 also indicate 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 weiland

BK4 (recompleted in G Sand) is suspended due to excessive water production and

pressure decline. Cartesian plot of Rate vs. Time of all wells in G Sand is given m the

following figure.
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Fig 4.9 Cartesian plot of Rate vs. Time of all wells in G Sand

From thIS Cartesian plot it is observed that two wells in G Sand show similar type of

constant percentage decline behavior. BK3 exhibitl; long prorated production before

declining production, whereas BK4 started declimng from the begilllling of production in

G Sand (FigAIO). Th,s sharp exponential del:hne is an indication of wells undergoing

liquid loading.
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Fig 4.10 Semilog plot of Rate vs. Time of all wells in GSand
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Fig 4,12 Semilog plot of Rate liS. cumulative production of all wells In G Sand

From Cartesian plot of Rate "\IS. cumulative production of individual wel1s in appendix B,

raw recoverable reselVe for BK3 is 135 Mand fur BK4 is J5 bcfancl cumulative gas

production (Gp) for these wells up to August 2006, are accordingly 129.4 and 13.454 bef

Fig 4.11 and fig 4.12 also indicate the identICal exponential type decline for all wells in G

Sand.
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4.3 DL Sand

There are two wells In DL Sand: BK2 and BK5 (reccmpleted in G Sand), Both wells are

suspended due to excessive water production and pressure decline. Cartesian plot of Rate

vs, Time of all wells in DL Sand is given in the following figure.
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Fig 4.13 CartesIan plot of Rate vs. Time of all wells in DL Sand

From this Cartesian plot it is observed that two wells in DL Sand show similar type of

constant percentage decline behavior. BK2 exhibits long prorated production before

declining production, whereas BK5 started declining from the beginning of production in

DL Sand (Fig 4.14). This sharp exponential decline is an indicatIOn of wells undergoing

liquid loading.

_b~2
--bk50L

!

,
o = - ~
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Fig 4.14 Semilogplot of Rate vs. Time of all wells in DL Sand
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Fig 4,15 CartesLallplot afRate ¥s. cumulative production of all wells in DL Sand
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Fig 4.16 Semi log plot afRate VS. cumulative production of all wells in 01, Sand

From Cartesian plot of Rate \'S. cumulative production ofmdividual wells in appendix: B,

raw recoverable reserve for BK2 IS 88 bcf and for BK5 is 11 bef and cumulative gas

production (Gp) for these wells up to August 2006, are accordingly 83.29 and 9,446 her

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 is 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:

I.". I •~.• '. • • " .. •• •
• • ••• • ••

.' • •
• "••

"•
, "'" ,..., ''''''' """" """ ".,m "''' ._ ""'" """

Cumuiotl,. produclion (0), MMlCf

Fig 4.17 Cartesian plot of Rate vs, cwnulative production ofBK4 in DU Sand

From Cartesian plot of Rate vs, cumulative production of this well in DU Sand (Fig

4 17), raw recovemble reserve is 47 bcf and cumulative gas production (Gp) for this well

up to August 2006 is 44,78 hef The decline diagnostic curves for this well indicate

exponential type decline.

4.58 Sand

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

sand production. BKYs decline diagnosis plots are given below:
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Fig 4.18 Cartesian plot of Rate vs. cumulative production ofBK5 in B Sand
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From Cartesian plot of Ratc vs. cumulative production of this well in B Sand, raw

rccovcrablc rcscrvc is 65 bcf and cumulative gas produclion (G~) for this well up to

August 2006 is 41.96 bcf. Thc dcclinc diagnostic curvcs for this well indicate

exponential type dcclinc.

In this chapter, from decl ine diagnosis, the type of decline for all the wells are sought out

and from cartesian plot of rate vs_ cumulative gas production, raw recoverable reserve,

and OGIP of all the wells are detennined. They are summarized in the following table.

Table 4.1 Summary of result; of Decline diagnosis for all wells of Bakhrabad gas field:

Rllw Reeov. G,
Sand Well Reserve (Aug'06) Decline ty[lC

"of "of
BKI 139 121.84 E, Ollelltial

J BK(' 70 52.08 E, onential
RK7 95 90.2 Ex onential
BK' 100 83.63 Exponential

G BK3 135 129.4 Ex oncmial
BK4 15 13.45 Exponential

DL BK2 88 83.29 Ex onemial
BK5 II 9.45 I Ex onential

DU BK4 47 44.78 Ex onential
B BK5 65 I 41.96 Ex onential
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Chaptcr 5

AWMB DIAGNOSIS

According to Mattar and McNeil (1997), if compressibility factor z is ib'l1ored, a material

balance calculation can give a very reasonable approximation of the OGlP. As wellhead

pressure measurements are representative of bottom hole conditions (no fluid influx into the

wellbore), 01procedure similar to floVvingmateria! balanec (FM13), but ignoring z, can be used

to generate a reasonable wellhead matenal balance calculation, which ;~ approximate

wellhead material balance (AWMB).

According to Lee and Wattenbarger (1996), il" sufficient pressure and produdion data are

available to define the line ofplz vs. Gp plot fully, the dominant drive mechanism can also be

determined from the shape of the plot. Although consistent deviations from a ,trJight line

suggest other sources of reservoir energy, errors in pressure and production measurcmerlts

also can cause departures from a straight line. Thus a similar plot of ph vs. G~, the AWMB
plot can be used to determine the dominant drive mechanism of this gas reserve. Fig 5.1

shows lypical shapes ofplz plots for selected gas reservoir drive mechllllisms.

l'
"

Strong Wale,
D,ive
/

We.k w.t."
~Drive

G

Fig 5.1 Shapes of plz plots for various drive mechanisms

5.0 Sand-wise Approximatc Wellhead Material Balance (AWMB) Analysis

This section discus~e~ material balance method for estimating original gas in place (OGlP)

and predicting the drive mechanism of sands from the analysis of long-term gas-production

data (mainly pressure and cumulative production data) from individual wells of different

sands.
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5.1 JSand

There are four wells in J Sand: BKI, BK6, HK7 and HK8. A ,impElled material balance

analysis has heen conducted at each ofthesc wells using AWMB method.

e"m ••• l~.prod<.dlon (0), MMscf

Fig 5.2 AWMB pia! of BKI of J Sand

From the above figure of nowing wellhead pre~sure VB.cumulative production of BK I, it is

seen, the up tfend of initial pressure points, a straight declining middle portion and filllli

deviated portion from straight pressure points. Cause of the initial up trend of flowing

pressure points is the absence of other three wells in the J Sand during the years 198410

1989. Thus pressure declined at a much slower rate initially. When other wells (HK6, BK7

& BK8) came into production in late 1989, the pressure started to decline at a much faster

rate. The deviated portion at the end is probably due to the liquid loading problem in J Sand.

Initial (TdS In Place (0011') value estimated from this plot i, 148 bcf

3000 '1
=
=• ••fSOO
,=
=
" " 2(I(I(I(l olOOOO 600W lIOOOll

c...,_ productIOn(Q), MMocf

Fig 5 3 AWMB piotofBK6 ofJ Sand
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Figure 5,3 represenh plot of /lowing wellhead pressure vs, cumulative production ofBK6, It

is almost a straight declining curvc of flowing prcssure with cumulative gas production data,

except a little deviated portion at the tail end probably due to Equid loading problem. OGW
value estimated from this plot for BK6 is 92 hcf.

=•l,' 1500,,~
" o 20000 040000 60000 aoooo 100000 120000 140000

Ccm<Oatrvepro"""on (al, MMscI

Fig 5,4 AWMB plol ofBK? of J Sand

From Figure 5,4 it is secn that the shape of the curve is straight line but at the end deviated

upwlIl'd from straight portion, The deviated portion at the end is probably due to lhe liquid

loading problem in BK7. OGlP value estimated from this plot is 110 bef

20000 ..-xuJ 60000 80000 100000 120000
CcmWl,,,, fIDWdion (0), MMscf

Fig 5.5 AWMB plot ofBK8 of J Sand

From Figure 5 5 il is seen that the shape of the curve is stnlight line but at the end deviated

upward from straight portion The deviated pottion at the end is probably due to the liquid

loading problem in BK8. OGIP value estimated from this plot is 102 bef In the following

table summary ofrcsults of AWMB mdhod forthe wells of J sand is presented'
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Table 5.1 Summary ofresliIts of AWMS method for all wells of J Sand:

RawRecov. G, OGIP Remaining Recovery
Wells in J Sand Reserve (Aug'06) Reserve Factor

bcl b,f b,f bof %
BK 1 139 121,84 148 17.16 82.324
BK6 70 52.075 92 17.925 56.603
BK7 95 90.2 110 4.8 82

RK' 100 8363 102 16.37 81.990
Total 404 347.745 452 56.255 76,934

5.2 GSand

There are two wells in G Sand: BKJ and SK4. A simplified material balance analysis has

been conducted at each of there wells llsing AWMB method.

~":""_' ...,'~•.-, ,
" -..~", ,

-"" '>'. ,

!o
o

Fig 5.6 AWMll plOIofSKJ ofG Sand

Figure 5,6 represents plot of flowing wellhead pre~sure vs. cumulative production ofBKJ. It

is almost a straight declining eurve of flowing pressure with cumulative gas production data.

OGiP value estimated from this plot for BK3 is 200 ber
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Fig 5.7 AWMB plotofBK4 ofG Sand

Figure 5.7 represents plot of flowing wellhead pressure vs. cumulative production ofBK4. It

is almost a straight declining curve of flowing pressure with cumulative gas production data,

except a little deviated portion at the tail end probably due to liquid loading problem. OGW

value estimated from this plot for BK6 is 1KbeE In the following table summary ofrcsults of

AWMB method for the wells ofG sand is presented:

Table 5.2 Summary ofrcsults of AWMB method for all ••••-ells orG Sand:

RawlWcov. G, OGIP Remaining -"""Wells in G Sand """"" (Aug'06) R=~ Factor
ber ber ber ocr %

BK3 135 129.4 200 56 64.7
BK' 15 13.454 18 1.546 74744
Total 150 142.854 218 7.146 65.529

5.3 DL Sand

There are two wolls in DL Sand: BIa and BKS. A simplified material balance analysis has

been conducted at each ofthcsc wells using AWMB method
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Fig 5.8 AWMB plot ofBK2 ofDL Sand

Figure 4.40 represents plot of flowing wellhead pressure VS.cumulative production ofBK2.

