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INTRODUCTION

ANALYZE is'aihistOrylmatohing program:designed for pressure?transient
analysis of well tests in‘singleéphase;’rluid#Saturated'reservoirs;} Both
interference tests and production tests can ‘be analyzed to yield reservoir
transmissivity (kh/u), storativity (¢ch), and hydrologic boundaries. An
analytic solution is used to calculate‘the pressure drawdown/buildup in:an
idealizedvreservoir,system.. Figure 1 shows a schematic of the basic reser-:
voir/well model assumed‘oy the‘conputational;algorithm. The reservoir is
assumed to be an isothermal, isotropic, homogeneous, porous medium of constant
thickness and infinite areal extent. The production well is modeled as a line
source which fully penetrates the reservoir}i Tne fidﬁ into tne well is radial
and uniformly distributed over the height of the well (gravity effects

neglected).

The unique feature of the matching program is that the‘analytic solution

which calculates the drawdown/buildup caused by arbitrarily variable flow rates

" 'RESERVOIR MODEL
QOIS VI VPN DI IOV IPIIS P4

A

ST ST S S

Figure 1. Schematic of well/reservoir model for ANALYZE.
[XBL 813-2722]



from one or more production wells. Any variablé flow history can be modeled--
to whatever ac¢uracy’is desired-~by a sequence of straight line segments, or.
"producﬁionrpulses,f each of apprqpriatev;ength\and.inclination (Fiqure 2).
The flow rgte during any production pglsg;may be constantkpr vary linearly -
with time és shown in Equation (1): |

T) = T =T T <t<T
qg(T) = A + Bk(_. k) forr X

x* (1)

k+1'

where g(T)k the flow rate at time T during the production pulse k,

4
I

‘the time at which production pulse k begins,

=
Il

the time at wﬁich production pulse k ends,

the flow rate at time Tk'

w

o
"

the slope of the production pulse,
k

which can be written

T - q(T
5 - al k+1) af k)

- T - T °
k k+1 k

Implementation of the technique presented herein allows for the simul-
taneous analysis of pressure data from up to 20 observation wells, each influ~-
enced by the production (and/or injection) of as many as 20 wells with arbi-
trarily varying flow rates,: Pressurg data céhlﬁé analyzed forvsuch reservoir
properties as transmissivity‘(kh/U),‘sté?afivity’(¢ch), and the distance to a
single, vertical, linear resérvoir[bouﬁdéry,r Fér.pfoduction-well analysis, a
skin value--an indicator of wellbore damage or enhancement--may be obtained if

the storativity is known.



In order to solve for the reservoir parameters, a nonlinear least=-squares

métching routine is used to minimize the sum.

2 : B
X = ’ : : o (2)
where N = the number of measured pressure observations, ,
A = ‘the lated
PcaIC' lthe’calculatedepressure change, |
Apobs ="the observed pressure change, !

which is functionally dépendeﬁt on the réservoifiparameters, well configuraé
tion, and flow raﬁes. By sygﬁematically‘varyingkthe speéified reservoir param-
eters, the X2 sum is reduced‘until the'minimizagion fequirements are sgtis-
fied. .At this time the,programéassumeg the cofrect‘resérvgir parameters have

been attained.

-‘The program was written for use on a CDC 7600 and uses large-core memory
(LCM). The memory requirements, however, are not unusually large, hence the

code is easily transferable to other systems with avfew minor modifications.

* DESCRIPTION OF TECHNIQUE
VARIABLEV FLOW RATE
T; handle a variable floQJ;a;égéif;;ﬁﬁe ;ééume that agy’proadction;raée
history can be adequately_represented by a sequence of straight line segments,
each .of appropriate length-and inclinationn(Figﬁre‘2).~ we prescribe q(T) to
vary.linearly within:each interval kat6 Te+q1s 80-that, for the kth 1ine .

segment, qy can be written
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Figure 2. Representation of a variable flow rate as a sequence of straight
line segments, or "production pulses.” [XBL 815—3075]

qk(t) = Ak + Bk(r - Tk). ‘ (3)

(See Appendix C for nomenclature.)

The drawdown AP(t) caused by a variable production rate qp can be calcu-

lated by the line-source solution (Carslaw and Jaeger, 1959):

T
u k+1 (1) -r 2 ‘
B ) = e to e [mr*“;] ae L
T

k

It should be noted that the flow-rate schedule is assumed to be represen-

tative of the sandface flow rate, not the bulk flow rate recorded at the well- -

heads In addition, volumetric flow rates are used--not mass flow rates.



Once q(T) is substituted from Equation (3), the integral in Equation (4)
can be evaluated. A closed-form solution of'this‘integration is available,

- and a full development is given in Appendix A.’ The solution is

AR, (r,t) = 41rkh{[Ak +BE=TOO uk)][W(uk) W(uk+1

- B [(t - T ) exp (-u.k) - (t - Tk+1) exp ( uk_H)]} (5)
where
2 2 : oo L : :
- —ubor - uper” _ exp (-y)
kT (e =T Tkt T &(t = T | v?nd W‘f?u ST y

u

The pressure response at time t is obtained by summing the individual -

responses:
AP(rlt) = 2 AP (r,t). . ‘ . o A (6)

where K is the number of production pulses before time t. This is the pFessure

responsé due to one production well.