11is almost II straight declining curve of flowing pressure with cumulative gas production

data, except a little deviated portion at the later portion probably due to liquid loading

problem. OGLP value estimated from this plot for BK2 is 121 her.
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Fig 5.9 AWMB plotofBKS ofOL Sand

Figure 5.9 represents plot offlowing wellhead pressure vs. cumulative production ofBKS. It

is almost a straight declining curve of tlov.ing pressure with cumulative gas production data.

OGlP value estimated from this plot for BK5 is 23.7 ber. In the fullowing 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 ofDL Sand:

WellsinDL wReeov. G, OGIP Remaining Recovery

S"'" """"'. (Aug'06) _NO Factor
bo' b,' bof oc, %

BK2 88 83.29 121 4.71 68.834
BK5 11 9.446 23.7 1.554 39.856
ToW 99 92.736 144.7 6,264 64.088

5.4 DU Sand

There is one well in DU Sand: BK4. A simplified material balance analysis has been

conducted at this well using AWMB method.

" o 20000-40000 60000 a00001000001200001-40000160000
C""ulal!ve prodUdi>" {O). M_

Fig 5.10 AWMB plot ofBK4 ofDU Sand

Figure 5.10 represents plot of flowing wellhead pressure \'S. cumulative production ofBK4.

It is almost a strnight declining curve of 110wing pressure with cumulative gas production

data, except a little deviated portion at the tail end probably due to liquid loading problem.

OGJP value estimated from this plot for BK4 is 130 bel. In the following table summary of

results of AWMB method for the well ofDU sand is presenled:

Table 5,4 Summary ofrcsults of AWMB method for all wells ofDU Sand:

(Raw Recov. G, OGIP Remaining Ro="'Y
Well in DU Sand Reserve (Aug'06) Ro=. Faetoroc, oc, oc, b,' %

BK4 47 44.78 130 2.22 34.44
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5.5 B Sand
There is one well in B Sand: BK5, A simplified material balance analysis has been

conducted at eaeh of these wells using AWMB method.

,._-
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CuInUali\e pro<k.dion (Q~MMocf

Fig 5.11 AWMB plot ofBK5 ofB Sand

Figure 5.11 represents plot of flowing wellhead pfC8&lre vs cumulative production ofBK6.

It is almost a straight declining curve of flowing pressure with cumulative gas production

data, except a little deviated portion at the tail end probably due to liquid loading problem.

OGlP value estimated from this plot for BKS is 115 ber In the following table summary of

results of AWMB method for the well ofB sand is presented:

Table 5.5 Summary ofrcsults of AWMB method for all wells ofB Sand:

jRawRecov, G, OGIP Remaining Recovery
Well in B Sand R=m (Aug'06) ""~ Factorocf ocf ocf b,f %

DK5 65 41.958 115 23042 36485217

Choudhury (1999) presented comparison of the GIP estimates of different studies condul-1ed

on Bakhrabad Oas Field using material balance method in his paper. Gas in place estimates

of Well drill (1990), IKM: (1990), Petrobangla (1993) and Mobil (1997) were close but higher

than his study results. Now comparison of GIP estimates of different studies including

AWMB method of present study is presented below:
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Table 5.6 Comparison of the OGIP (bcf) estimates of Bakhrabad Gas Field from different
studies:

Sand Volumetric Material Balance

Chou Chou
Well Well Pc"" dhrny dhury
drill IK.'I Mobil drill IKM bangla Mobil FBHP FWHP
190\ (90) (97) (90) (90) (931 (97) (99) (99) AWMB

J 610 554 550 585 597 665 666 460.5 469,5 452
G 300 262 247 370 318 245.5 244 216 221 218
DL 150 151 132 200 148 176 175 144.5 147.5 144.7
DU 187 222 254 167 180 180 187 150 150 130
B 145 143 98 231 145 166.6 167 151 154 115

Total 1392 1332 1281 1553 1388 1433.1 1439 1122 1142 1059.7

From this table it is evident that gas in place values estimated with A\VMB method of

different sands are very similar to those estimated willi flowing bottomhole pressure (FBHP).

Flowing wellhead pressure (FWHP) methods of Choudhury and other material balance are

also close to volumetric estimation of different studies, Present estimates of gas in place of

different sands using A\VMB method are the lowest of all other previous studies. A\VMB

method also rcveals volumetric drive mechanism of all wells in different sands and liquid

loading problems in some wells. An acceptable method for quantifying OGlP is to provide a

minimum and maximum value. Thc minimum value is casily obtained by using material

balance especially FMB methods. A maximum value i~ found using volumetric

determination from geological (or seismic) mapping, Without using diagnostic plots, there is

no way of qualifYingthe level of confidence in production data analysis.
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Chapter 6

TYPECURVE A,..••ALYSIS

O~ly f1owi~g wellhead pressures arc available for the wells of 13akhrabad Gas Field for

analysis, as down hole electronic pressure measurement systems are not present there. For

different analysis procedures, flowing bottom hole pressure is required. In this stlldy flowing

bottom hole pressure, Pwf is ealeulated from the monthly representative flowing wellhead

pressure, Pv4I using the software F.A.S.T. RTA. For Dry Gas Wells, FA.S.T. RTA defaults

to a multi-step Cullender Smith procedure as a wellbore correlation option and it is used to

calcuiatc pwf. For gas wells with some liquids in flow stream, Beggs & Brill or Gray

correlation is used, In this case, Beggs & Brill is the default correlation, In Bakhrabad,

produced gas and liquid from all the wells are separated centrally and through a common

header, the separated liquid flows fmther downstream for separation of water and

condensate. As a result, it is not possible to determine liquid production from individual

wells. Thus liquid production rates with gas production for respective wells cannot be used

in the software.

Most of the input parameters llsed in computer based production data analysis are taken from

data supplied from Petrobangla and previous studies conducted by IKM (1990) and

Cholldhury (1999). The necessary data for these analyses have been derived from geological

and geophysical study, eore-analy,is, well-log analysis and well-test results provided the

prodllction data of different wells and sands of Bakhrabad Gas Field. lnput parameters for

these analyses are given in Appendix C.

6.0 Computer based production data analysis

In this section a systematic approach to production data analysis by typecurve matching is

presented with a commercial PA (Production Analysis) tool F.A.S,T. RTA (by Fekete

Associates Inc.), It maximizcs the benefits of each of the following methods:

• Arps decline analysis

• Fetkovieh typecurve analysis

• Blasingame typecurve analysis
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• Agarwal-Gardner type curve analysis

• Normalized Pressure Integral (NPI) typecurves

• Flowing Material Balance (FMB)

• Transient typecurvc analysis

These methods arc suited for production data of varying quality and completeness. They arc

utilized to determine both the fluids-in-place and the expected ultimate recoverable reserves

(based on current and/or expected future operating con.ditions) and to verify previous

estimations conducted with simple methods. More importantly, they serve to assess the

confidence level of the reserves estimate by qualifying the production data as either infinite

acting or boundary dominated, as well as volumetric Or non-volumetric (aquifer supported,

multi-layer, etc) previously determined ITOmproduction data diagnosis.

Among the above-mentioned methods Fetkovich, Blasingame, Agarwal-Gardner, NPi and

Transient are'typecurve methods and they will be discussed in this chapter. Arps and FMB

are nontypeeurve methods and they will be discussed in the next chapter. Each of the

typecurve methods yield estimates of EUR (Fetkovieh) and/or fluid-in-place (Blasingame,

Agarwal-Garoner, NPI and Transient). EUR represents the total amount of gas that can be

produced under specified operating conditions (pwt. depth). It is always equal to or less than

the OGIP. The primary purpose of typeeurve analysis is to determine the dominaot flow

regime from the production data: infinite acting (radiai flow, fracture linear flow, horizontal

well flow), transitional (influenced by boundarie; and/or heterogeneities) 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 Fetkovieh Typecurvc Analysis

This typecurve is simple to apply and does not require flowing pressure data and does not

inherently assume a dominant flow regime (plot does not use superposition time). Empirical

nature in depietion analysis (uses Arps theory) makes it versatile. But transient analysis

assumes constant flowing prcssure. Thus it is useful for productIon data where flowing
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(6.1)

(6.2)

presslires are constant or can be assumed constant. It is also useful for non-volumetric

reservoirs with two or more mobile phases.

In this analysis procedure a data curve of flow rate (q) versus time (t) is plotted

logarithmically and then matched on qOdvs. tDd typecurves. Then transient (roD) stem is

sought out based on closest curve. Similarly depletion (b) stem is selected based on closest

cure or the following guidelines:

b '" 0, Single phase liquid production, high pressure gas (constant flowing

pressure)

0.1 < b < 0.4, Solution gas drivc oil reservoirs

0.4 < b < 0.5, Most gas wells (excluding tight gas)

b'" 0.5, Oil wells under effective edge water drive

0.5 < b < 0.9, Layered, composite, connected reservoirs

Felkovich states that b value should never excecd a value of I for boundary

dominated production.

In detail, type curve analysis is done by selecting a match point, and reading its co-ordinates

off the data plot (q and t)m,,,h, and off the type curve plot (qDdand tDd)mateh.At the same time

the stem values ("r.,irw,," and "b") of the matching curve are noted. from the right-hand-set of

type curves, the Decline Curve Parameters can be obtained:

q(mulch)q----
1- q",,(mulch)

D '" II),,(match)
, I(malch)

b'" value of type curve stem (right-hand-set of type curves) (it is noted that for

Exponential Decline D, '" D and b = 0)

With these, we can now calculate the EUR (Expected Ultimate Recovery). The 'f' subscript

denotes conditions at the beginning of the forecast period. Now, we can estimate f1uid-in-

place and drainage area.

(6.3)

(6.4)
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, EURxf',ZwfG - (bo", pz _p Z 'J
,4 wfl

(6.5)

A = Z,TP"G,
f/;h.,'/),T~(43560)

(acres) (6.6)

From leit-hand"set of type curves, the 'Reservoir Parameters' can be obtained, if p•.Pw[,fI, h,

c,,~, and rw are known.

(:' 1 = value of type curve stem (lefi-hand-sct oftype curves)
~ "",,,h

k is obtained from rearranging the definition of

qw~q( 1.417E6'T ][10("-) _2]khlP,. - p",,;') r"" mao'''' 4

k~('LJ [1.417E6'TJ(IO["-'J _J]
qDd .•• ". hlPp, - ppW!) r~""'''"4

Solving for f", from the definilion OflDd:

(6.7)

(6.8)

(6.9)

(6.10)

(6.11 )

In Fetkovich typecurvc 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 typecurvc analysis

Number of production wells in Bakhrabad Gas Field is eight and they are producing from B,

DU, DJ., G and J sands. In this section the results of Fetkovich t}peeurvc analysis of

different wells oflhesc sands have been presented.

6.I.l.JSand
There are 4 wells in J sand, BKI. BK6, BK7 and BK8. ]0 Felkovieh typeeurves there are

two sets of curves that converge in the center. Matching data on the len. side provides

information about the transient behavior of the system (k, s) while the right side is meant for

boundary dominated data. Fctkovich typecurve analysis of individual wells of J Sand is

given bellow:
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Fig 6, I Felkovich Typecurvc Analysis ofBKl at J Sand
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Fig 6.2 Fctkovich Typecurve Analysis ofBK6 at J Sand
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Fig 6.3 Fctkovich Typecurve Analysis ofBK7 at J Sand
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Fig 6.4 Fetkovieh Typecurvc Analysis ofBKS at J Sand

In these cases, the data do not fit 011the Fetkovich curve properly; especially tnm,ient data of

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

matching this data ~et eomes from one of the assumptions of the Fetkovieh analysis:

production occurs under constant bottom hole flowing pre,sure conditions, Fortunately,

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

The type curve data being very noi,y and diftlcult to interpret, type curve "Dala Filter" is

used here for better matching. Portion of data lit on the right hand stem type curve, probably

due to some constant pressure production at the end ofprouuetion prome of wells 13K1, 13K7

and BK8. In the following tahle summary of results of Fetkovich analysis for the wells of J

sand is presented:

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

Well, in J Sand OG1? Area EUR 0, d, b
bef 00" bof %

BK J 240,385 714.22 200.D75 0.058531 0.5

OK6 101.8 892.61 81.44 0.113937 10.77 0

BK 7 122.529 383.7 97.158 0.123743 1\.64 0
BKg 108.498 360,14 85.417 0.151931 14.1 0
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6.1.2 G Saud

There are 2 wells in G sand: 13K3and BK4. Felkovich typecurve a~alysi~ ofindlvidual wells

ofG Sand is given bellow:
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Fig 6.5 Fctkovich Typecurve Analysis of!3K3 at G Sand
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Fig 6.6 Fetkovich Typecurve Analysis ofBK4 at G Sand
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The transient dam of any well do not lit on the Fetkovieh eurve properly and ,0 cannot bc

analyze. The type curvc dam being very noisy and difficult to interpret, type curve "Data

Filler" i, also u,ed here for better matching. Portion of data fit on the right hand ,tern type

eurves probably due t" some constant pres,ure production at the end of production profile of

"ells BK3. In the following table summary "f results of Fetkovieh analysis for th~ wells of

G ~and Is presented:

Table 6,2 Summary "fresults of Fetkovich allalysi~ for wells ofG Sand:

Wells in G Sand OGIP Are, F.UR 0, d, b
ber acre bd %

BK3 203.116 1664.55 164.254 0,070099 6,77 0

BK4G 18.884 256,6 14.27 0.545288 0,1

6.1.3 DL Sand

There are 2 wells in DL sand: BK2 and BK5. F~tkovich typceurve analysis of individual

weil, ofDL Sand is given bellow:
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Fig 6.7 Fetkovich Typccurvc Analysis ofBK2 at DL Sand
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Fig 6.8 Fetkovich Typecurve Analysis ofBK5 at DL Sand

The transient clala of any well do not fit on the Fetkovich curve properly and so cannot be

analyze. The lype curve data being very noisy and difficult to interpret, type curve "Data

Filter" is also used here for better matching. But boundary dominated data also do not fit on

Ille right hand stem type curves for any welL In the following table summary of results of

F~lkovich analysis for the wells of DL sand is presented:

Table 6.3 Summary of results of Fctkovich analysis for wells of 01. Sand:

Wells;n DL Sand OGIP Area EUR 0; d, b
b,f aCre bof %

BK2 123.953 1410,71 98.249 0.114137 10.79 0

BKS 20,666 312.21 14.469 0.408241 33.52 0

6.1.4 DU Sand
There is only one well in DU sand; BK4, Fetkovich typeclUve 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

The transient data of this well do not fit on the Fetkovich curves properly and so cannot be

analyzed properly. The type curve data being vcry noisy and difficult to interpret, type curve

"Data filter" is also used here for beUer matching. Only boundary dominated data hardly fit

on the right hand stem type curve~ for thi, well, In the following table summary of results of

Petkovich analysis for the well BK4 orDU sand is presented:

Table 6.4 Summary of results of Fetkovich analy~is for well BK4 orDU Sand:

Wells in DlJ Sand OGIP Area EUR D" d" b
bof acre hof %

BK4 60.97 828.43 48.985 0.352571 29.71 0

6.1.51J Sand

There is only one well in B Sand: BK5. Fetkovich typecurve analysis of this ",ell of B Sand

is given bellow:
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Fig 6.10 Fetkovich Typccurve Analysis ofBKS at 13Sand

The transient data of this well do not fit on the Fetkovich curves properly and so cannot be

analyzed properly. The lype curve data being very noisy and difficult to interpret, type curve

"Data Filter" is also used here for better matching. Only some portion of boundary

dominated data fit on the right hand stem type curve~ for this well. In the following table

summary (lfresults ofFetkovich analy,is for the well BK5 of B ~and is presenled:

Table 6.5 Summary of results of fletkovich analysis for wcll13K4 of B Sand:

Wells in B Sand OGIP Area EUR D, d, b
bof acre b,f %

BK5 107.466 1196.24 8\.898 0.084124 8.07 0
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6.2 Blasingame Typecllrve Anal)'sis

In this method depletion analysis is analytIcaL Concepts of norma lizcd rate, material baIancc

lime and pseudo lime arc used here. Using Normalizing Rate data and MaterIal Balance

Time allows reservoir to he analyzed independen!ly of productIon constraints (variable rate!

pressure profiles). This method is valid for single-phase volumetric reservoirs and primarily

applicable to wells with good quality production and nowing pressure data. A model (radial,

fractured, horizontal) I" selected first alld three rate function" arc plotted against material

balance pseudo time~. For gas \~ell" material balance pseudo time is defined as follow:

, "czG()I =,I,C
"
J q dl",i""I'" Pp,-Pl'

'" q Il p{p)c,(p) 2qp,
(6.12)

(6.13)

To use this melhod some data preparation is required: calculation or normalized rate by

dividing q by APr for gas reservoirs. Normali/ed Rate for gas wells is defined as l"ollows:

q = q
APe P,-P".I

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

whIch the well has produced until thai moment in time. The normalized rate integral is

defined as follows:

(6.14)

The rate integral derivative is defined as the semi logarithmIc derivatIve of the rate integral

functIon, with respect lOmaterial balance lime. It is defined as follows:

(6.15)

Now a data pot of normali/.ed rate (q/App) versus material balance (pseudo) tIme (t.".)have to

be plotted logarIthmically, Then qlAp~vs, 4..,data plot is matched to qDdVS.t'Jd(constant rate

lypeeurves ill Fetkovieh dImensIonless format) and a lransient (r'D = r,!r",) stem is sought

out. A Rate-Integral (q,) d3ta plot and a Rate-Integral DerivatIve (qed) data plot are

constructed, Then 'complimentary' typecurves (qOd,and qOd,"curves) are matched by q, and
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q," data to lry and fine tune and to con/irm match. Matching is similar to previous type curve

matching. Unlike the Fctkovich analysis, Blasingame doe.' not require 'b' (hyperbolic

exponent) values. Instead, the data are matched on the single depletion (material balance)

stem. Given a curve match, the reservoir parameters k, s (from lransient match) and Area,

aGiP (from boundary dominated match) can be obtained if II, h, Ct,q>,and rw are known.

k is obtained from rearranging the definition of qDd

(6.l6)

(6.17)

Solving for rw, from the definition oftod:

~'A~--'-(acres)
43560

G,= 2p, [~J[q/!>Pl'] (bef)
(21/£,), IN ""'~" qllJ ="J,

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

The q, and q" curves exhibil a unique signature for boundary dominaled production, when

matched simultaneously with the normalized rate dala. Concept of rate-integral allows for a

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

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

The ql and q;d curve, can contain large cumulalive deviations dCleto relatively insignificant
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early-time el'rors. Rale-integral-derivative (q;d) does not readily display the different flow

regimes but it i~useful tOI'pattern recognition.

Sand-wise Blasingame l)'peeurve analysis

In this section the results of 13laS;llgametypeeurve anal}s;s of different well~ of diffel'ent

sands have been presemed.