SEVERAL PRODUCTION WELLS
To calculate the pressure response (AP(r,t)) caused at any locatibﬁlih
the reservoir byvseveral production/injecgion wells, the d;awdowﬁ/béildqp“;
attribﬁtable to each production/injecti;n well is.égicui;ted usiné ﬁéuafion f6);
all of.these valqg#,are,thggﬂsnmmed.’ Eagp p;qégq;iqn wgllémay5the;a unique
set offflquxgterdataf‘.Tpug, using;thg‘prinéiple;qfvsupg;pqsitipn,
: J L T B SR et S TN ISP N SRS R SRS FLD AR D
AP(r,t) - z AP (r,t), O ¢



whereVJ.isvthe»pumber,of production/injection wells and APj'is the drawdown
caused by the production well :j, as calculated by Equations,(S) and (6).
Equations (5), (6), and-(7) form the basis of all pressure calculations in-the
program. With these fundamental gssumpt%ons and equations( multiple wells,
multiple rates, and reservoir boundaries can be rigoiously accounted for in

the pressure calculations.

LEAST-SQUARES MINIMIZATION » .

The sca]v.ablrix2 is a me&éure of how weii thé*daléuléted pressure reséonse
agrees with the observed pressure response. The goal of the analysis tech-
nique is to determine the values of the reservdir'pafameters that minimize x2.
This is accomplished by changing the values of the parameters from their ini-
tial values to the values which iteratively reduce the value of xz. The mini-
mization process uses the least-squares program LSQVMT, a nonlinear fiﬁting
routine, For a more complete discussion of the minimization algorithm, see

Beals (1966a,b).

The minimization statistic used for one observation well is shown in
Equation (9).
I . 2

X2 21 'ZE APcalc(i) B Apobs(l)
1 APObS(l)

. @
i1 - L o
This formulation has an advartage over a logarithmic minimization sta-
tistic in that both positive and’ﬁégaﬁive'préssure'éhaﬁéeé can be consideréd
simultaneously. This allows for the combination of injection data and produc-

tion data in a single analysis. The difference betweeﬁ the calculated pressure



A

and the observed pressure is normalized to the observed pressure change. This
was done :to give ‘equal weight to all of the pressure ‘data, regardless of the
absolute magnitude of theiresponse.‘bThis equal-weight feature is also impli-i
cit in conventional curve matchiug. The sum of the difference between the
observed and calculated points is ‘averaged over the total number of data points
used for the' analysis.: ‘This provides a means of comparing results from several
analyses‘withivarious,numbets ofwobservation‘points. -The absolute magnitude

of X2 should not be used as the;sole determinant for the success of a parti=:
cular anainis, because the value of X2 is a function of the ‘accuracy of the
data as well as the correctness of the reservoir parameters. When an accept-
able minimum has been reached, the calculated and observed pressure changes
will be nearly equal. At this time it is reasonable to assume that the correct

reservoir parameters have been obtained.

SEVERAL OBSERVATION‘WELLS

When there is uore than one‘observationiwell;’the program uses a minimi-
zation statistic which includes the data from each observation well.‘ The
calculated pressure response is obtained from Equation (7)e The minimization

statistic used iséexpressed in Equation (9).

. H Ih /. - .
1 Z z APcalc(h,i) APobs (h,i):
H - 8P, _(h,1)

=1 Is=1

(9)




HYDROLOGIC‘BOUNDARIES

A single, -fully penetrating, linear hydrologic boundary can be modeled
using the method of images -(Hantush, 1964b), " Briefly stated, a boundary may
be viewed (and modeled) as a line of bilateral stmetry‘about which image
production wells are arrayed in one-to-one symmetric correspondence with real
production wells (see Figure 3). To model an impermeable boundary, each image
production well is assigned a flow-rate record identical to-that of its symmet-
rically located real well. This results in zero pressure -gradients perpendi-

cular to the line of symmetry at the line of symmetry. A constant-potential

y axis

el2

O4e

Boundary

oF1 oP2
®02
P - Production Well

O - Observation Well
I - Image Well

Figure 3. Image-well location schematic. [XBL 815-3073]

“
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boundary is modeled using image wells whose production/injectionlrecords are

identical to those of their:symmetric'counterparts but'oflopposite sign’(pro_
duction VSe injection). This situation results in zero pressure change along
the line of symmetry, which is the necessary mathematical condition for a

constant=-potential boundary of infinite horizontal extent.

The imageqwell distance ri j is the distance from an observation well h

to the image production well, which corresponds symmetrically to production

R R

well j on the opposite side of an assumed boundary line. The boundary loca-
tion is specified in terms of a system of radial coordinates (angle o and
perpendicular distance a) whose origin corresponds to that of the Cartesian

coordinate system used to delineate the locations of the production and obser-

vation wells. The angle a is measured clockwise from the positive y axis. A
more complete description of the boundary-location scheme is discussed in

Appendix B.