6.2.1 J Sand
There are 4 wells in J sand: I3KI, BK6, BK7 and BK8. The first step in performing a

Blasingame analysis is to choose lhe correct model. For analyzing the data of Bakhrabad

Gas Ficld, radial model is selected. Then this analy~is provides a reliable and versatile

method for estimating early time parameters (k, 5) and also estimating OGIP and drainage

area. Blasingame typccurve analysis of individual wells of J Sand is given bellow:

., •• ,,,, •••• 1"'~,.~ •••• ,,...
, "Q ,,""'".,,"'

""' .
"'~..~.
''''-'-'...
~"'~"'
,ur. o.o.., ,..,., ,~'"•.. ••

'. -., .,,"

.-.~-_.,,-_ ..
.----=,

/ -"-/-'\
(ceq.:" !
"'---.,//

Fig 6.11 Blasingame Typecurve Analy;i, ofBKI at J Sand
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Fig 6.14 Blasingame Typecurve Analysis of BK8 at J Sand

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

matching of multiple type curves (i.e. normalized rate, integral and derivative). The inlegwl

curve smoothcs out noisy data. while the derivative exaggerale, changes in (he character of

the data. Blasingame plots show good match for all wells in J Sand. Thus the results "fthis

analysis are more reliable than fClkovich analysis.

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

Wells in J Sand '.' OGIP A", ElJR k ,
bof oem her md

BK I 7 215.214 639.43 179,124 41.8032 -7.26724
BK 6 I 8 94.723 830.56 75,779 14.0661 -6.4447S
BK 7 18 112.802 353.24 90.242 2.7152 -6.0173
BKg 18 104.264 346.08 83.411 10,3339 -6.00707

6.2.2 G Sand

There are 2 wells in G sand: BK3 and BK4, Blasingame lypecurve analy;i; of individual

wells ofG Sand is given bellow:
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Fig 6.16 Bla~ingame Typccurve Analy,is ofSK4 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 stem in
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normali'lm rate type curve. In the following table summary of results of Blasingame

an<llysis for the wells ofG sand is presented:

Table 6,7 Summary of resuits of Blasingame <lnalysis for welis of G Sand:

\Veils in G Sand relJ OGJP Are, EUR k "bel' "" bof md

BK 3 i 8 203.672 J669.1 162.937 4.1685 6.79375

BK4G 7 77.i39 1048.14 64.9i3 37.0468 -7.51434

6.2.3 DL Sand

There are 2 wells in DL sand: BK2 and BK5. Bia;ingame typecurve analysis of individual

welis of DL Sand is given bellow:
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Fig 6.17 Blasingame Typecurve Analysis ofBK2 <llDL Sand
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Fig 6.18 Blasingame Typecurve Analysis of BK5 at DL Sand

There is some data ~catter in transient data of BK2. But Blasingame plots show good match

for BK2 and BKS. In the following table ;umffiary of results of Blasingame analysis for the

wells of DL sand is pre~enled:

Table 6.8 Summary ol'results of Bia,ingame analysis for wells of DL Sand:

Wells in DL
Sand '.0 amp Area EUR k •b,r acre bof md
BK2 7 138.777 1579.42 111.022 4.0496 7.71936
BK5 7 25.048 378.42 20.038 6,7779 -7.00495

6.2.4 DU Sand

There t.'> only one well in DU sand: I3K4. Bla>ingame typccurve aoalysis oflhis well ofDU

Sand is given bellow:

66

,



..•"., ..,-

, ,

.,_,~i~., ", • c>'"'~c,• .. '..
" .•. ..
,~: ..'

• , , .., ..,.
~'-~-,--- -' •• ".. .. .., •• ..

, '''''''" " ..,,"~.••."••,,"'"="'., " '\,<

Fig 6. i9131asingame Typccurve Analysis MBK4 at DU Sand

Data of I3K4 in DU Sand shows good match in Blasingame typecllrvcs. In the following

table summary o!"results of Blasingame analysis for the well BK4 of DU sand is presented:

Table 6.9 Summary o!"res\lll~ of Blasingame analysis for well BK4 of DU Sand:

Well; in DU
Sand '.0 OOlP Arca EUR k ..

bof acre bet" md
BK4 12 t 52.R67 2077.09 128,64 27.061 -7,31049

6.1.5 H Sand

There is only one well in B Sand: ilKS. Blasingame typeeurve analysis of this well of B

Sand is given bellow:
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Fig 0.20 Blasingame Typecurve Analysis of I3K5 at B Sand

Data of BK5 in B Sand ~hows good match in Blasingame typecurvcs. In the lol1llwing table

summary of re~uJts of Blasingame analysis for the weJI13K5 ofB sand is presented:

Table 6.10 Summary of results of Blasingame analysis for well BK4 orB Sand:

Wells in B Sand ron OGIP Area EUR k ,
bef acre bef md

BK5 , 135.082 1503.65 108.066 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 hoth hlkovieh and Palacio-

Bla,ingame, utilizing the concept> of [he equivalence bet\\een constant rate and constanl

pressure solution" They present new typccurvcs with dimem;;onless variables based on [he

conventional wdltesl definitions, as oppo~ed to the Fetkovich dimensionless dcfinitions u,ed

by Bla,ingame et al. They also include primary and ,emi log pressure derivative plots (in

inverse tormat for decline analysis). Furthermore, they present their deeline curves ill

addllional formal~ to lhe slandard normalized rate versus time plol. These include the rate

versus cumulative and cumulative Vcrsus time analysis plots,

Similar to previous analysis, in this procedure a model (radial, fraclured, horizontal) is

selected fir:;l, Then qli"lpevs, tc(a) data plol is matched to qo v,. tDA (constant rate typecurves

in welltcsl format) and a transicnt (r,D) stem is sought out. The dimensionless pressure for

standard welilest analysis is defined as

14l.2kh(P, - P.,!)p" = (6,23)
qB"

The dimens;cmless flow rate is simply (he invcrsc of the above equation (ill the welltest

litcrature, go has a slighlly different definition)

IqD = - (6.24)
p"

Normalized Ratc for gas wells is defined as follows:

q q
fjPr P'-P{n<!

ll1verse-pre!.sure-dcrivative (lIDER) for gas wclls is defined as follows:

(6.25)

I
"DER

1
o f::..Pr
q

Oln(1".)

(6.26)

The lnverse-pressure-dcrivative plQlS are constructed. Then 'complimentary' typecurve

(1IDER) arc matched by data plot to fine tune the match.

For gas well>, qll is dcfincd as follows:
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1.417E6TR

kh (6.27)

t DA ""

The permeability (k) is calculated from above, as follows:

k = 1.4l7hE6TI< (q I !¥Jp J
qD m"d,

From the definition oftD",

0.00634 kIm
mpJ-l,c"r,2

r, is calculated as follows:

O,00634kl [, J
r. =' \ 7r~Jj,C" '" I;,:

"""d,
Additional reservoir parameter:; are calculmed as follows:

~'A~--'- (acres)
43560

G = Jrr,' #7.\ p,T,. * F. ~ 9 (bef)
z,TP~

(6.28)

(6.29)

(6.30)

(6.31 )

(6.32)

(6.33)

(6.34)

In Agarv..al-Gardner method Inverse-Pressure Derivative lypccurve has ,imii<lr fu~ctionality

to Pressure TranSlcnt Derivative (simply the inverse). Thus, different tmnsient Ilow rcgimes

can be more easily distinguished. The transition from infinite acting to boundary dominated

flow occurs m a tD" of 0.1, which is a single vertical line, common to alltypeeurves on the

plot. (Such a line cannot be drawn on the Blasingame plot.)

inver,e-pressurc derivative is usually too noisy to gain any meaningful interpretation, A

suggested improvement to this method is to calculate a pressure integral (i.e. NP! typecurves)

and ba,e the inverse-pressure derivative on this. The resulting derivative plot retains most of

the characteristics of the 'raw data' derivative, but has much less sealter. Overall, tends to be

more llon-unlquc than lliasillgame.
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Sand-wise Agarwal-Gardner typeeurve analysis

Tn this section lh~ results of Agarwal-Gardner typecurve analysis of diflerent wells of

different sands have been pres~nled.

6.3.1 J Sand
Th~re are 4 wells in J sand: 13Kl, FlK6, BK7 and BK8. The first step in perfonning an

Agarwal-Gardn~r analysis is to choose the correct model. For analyzing the data of

Bakhrabad Ga~ Field, radial model is selected. Thc AG rat~ vs. time plot can be uscd in

conjunction with the Blasingame plot for helping to firm up estimates of aGlP and early

time parameters (permeability and skin). Agarwal-Gardnet lypeeurve analysis of individual

wells of J Sand is given bellow:
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Fig 6.21 Agarwal-Gardner Typeeurvc Analysis 01'BKI at J Sand
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Fig 6.22 Agarwal-Gardner Typccurve Analysis of BK6 at J Sand
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Fig 6.24 Agm.•••..al-Gardner Typecurve i\rrulysis of BK8 at J Sand

Due to the issue ofnon-uniquene;s. analysis of production data is performed by siml.lltaneol.ls

matching 01'ml.lltiple type eurves (i.e, normalized rate and derivative). AG plots show good

match for all wells in J Sand. In the following table summary of results of Agarwal-Gardner

arralysis for the wells of J sarrd is presented:

Table 6.11 Summary ol'results of Agarwal-Gardner analysis for all wells of J Sand:

Wells in J Sand ',0 OGJP Area EUR k ;

b,f oore hcf md
BK I 7 178.741 531.06 148.768 32.3429 -7.16408

BK6 7 92.136 807.87 73,709 28.2492 -7.37385

BK 7 18112.768 353.13 90.114 3.95\5 _6.0156\

DK 8 18 104.273 346.1 I 83.418 10.241 -6.00556

6.3.2 G Sand
There arc 2 wells in G sand: BK3 and BK4. Agarwal-Gardner lypecurve analysis of

individual wells of G Sand is given bellow:
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Fig 6,25 Agarwal-Gardner Typecurve Analysi, ofBK3 at G Sand
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Fig 6.26 Agarwal-Gardner Typecllrve Analysis of BK4 at G Sand

The typc curve data being very noisy and difficllH to interpret, type curve "Data Filter" is

used here for better malehmg. AU plots show go()d match lor all wells in G Sand. In the
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following table summary of result" of Agan'ial-Gardner analysis for the wells or G sand I"

presented:
Table 6.12 Summary orresults of Agarwal-Gardner analysis for wells ofG Sand:

Welb in G Sand r,l} QGIP Area EUR k ,
bof acre hor md

BK 3 28 206.016 1688.31 164.813 5.7326 _6.35609

13K4G 7 63.222 859,04 53.202 36.1617 -7.40455

6.3.3 DL Sand
There arc 2 "ells In DL sand: BK2 and l3K5. Agarwal"Gardner typecurve analysis of

individual wells of Dl. Sand is given bellow:
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Fig 6.27 Agarwal-Gardner Typecurve Analy,is ofBK2 at DL Sand
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Fig 6.28 Agarwal-Gardner Typeeurvc Analysis of 13K5al DL Sand

The lype curve data being very noisy and difficult to interpreL type curve "Data Filter" is

used here for belter matching. AG plots show good match for all wells in DL Sand. In the

following table summary of resulls of Agarwal"Gardncr analysis for the wells of DL sand is

presented:
Table 6.13 Summary ofresults of Agal.••..ial-Gardner analysis for wells of DL Sand:

Wells in DL Sand 'ill QGIP Area EUR k ,
b,f acre bd md

BK' 48 136.861 1557.62 109.489 37.6279 -5.77681

BK 5 12 22.386 338.2 17,909 12.6953 -6.39946

6.3.4 OU Sand
There is only one well in DU sand: BK4. Agarwal-Gardner typceurve analysis Oflhis well of

DU Sand is given bellow:
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Fig 6.29 Agarn-aj-Gardner Typccurve Analysis ofBK4 at DU Sand

AG plot> ,how good match for BK4 io DU Sand. In the following table summary of results

of Agar,val-Gardner analysis for the well BK4 ofDU sand is presented:

Table 6.14 Summary ofresults of Agarwal-Gardner analysis for well BK4 of DU Sand,

Wells in DU Sand ',0 aGJP Area EUR k ;

b,r acre bof md

BK4 12 153.119 2080.51 128.851 27.4344 -7.30783

6.3,5 R Sand

There is only Olle well Ln B Sand: 13K5. Agan.val-Garoner typecurve analysis of this well of

B Sand is given bellow:
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AG plOL~show good match for 13K5in B Sand. In the following table summary ofresulls of

Agarwal-Gardner analysis for the well BK5 ofB sand is presented:

Table 6.15 Summary ofreSI.l!ts of Agarwal-Gardner analysis for well BK4 ofB Sand:

Wells in 13Sand ',0 OGJP Area EUR k ;

bof acre bor md

BK 5 7 140.85 1567.85 112.68 6,7392 .7.70538

78



6.4 NPI (Normalized Pressure Integral) Typeeurve Analysi~

Blasingam~ et al (19R9) developed the Normali7cd Pressure Integral (NPI) analysis, This

method use, normalized pressure instead of normalized rate. Analysis is the inver,e of

Agarwal-Gardner Rat~-Time Typecurves. The objective of the method was to present a

robust diagno;tic method for drawdowns that did not suiTer from noise and data scatter, as is

typical of the standard welltest d~rivative.
In this analysis procedure, a model (radial, fractured, horizontal) i, selected first and three

rate functions are ploned against matcrial balance time t". For gas wells, material balance

time is delined as follow:

I = IJ,c" 'f q dl = Ji,C,z.o,(pl" - pp)

'" q 0 JiCj5)c,(]5) 2qp,

Normalized Pressure lor gas wells is defined a, follow,:

/::'Pr = p, - Pr"'!

q q

(6.35)

(636)

The pre,sure integral is defined at any point in thc production life of a well, as the average

normali,ed tlowing pressure drop at which the well has produe~d until that moment in time.

The normalized pressure integral is defined as follows:

(6.37)

Th~ pressure integral derivative is defined as the scmi logarithmic derivative of the pressure

integral function, with respect to material balancc time. It i~ dctined as f"lIows:

(6.38)

In this analysis procedure a model (radial, fractured, horimntal) is selected. Then L\p~q vs.

tc(a) data plot is matched to qo VS.t'M (constant rate typecurvcs in welltest format) and a

transient (r<~) stem is sought out. A Pressure-Integral (PI) data plot and a Pressure-Integral

Deriv3tive (P,d)data plot are constructed and 'complimentary' typecurve (po,) and (POid)are

matched by data plot to fine tune the match. Given a curve match, the reservoir parameters
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(6.39)

k, 5 (from tran,ient match) and Area, OGIP (from boundary dominated match) can be

obtained if Il, h, CL, qJ,and r* are known.

k is obtained from rearranging the definition of PD

kh/:"p"
p" = 1.417£6Tq

k", 1.417E6T[ p" J
h /:"p !q

r '''",,',

S(living for ro from the definition oftDA:

, [J0.00634k 'en
r, = ~ mpP,C" I"A '''',,'',

,
r =' '., [:~L,

(6.40)

(6.41)

(6.42)

(6.43)

(6.44)

(6.45)

Sand-wise NFl typecurve analysis

In this scction the results ofNPJ typecurve analysis of different "'ells of different sands havc

been presctltcd.

6.4.1 J Sand

There are 4 wells in J sand: BKI, BK6, BK7 and BK8. The t1rsl step in pcrforming a NPI

analysis is to choose the correct made!' For analyzing the data of Bakhrabad Gas Field,
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radial model is selected, Then this analysis provides a reliable and versatile method for

e,>timating early time parameters (k, 5) and also estimating OGIP and drainage area. NPI

typecurve analysis of individual wells of.1 Sand is given bellow:
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Fig 6,32 NPI Typecurvc Analysi~ or BK6 at.1 Sand
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Fig 6.34 NPl Typecurve Analysis ofI3K8 at J Sand

Due to the issue of non-uniqueness, analysis of production data is performed by :.imullaneous

matching or multiple type Clirves (i.e. normalized rate and integral). NPI plOIS show good



match for all wells in J Sand, In the following tahle summary of results ofNPI analysis for

the welis of] sand is presented:

Tahle 6.16 Summary of result> (lfNPI analysis for ail well~ of J Sand:

\Vells in J Sand r,o OGIP Are, LUR k ;

b,f aere bcf md
UK 1 7 186,136 553.03 154.923 24.7519 -7,92923

8K6 28 90.685 795.14 72.548 15.7547 -6.37866
BK 7 18 115,222 360.82 92.178 4.] 757 -6.5ill3

UK 8 18 107.118 355.55 85.694 12.0786 -6,50378

6.4.2 G Sand

There are 2 wells in G sand: ilK3 and FlK4. NPllypccurve analysi~ of individual weils

ofG Sand is given hellow:

"''''~,.~.._ ....
",,,,

Fig 6.35 NPI Typecurve Analysis of BK3 at G Sand
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Fig 6.36 NPI Typecurve Analysis ofBK4 at G Sand

The type curve data being very noisy and difficult 10 interpret, lype curve "Data Filter" is

used here for better matching. NPI plolS show good malch for all wells in G Sand. In the

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

Table 6.17 Summary of results ofKPI analysis for wells orG Sand:

Well, m G Sand 'oe OGIP Area EUR k ;
b,f acre bel' md

BK 3 28 204.163 1673.13 163.33 6.0325 -6.75062
BK4G 7 64.877 881.53 54.595 41.8413 -8.16235

6.4.3 DL Sand

There are 2 wells in DL sand: 13K2and I3K5. NPI typecurve analysis of individual wells of

D1. Sand is given hellow:
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Fig 6.38 NPI Typecurve Analysis ofBK5 at OL Sand

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

re~;ultsofNPJ analysis for the wells of DL sand is presented:



Table 6.18 Summary of results ofNPI analysis fOfwells ofDL Sand:

Wells ill D1. Salld c,o OGlP Area FUR k ,
bd acre bd md

BK2 12 159.107 [810.8 127,286 8.5608 -7.81805
BK 5 7 22.548 340.65 18,038 9.5826 -7.68695

6.4.4 nIl Sand

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

given bellow:
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Fig 639 NPI Typeeurve Analysis of BK4 at DU Sand

NPI plots show good match for BK4 in DU ~and. In the following table summary ofresul!s

ofNPJ analysis for the well BK4 ofDU ;alld is pre,enled:

Table 6, 19 Summary of results ofl\'PI analysis for well BK4 of DU Sand:

Wells in DU Sand foU OGlP Area EUR k ,
bd acre bd md

BK4 12 151.527 2058.87 127511 49.4506 -7.88224
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6.4.5 B Sand
There is only one well In B Sand: BK5. NPI typeeurve analysis 01"this well of B Sand is

given bellow:

",,

''" """"""""".

Fig 6.40 NPJ Typecurve Analysis ofBK5 at 13Sand

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

NPI analysis for the well BK5 ofB sand is presented:

Table 6.20 Summary ol"results ofNPI analysis for well BK4 of 13Sand:

Wells inB Sand roD OGIP Area EUR k ;

bof acre bof md

BK 5 ]2 136.452 1518.89 109.162 6.9433 7.73015
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6.5 Transient Typeeurve Anal)'sis

The transient typceurve analysis method is not a new method of data analysis. Rather, it

provides an alternative perspective lhat is ideal for analysis of very short (early) production

periods, and/or analysis of very low permeability re;ervoirs.

In the 13lasingame, Agarwal-Gardner and N~I analyses, the typeeurves are SC<lledsuch that

there is e\1nvergenee onto a single boundary dominated stem (unit slope). This is achieved

through the use of a dimensiooless time that is based on area (tDAor tDd)' One consequence

of thi~ type of scahng is that there are numerous transient stems. If a dimensionless time

based on well radius (to) is chosen instead, there will be a single transient stem with a series

of boundary dominated curves. When viewing all the typeeurves IOgether, the transient

presentation provides a more convenient base for analysis of transient data. Thus the

transient presentation ol"the typecurves provides a more unique typecurvc match as transient

data works better with the Transient format (qD vs t,,), The accepted time-superposition

function for Rate Transient Analysis is Material Balance Time (MBT). Since MBT is

rigorous for boundary dominated flow, it is a natural standard for evaluating variable rate

production data. When dealing with only transient data, the standard time-superposition for

transient flow (pressure transient analysis) is radial superposition time,

In this methodology, the horizontal axis is material balance pseudo time, whieh lS defined as

follows:

,
I ",!J,c" f q dl
ru q a p(p)c,(p)

(6.46)

on the vertical axis, two variables are plotted, namely Normalized Rate and Inverse of Semi-

log Derivative. Nurmalized Rate for gas wells is:

and Inverse of Semi-lug Derivative is:

(6.47)

1
--~

DER
1

a t>.Pp

--'-8In(I",)
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The normalized rate and inver,e semi-log derivative data are plnlled against material balance

time on a log-log scale of the same sizc as the type curves. This plot is called tbe "dataplo!"'.

The data plot is moved ovcr the typc curve plot, while thc axes of the t'H' plots are kept

parallel, until a good muteh is obtaincd. Type curve analysis i~ done by selecting a match

point, and reading its co-()rdinate~ off the data plot (qi~pp and la)ma!ch,and off the type curve

plot (qD and tD)IT.>toh.At the same time the stem value '"r,irw." of the matching curve is noted.

In radial basis of analysis, k b obtained from realTanging the definition of q"

The permeability (k) is calculated from above, as follows:

k = 1.417:6TII (q!8Pr)

q IJ ""'''"

From the definition of toA,

0.00634k1,~
~ . ,"Jl,["r~,

rw' i; calculated as follows:

Skin is calculated as follows:

Volume and area parameters are calculated a; follow>:

(6.49)

(6.50)

(6.51)

(6.52)

(6.53)

(6.54)

A
Gz Tf', ."
ifthSgP,T~

I (acres)
43560

(6.55)

It should he noted that boundary dominated flow analysis is not advised using this method.
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Sand-wise Tran.~ient typccnrve analysis
In this section the results ofTran,lenl typccurve analysis of ditTercnt weils of differenl sands

have been pre,ented.

6.5.1 J Sand
There arc 4 welis in J sand: BKI, BK6, BK7 and BK8. The first step in performing a

Transient analysis is to choose the correct model. For analyzing the data of t3akhrabad Gas

Field, radial model is selected. Then this analysis provides a reliable and versatile method

for estimating early lime parameters (k, s) and also estimating OGIP and drainage area.

Transient lypccurve analysis of individual welis of J Sand is given bellow:

,•.,,' ".- ,"" """" ',~,;"""" "...

"""

",

!,,
•
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•

""'., '''''''' .. ''''''''" ''''''',.

Fig 6.41 Transient Typecurvc Analysis of BK \ at J Sand
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Fig 6.43 Transienl Typccurve Analysis of SK7 at J Sand
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Fig 6.44 Transient T}pecurve Analysis of BK8 at J Sand

Due to the i,sue of non-uniqueness, analysis of production data is performed by simuitaneous

matching of multiple type curves (i.e. normali7"ed rate and integral). Transient plots show

good mateh for ali wells in J Sand. In the following table summary of results of Tran,ient

analysis for the '''elb of J sand i, pre~ented:

Tabie 6.21 Summary ofre,ults MTransicnt anaiysis lor all wells of J Sand:

Wells in J Sand 'oe QGiP Area EUR k ,
bof acre bof md

RK I 7 2i5.2 639.39 179.113 87.2054 -7.2569

"KG 12 86.159 755.46 68,927 14.6723 -6.8013 i

BK 7 18 110.39 345.69 88.3i2 2.3676 6.00495

BK8 18 105.181 349.13 84,145 I().4968 -6.0()99

6.5.2 G Sand

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

ofG Sand is given bellow:
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Fig 6.46 Transient Typecurve Analysis ofBK4 at G Sand

The type curve data being very noisy and difficult to interpret, type curve "Data Filter" is

used here for better matching. Transient plolS show good match for all wells in G Sand. In



the following table summary of results of Transient analys;s for the wells of G ~and is

presented:

Table 6.22 Summary of results ofTransien( analysis for wells ofG Sand:

Wells in G Sand rel' OGIP Area EUR k ,
bof acre bof md

BK 3 18 203.849 1670.55 163,079 3.5205 -6,79264

BK4G 12 77.361 1051.16 65.1 36.9542 -6.96647

6.5.3 DL S>lnd

There arc 2 wells in DL sand: BK2 and BK5. Transient typecurve analysis of individual

wells ofDL Sand is given bellow:
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Fig 6.47 Transient Typecurve Analysis ofBK2 a( DL Sand
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Fig 6.48 Transient Typecurve Analysis ofBK5 at DL Sand

The type curve daw being very noisy and difficult to interpret, type curve "Data PiIter" is

u~ed here for betlcr matching, rransient plot> ~how good match for all wells in DL Sand. In

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

presented:

Table 6,23 Summary of results ofTram;ient analysis for wells of DL Sand:

Wells in DL Sand ro[) OGjp A= EUR k ;
bel' acre bof md

BK2 7 149.128 1697.23 119.302 4.0145 -7.74502

BK 5 7 24.407 368.74 19.526 6.7728 -6.98169

6.5.4 DU Sand
There is only one well in DU sand: BK4. Tmnsient typccurvc analysis oflhis well MDU

Sand is given bellow:
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Fig 6.49 Transient Typecurve Analysis ofBK4 at DU Sand

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

results ofTran,ient analysis for the 'WeliBK4 ofDU sand is presented:

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

Well> in DU Sand ',.. OGIP Are, EUR k ,
bof aere bd md

BK4 12 154,928 2105,09 130.374 28.7375 -7.3137

6,5,5 B Sand

There is oniy one well in B Sand: BK5, Transient typeeurve analysis of this well ofB Sand

i,given bellow:
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Fig 6.50 Transient Typecurve Analysis ofBK5 at 8 Sand

Transient plots ShDWgood match for BK5 in B Sand. In the following [able slimmary of

results of Transient analysis for the well BK5 orB sand is presen!~d:

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

Wells in B Sand reD OOlP Are. EUR k ,
h,f acre bof mJ

BK5 12 136.037 1514,27 108.83 7.2767 -7.14899

All the type curve methods (except Fetkovich) showed extraordinary agreement between data

and reservoir model (radial) for Bakhrabad Gas Field's different wells (both producing and

su~pended). AG. Baia,ingamc, NPI and Transiem typccurve methods yield similar values of

skin (which is negative) 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.

Thc dominant flow regimes for different wells are also delennined excellently by these type

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 ,imilar in

di Il"erentanalysis for respective wells.
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Chapter 7

NON -TVPECURVE ANALYSES

The non-typecurve method, are con,idered to be more suitable for quantitativc analysis of

reserves, because they are Cartesian plots (late-time data does not gel compres,ed by lhe time

scale). The fluid-in-place analysis is performed once the prescnce of boundary dominated

flow is confirmed from the previous diagnostics,

7.1 Arps (Traditional) Declille Analysis

Arps decline analysis is easy and convenient to apply and does not require kno'Wledge of

pressure data or reservoir parameters. It provides prodllction forecast and estimates the

expected ultimate recovery (lOUR)(at current operating conditions) llsing Arps decline curve

theory. The semi-log ratc versus time plot is used in conjunction with the linear rate versus

cumulative production plot, which helps to ensure that periods of shllt-in are not included as

part of the decline.

According to F,A.S.T. RTA Technical Documcntation (2005), there are some common

Decline Analysis Concerns:

• If hyperbolic forecast is used, it is better 10 ~et the duration of the forecast (and thus

thc EUR) limiting no longer than 10 years, rather than setting an economic limit.

This prevents llnrealistically high estimates ofEUR.

• lt is better to be aware of the historical l10wing pressure trend when forecasting

production. If the trend shows steeply declining pressures, even the most

conservative exponential decline will over-predict EUR.

• The 'b' values that exceed I should not be used to detemline EUR, as it will cause

unrealistic results.

• Exponential decline is consistent with the understanding of single-phase, boundary

dominated 1101'.',whereas hyperbolic decline is considered to be consistent with the

performance or solution-gas drive reservoirs.

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

(OG/P) and area can be calculated for a variety of situations in exponential decline.
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EUR=Q +qr-q"", D

J;TP GA = '" , (acres)
ifths/"T",( 43 560)

(7.1 )

(7,2)

(7.3)

(7.4)

Where, the.r subscript denotes conditions althe beginning orthe forecast period, and:

ql _ initial rate. Thi, i5lhe starting: rate of the period preceding the forecast

qab - abandonment rme

qr- nlte at the beginning of the foreeasl period

Qr - cumulative production at the start or the forecast

D - decline rate

Sand-wisc Arps Declinc Analysis

In this section the results of Arps Decline analysis of different wells of J, G, DL, DU and B

sands have been presented.

7.1.1 J Saud
There are 4 wells in J saud: BKi, BK6, BK7 and BK8. The Tradilional page consists of two

plots: Semiiog Rate vs. Time and Rate vs. Cumulative Production. The ieft-hand side data

table of eaeh plot show" the decline (nominal decline "d" and exponential decline "D") and

output parameters (EUR- Expected Ultimate Recovery and RR- Remaining Reserves). When

the wellbore flowing pressure is entered (Pwf), an aGJP is back calculated from the EUR.

Arps Decline analysis of individuai wells of J Sand Is given bellow:
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All the wells of J Sand show hyperbolic type of decline in Arpa Decline Analysis. But the

hyperbolic exponent "b" i, vcry close to zero value except well BK8. This kind of anomaly

in results is probably dlle 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 J

~nd i~presenled:

Table 7.1 Summ~ry of results of Arps analysis for all wells of J Sand:

Wells in J Sand OGIP A", EUR D, d, b
bof aere bof %

BK I 174.977 519.88 149.188 0.077069 7.42 0.036032
BK6 62.298 546.24 52.398 2.033206 86,91 0.063296
BK 7 110.556 346.21 92.986 0.164392 15.16 0.037
BK 8 I 102.263 339.44 85.037 0.117087 1] .05 0.260864

7.1.2 G Sand

There are 2 wells in G sand: BK3 and I3K4. Arps Decline analysis of individual wells of G

Sand is glven bellow:
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J'ig 7.6 Arps Decline Analysis ofBK4 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 Mps analysis for wells of G Sand:

Wells inG Sand OGJP Area EUR D, d, b
b,f acre bef %

BK) 202.233 1657.31 173.909 0.075046 7.23 0.0096
BK4 16.771 227.88 14.044 1.554499 78.87 0

7.1.3 DL Sand

There are 2 wells in DJ. sand: BK2 and BK5. Arps Decline analysis of individual wells of

DL Sand is given hellow:
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In the following table summary of results of Arps analysis for the wells of DJ. sand is

presented:
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Table 7.3 Summory ofresuhs of Arps analysis for wells ofDL Sand:

Wells in DL Sand OGIP Are, EUR 0, d, b
bof "" bof %

BK 2 110.501 1257.62 93.289 0,286919 24.94 0

13K5 13.72 207.28 10.794 0.742678 52.42 0

7.1.4 DU Sand

There LS only one well in DU sand: BK4. Arps Decline anal}s;s of this well of DU Sand is

given bellow:
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Fig 6.9 Arps Decline Analysis ofBK4 at DU Sand

In the following table summary of results of Arps analysis for the well BK4 of 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 0, d, b
bof "re b,f %

BK4 55.099 748.66 46.139 1.385232 74.97 0
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7.1.5 B Sand
There is only one well in B Sand: BK5. Arps Decline analysis of this well of B Sand is given

bellow:
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Fig 7.10 Arps Decline Analysis of BK5 at B Sand

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

presented:

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

Wells in B Sand aGiP Area EUR D, d, b
bof acre bd %

OK 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 i, similar to conventional gas material balance. The method

is similar to a conventional material balance analysis, but requires no shut.in pressure data
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(except initial reservoir pressure). In;tend, it uses the concepts ofpre~8ure normalized rate

and malerial balance (pseudo) time to create a simple linear plot, which extrapolates to

fluids-in-place. This method is superior to lypccurve methods for estimating fluids-in.place,

because data are plotted on a linear sealc. Lale-lime data on typecutves tend to be somewhat

compre~,ed, duc to the logarithmic nature of the plol.

In FMB analysi~ procedure first Gas-in-place (OGlP) is estimaled. Then pseudo-time (le.)

for gas well<; is calculated using previous equation. Then the normalized cumulative

production (Qn) is calculated using: the following equation:

(7.5)

(7.6)

Then a plot of normalized rate (q/tlp) versus Qn is constructed and best-fit line is extrapolated

to get OGIP. New OGIP is u~ed in the repeated procedure. Once convergence on OGIP is

achieved, the EUR (based on a specilied abandonment pressure) can be estimated using the

following equation:

EUR = 5..(R - Pab JaGlP
p, z, zo'

Thi~ FMB can only be applied to reservoirs in depletion (similar to plz plot).

Sand-wise Flowing Material Balance Analysis

In this ,eetion the results of fMB analysis of different wells of lhese sand, have been

presented.

7.2.1 J Sand
There are 4 wells in J sand: BKI, BK6, BK7 and BK8. Unlike other analysi;, AG FMB is

not a type curve analy~is. Rather, it, functionality is similar to both the Arp~ Rate versus

Cumulative Production analysis and the PlZ versus Cumulative Production (conventional gas

material balan~e) plot. The x-axis of the graph is "Normalized Cumulative Produ~tion" and

the y-axis is "Normalized Rate". An alternative, or compliment to the AG FMB, is the

flolving FIZ plOL When the AG FMB and Flowing FIZ analyses are displayed

simultaneously_ the AG FMB plot is dominant (it is the active analysis and the plz simply

responds to its position). FMB analysis of individual wells of J Sand is given bellow:
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Table 7.6 Summary of results of FMB analysis for all wells of J Sand:

Wells in J Sand aGlP Area EUR
bcf acre bef

BK 1 125.158 371.86 104.17

BK6 92.407 810.24 73.925

BK7 112.874 353.47 90299

DK8 104.615 347.25 83.692

7.2.2 G Sand
There are 2 well> in G sand: BK3 and BK4, FMB analysis of individual well> of G Sand is

given bellow:
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Fig 7.16 FMI3 Analysis of BK4 at G Sand

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

presented:

lable 7.7 Summary of results ofFMB analysis for wells of G Sand:

Wells in G Sand OGIr Area EUR
boi acre ber

BK3 208.231 1706.47 166.585

BK' 56.828 772.16 47.821

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

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

pn::senred:

112



Table 7.8 Summary of results of FMB analysis for wells of 01. Sand:

Wells in 01. Sand OGIP A= BUR
bof "re bef

BK2 146.413 1666.32 117.13
BK5 22.475 339.54 17.98

7.2.4 DU Sand
There is only one well in OU sand: I3K4. FMB analysis of this well ofDU Sand is given

bellow:
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Fig 7.19 FMB Analysis ofBK4 at DU Sand

In the following table summary of results ofFMB analysis for the well BK4 of OU sand is

presented:

Table 7.9 Summary ofre,>ults of FMI3 analysis for wcll13K4 ofOU Sand:

Wells in DU Sand OGIP Area WR
bof aere bof

BK4 145.249 1973.57 122.229
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7.2.5 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 ofBK5 at B Sand

In the following table summary "I' results of FMB analysis for the well BK5 of B sand is

presented:
Table 7.10 Summary of results ofFM13 analysis for well BK4 ofB Sand:

Wells in B Sand aGIP Area 'UR
bof acre hof

BK 5 134.18 1493.6 107.344

N'ln-typecurve methods (traditional and FMB) provide quantitative analysis of reserves of

different sands of Bakhrabad Gas Field. Arps (traditional) analysis firmly comply with the

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

or different sands. FMB also fully agrees with the AWMB analysis and confirmed

volumetric drive mechanism in wel15 of different sands. The use of traditional decline

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

current production conditions are sufficient for thc well to attain optimum recovery of gas in

placc.
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A systematic approach to production data analysis using the best methods available enables

one to nbtain a full picture "nhe reserve. In the followillg table comparison of gas ill place

(bel) of different sands or Bakhrabad Gas Field using typecurve, non-typecurve and AWMB

methods are presented:

Table 7.11 Comparison of gal>in place (bel) of different sand" of Bakhrabad Gas Field using

typecurve, non-typecurve and AWMB methods:
Typecurv&l&ss

T pecurv~ m&thods methods

Sands AG Blasingame Fetkovich '" TRANSIENT ARPS 'MB AWMB, 487.918 527,003 573 212 499.161 51693 50094 435064 '"G 269.238 280811 '" 269,04 28t,21 219,004 265059 ""
OC 159247 163.825 144.619 t81,655 173.535 124.221 168.888 144,7

DU 153,119 152,867 60.97 151527 154 928 55099 145.249 no
B 140,85 135,082 107466 136.452 136037 67536 134 t8 '"

Total 1210,372 t259.588 1108.267 1237.835 126264 915954 114843 1059.7

In this study several modern decline curve methods and material balance methods are

presented for estimating the original gas in-place using flowing data (pressure and

production), Up 10 Augusl 2006, cumulative production of Bakhrabad Gas Ficid was

670,073 bel" and an abandonment pressure of 600 p"ia \vas assumed in different analysis

procedure, as there is compression facil;ty in this field. From the ab'lVe table, based on

Transient typecurvc method, highest gas in plaee estimate is 1262.64 bcf, which yields a

recovery of 53.07% for the field, whereas based on traditional deeline analysis, lowest gas in

plaee estimate is 915.954 bcf, whieh 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% lor I3akhrabad.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

follO\ving conclusions are made based on the finding;. of thi~ ~ludy'

I, Pressure versus rate diagnostic plot succe~~fully di~cern~ re~ervoir flow behavior with

approximate duralion of flow regimes for the wells of different sands of Bakhrabad

Gas Field. 11 is found that Infinite Acting flow period existed 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

indicates Bakhrabad to be a mature field.

2, Multiple wells in the same sand exhibited the same slope on the pressure-rale (p-q)

plot; suggesting reservoir connectivity. Therefore there is no compartment in the

major sands of 13akhrabadGas Field.

3. From decline analysis, a sharp exponential dcclinc is noticed at the end of the

production protiles of all thc wells. This is common for both producing wells (before

rate restriction) and for suspcnded wclls (before suspension), This is an indication of

gas wclls undergoing liquid loading- a common phenomenon at the final stage of

production of mature gas fields.

4. AWMB method reconfirms lhe recovery mechanism i~ volumetric deplelion and no

evidence of aquifer support exi~t, in this Iield. Later portion of deflection from

slraighlline in this method probably indicate liquid loading phenomena. It is possible

that water is intruding from any upper wet strata, which may happcn due to poor

cement.

5. Type curve analysis methods showed good agreement between data and reservoir

radial model for thl; field. They also reveal negative skin effect in all wells, which

complies ",itb tbe "and production problem of this ticld, It suggests the presence of

large cavities around the wellbore,

6. The Gas Initially in Place (GrIP) value of lhis field obtained by different methods

ranges from 915.954 BCl' to 1262.64 BCF, with the most likely value being 1200
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HeF. These values compare well with the previously reported values oased on

volumetric method, which ranges from 1281 to 1392 BCF.

7. Based on an abandonment pressure of 600 psia, ultimate gas recovery from the

Bakhrabad Gas Field ranges from 53 to 73 percent of the i~itial gas_i~_placc for the

major sands.

8.2 Recommendations

Followi~g recommendations are made from the findings of this study:

1. The systematic approaeh of reserve estimation procedure showed In this study can be

applied to other gas fields of Bangladesh.

2. To be certain about liquid loading problem and to prevent it for suspended wells

having such problem, ccmerlt evaluation of the wells, especially of the suspended

wells may be undertaken.
3. Using the range of GllP values of different methods of this study, production

forecasting can be generated using numerical or analytical models.
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(A I, I)

(AI.2)

APPENDIX A

Oerivation of p_q Slope for different Flow Regime

Al Multi rate Superposition Equation

Real reservoir systems usually have ,everal wells operating at varying rale,. The

diffu5ivily equation, which i, a combination of I) the law of conservation of rna,s, 2) an

equation ,,[slate, and 3) Darcy'~ law; whcn expressed in radial co ordinales, is linear.

a'p lap I rjJJ'C,OP
__ ' __ 0 ~~

or' r or 0.0002637 k 01

Multiple rate and multiple-wcll problem~ can be considered by applying the principle of

superposillon. The mathematical basi, for this technIque is explained by Van Everdingen

and Hurst, Collin, & others.

The ,uperposition principle states that ;Idding solutions to a linear differential equ;ltion

resul~ in a new solution to that differential equation, but for different boundary

conditions,

qBPI IP, - p(t,r) = 141.2~ PD(!",r"'C",geomelty, ....) + s

Equation (A 1.2) is a solution of Equation (A1.1) for a single well producing at constant

rale q.

W,1l2
0'

Fig.A 1.1: Multiple-well infinite system lor superposition explanation.
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To illustrate the principle of superposition in space, consider the three-well infinite

system in Fig.Al.1. At t = 0, Well 1 starts producing at rate ql, and Well 2 starts

producing at rate ql. It is needed 10estimale the pressure at the shut-in observation point,

WeIlJ. To do this, it is needed to add the pressure change at Well J caused by Well 1 to

the pressure change at Well J caused by Well 2,

(1\ 1.3)

To use Eq. (A1.J), we must substitute Eq.(Al.2) for 6p. Then, extending to an arbitrary

numberofwells,j = 1, 2" __', n,

(AlA)

where, rDJis the dimensionless distance frum Well j to the point of interest.

It is noted that Fq.(ALJ) and (AlA) add pressure changes (or dimensionless pressure),

not pressures. If the point of interest is an operating well, the skin factor must be added

to the dimensionkss pressure for that well onIy.

'"

"

I7t "" ""

" .p Dur owm, .,'t!___ -' ,,'-- -, -- --
/ - ,<

TOM:LJ,, -- .-" ," /
/
'-

,

fig.A 1.2, Calculation of pressure change at observation well of rig: A 1.1 for

superposition.

(Al.Sa)

Fig.Al.2 graphically illustrates the use of Eq.(I\1.3) and (AlA) for the sy,tem of

Fig.AI.I and the exponential integral Po.

I .[-r,iJPD(tV,rD)=--E, -
2 4/"
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""~ [In(ll)! r,;) + 0.80907]

Eq.(A l.5b) may be used when trJrD2>100

The exponential integral i~defined hy

Ei(-X)=-Je-" du

, "
E,(-x) "" In(x) + 0.5772 for x<O.0025

(A1.5b)

(A 1,6a)

(A1.6b)

Fig.A 1.3: Variable rate schedule for superposition explanation.

To illustrate an application of the principle of superposition to varying flow rates, it is

considered a single-wcll system with the production-rate schedule shown in fig.A!.3.

The production rate is '11li"omt = 0 to t and the second (imaginary) well producing at ratc

(ql- 'I')' starting at tl and continuing for a time period (t - t,). The net rate after time tl

would be ql + (ql- 'I') = '1,. As hefore, ll.p'~ are added for these conditions, The general

fonu of equation for N rates, with change, al tj, j = 1,2, .. , N, is

In Eq,(AI .7), [t-tJ-llr>is the dimensionless time calculated at time (t - t1).

= 2 and only two terms of the summalion are needed,
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,
o <," " "

, ,
tN' '"

,LOW TIME, t, 1l0URS

Fig.A 1.4: Schematic representation of a variable production-rate schedule

Fig.AL4 schematically shows a variable-rate history. In the nomenclature of that figure,

production (or j~jecllon) starts allimc 0, the rate remains constant at ql until lime II, then

changes to '12until lime t2 etc. Rale qj ends at time Ii and t, ~ O. The last (and current)

rate is always 'IN. The pressure at the well (or at an} other point for which PD is known)

may be calculated al any lime during rate q~ by using the principle of superposition as

indicated by Eq.(A 1.7). The pressure at the well i;

pif(t)= Pi 141~~Bj.l{q,[Pn(tD)+s]

+ ('1, -q,)(Po crt-I,L)+ s] + ('1,- q,)[PDU, -I,JD)+ s] + .

+ ('1" - qN_l }[PDUt -1,>-] ]D)+ sTI
This may be rearranged to

P.r(I)= p, 141~BfJ(q,lP,,(tJ))- p"[t-I,l,,l]

+ q, [PIlat -I,lD)- p"Qt-t,Ll]+ ..
+ q N_' [p" [I - t"., ],,)- P D at- 1,,_,L)]
+ qN[PI,[t-t"ol 1,,)]+.l'}

(A \.8)

(A 1.9)

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

integral, Eq.{AI.5b), applies, Eq.(A I .9) may be written

p,,! (I)= p, - _'_0._60_B~fJ Jq, In(-'-J +q, In[' --',J
kh 1 I-I, I-Il
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+ qN_LIn(I =tH_'] + q,[ln(t -I N_')+ IO( k ,J -7.4316 + 28])
I ',H <f!1i",r.

m

162.6BI-' •
kh

JIq, 10g(I-:'-L J + q,,[IOg(t-1 N_')+ IOg( k ,] - 3.2275+ 0.868590'])1J=' I IJ IjJfJ e,'.

_(ALI 0)

.., (AUI)

Eq.(A1.8) through (Al.l t) are convenient for estimating pressure resulting from

multiple"ratc histories. However, the form

_P_,-_P.~,_(') "_'_"_'_', (t[(qJ - qJ-1]IOg(l- (j_1 l]+ IOg( k ,] - 3.2275 +O.R6859S)
qN kh j<' qN l/JJl.c,r.

. .. (AI.l2)

which results from combining Eq.(A 1.8) and Eq.(A 1.Sb), is more convenient for

analyzing multiple- rate data.

A2 Infinite-Acting Flow Period:

During infinite-acting flow period, the generalized muilirale superposition equation for

liquids is given by Eq.(A 1.12). Rearranging this equation

PI-P.I_162.6BI'(t[(q,-qHJIOg~"_IJJ]+IOg( k ,)-3.23+0.869.<) ... (A2.1)
q" kh j_1 'I. ~/lc,r.

Setting in - 16A6pB/kh, and rearrangiDg Eq. A2.1, we obtaiD

p"! = p, - Jt (q, - qJ-1)log(t,-IJJj- mq)loJ_' -, J-3.23 + 0,8698\[,-_ 1 '~j1C,r. J

USiDg the chain rule of differentiatioll, one (;;In write

dP.r dP.i dq
dl dq dt

Re<lrranging Eq. A2.3. we h<lve

J27

... CAl.l)

(A2.3)
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dp.! dp'jldt__ 0

dq dqldl

Differentiating Eq. A2,2 with re~rect to /" I,. and tJ, we obtain

.,. (A2.4)

d
d {(q, -q,)log(t, -to)} ( 1 )(q,_q,) ... (1\2.5)
t, I, -10

d) )"-d {(q,-q, log(t, -/o)+(q, -q,)log(l, -I, }= ( _I }(q, -qo)+ ( -t )(q, -q,)
I, I, 0 I, ,

... (A2,6)

J_{(q, -qJ10g(I, -t")+(q, -q,)Jog(t, -t,)+(q, -q,)10g(11-t,)}
dt,
_ (q, -q,) + (q, -q,)+ (q, -q,)
(I, -to) (t, -tIl (I,-I,)

Therefore, the generullorm of time derivative can be written as

d 1,,( ), ( )1" q, -g,-,
dl. 1~qj -qH og I" -1,_, = ~ /" -t

l
_,

Combining Eqs. AA4 and AA8, wc have

_mJ:t q I - qJ-') _ mdq" JIOg( k ,J - 3.23 +O.869S)
dp'l" = __ I",__,_,,_-_,_,__,~ __ d_'_, cl__ ,"_"_"~ "
dqn dq,

dl
l

... (A2.7)

... (A2.8)

... (A2.9)

(A3.1)

For the COrlstant-ralecase, we have dq"ldln = 0, thereby leading dpw/./dqn to infinity or the

vertical line on the p",jlq graph. Otherwise, the numerator remains negative In Eq. A2.9,

suggesting negative slope for the P~flqgraph during infiniteucting flow. Obviously,

when a well is produced at constant P~fithc slope attains a zero value,

A3 PSS Flow Period,

During PSS flo", lhe general governing flow equatiotl for variable-rate liquid flow is

given by (Bla,ingume and l,ee, 1986)

P.-P.r =70.6BIl1n( 4A ,]+0.2339RtqJ(fJ-t,_,).
q. kh eTCAr. ~hc,A 1=' qn
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Rearranging Eq. A3, 1, one obtain8

BPij" ( 4A J cO=.23~3=9=B' ( )
Pwf = p, -70.6--ln " 1 - Lqj', -1,-1,..

kh eC"f. ,phe,Apl

Differentiating Eq. A3.2 wilh respect to time, one obtains

dp'l O.2339B-=- q
dl, (Jhc,A"

Differentiating Eq. A3.l with respect to I" I), etc., we can write

d{q,(t, -I"ll = q,d',
for timestep I, and

d{q, (I, -lo)+q,(I, -I,l}
= q,

d"

for timestep 2, and so on.

Therefore, the general form ol"time-derivative can be written as

(A3.2)

(A3.3)

(A3.4)

(A3.5)

(A3.6)

(A3.7)

In other words,

dq=q,-q,
dl 1,-1,

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

positive. Therefore, combining Eqs. Al.4, A3.3, and A3.7, we obrain

0.2339R
dp.,,, ,p hC,A q"--=- '--
dq" dq"

d"

(A3,8)

Eq. A3.8 shows that the positive slope will be exhibited when pwfis graphed against q,
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"--... Appendix B
-..••.[;;;cline C1m-es of IndividUllI Well, ofBallrabad Ga, Field
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Appendi:< C

Input parameters for computer based rDA
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