The image wells that model a boundary contribute an additional component

of pressure response that is simply added to that contributed by the real

kN

production wells. This additional pressure—response component is known par-

ticularly through the assumed values of kh/u and ¢ch (as before) and through the
’ assumed values of angle a and perpendicular distance d from the boundary that
are used to calculate the image-well distance rih JV The additional

boundary effect is calculated using Equations (7) and (11). To see this more

clearly; we may rewrite Equation (7) to include the image-well effect:
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AB(h, 1) = E E AP(h.l.J,k.r nE ,AP(h,i,j;k,:; P (10)
. B . N ' ' . B . R
j=1 k=1

where AP(h, ,J,k,rh J) is the real-well contribution, and AP(h,i,3, k,rlh J) is v

the image~well contribution.

The plus sign denotes a barrier boundary and the minus sign denotes‘a
constanr-potential boundary. is oefore, the term APéalc(h,i) is inciuded in
the scalar:xz-summation (EQ. 8 or'9) for a comparison of parametrically calcu-
lated pressure responses and observed pressure responses. When an acceptable
minimum value of X2 is reached, the four parameters kh/u,'¢ch, o and d are
assumed to be‘optimized results. When two or fewer observation wells are mon-
itored, tne location of the boundary is not unique. .This is discussed further

under Recommended Procedure for Analysis (p. 12).

PRODUCTION-WELL SKIN EFFECT

The calculated pressure response, APcalc(h i,j.kx), may also. include
parameuric, steady-state skin values for production-well tests. The degree of
damage (or enhancement) that a production well may exhibit is characterized by
its skin value. The skin effect is_defined as\the steady-state pressure change
in the éroduction well; it is directly proportional to the sandface flow rate,
inversely proportional to the transmissivity, and directly proportional to s,

the skin value,

= o M
AP kin = % Zrxh ° | | : “an

Positive skin values indicate a damaged well bore, and negative skin values



1)

Rl

1

indicate an‘enhanced'wellvbore;' This formulation models the degradation (or
enhancement) of & region around the well as a f£ilm of resistance to fluid £low
at the well-bore radius. ' Several authorS’(Agarwal et al., 1970; Wattenbarger
and Ramey, 1970) have demonstrated an alternative interpretation of skin effect.

They assume a finite, annular zone of damage (or enhancement) surrounding the

well. The flow in this zone is assumed to be at steady state. The equation

- obtained is s = [(k/kq= 1]18n(rq/r,), in which kq is the permeability of the

zone and rq its radial extent.  For a constant-bulk-rate production test in
which the*well-bore storage coefficient is less than 1000 x 2r¢chrZ,, Watten-
barger and Ramey (1970) have khown that for a damaged zone of radius greater

than 100 x r,, the steéady-state skin effect and ‘the composite reservoir sYsten

‘are not equivalent. The reason is that for storage coefficients smaller than

specified above, theivariation'cf'the sandface‘flcw4rate is more acute, so that
a transient pressure response is created in the large (100 x ry) annular region

of damage, thus violating thevsteady-state assumption of the ekin effect.

The validity of the steady-State“ekin'effect‘is influenced by the rapid-
ity of the change-in sandfacefflcw'rate{“ Qualitatively, the émaller the
change in sandface flow rate,“thefclOSer,tO'eteady-State“flow conditions will
be. Thestime’required foritheff16W‘regime in the damaged region to approach -
steady state depends on the extent and permeability of the damaged zone and
on the’ rapidity K13 the change in‘'sandface- flow rate. 'It is expedient; however,:"
and in- conformity with conventional production-test analysié;‘to"aésume’that‘
wellbore damage or‘enhancement?may~be.répresented’By'ansteady-statelskin :

effect.
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The additional pressure change caused by. the skin effect in a production
well is taken into account by adding the response given by Equation (11).to
Equation (7). Thus the calculated'pressurejis given byrEquation_(12):

J K

T

AP(h,i) = z 2 8R(h,4) £ AR(h,A,3/d,n ) + 5beale)s (12)

i=1 k=1

- RECOMMENDED PROCEDURE FOR ANALYSIS

The use:pf:a”fiptiﬂg xputiné for we117test.anaiysié.is not cdmpletely.
automatic. Jgdg@enpﬁmustrbe used in choosing the initial §;1ues of the reser-
voir parameters and"inkgaugiﬁg the reliability of any result. Furthermore, '
the technique presgntedihefe is simply an egtensiqn,of eonventional methods of
well—test analysis: rules that apply to convegtional analysis also apply here.
This program is a tool to be used when the requirements of constant flow and/

or a single production/injection well are not satisfied.

ANALYZE has been vélidated by»coﬁparisondwith many anélytic and numerieél
models. For a discussion of the validation of the program, see McEdwardsiﬁhd
Tsang (1978). Experience indicates that when initial values chosen for the
reservoir parameters are within an order of magnitude of the correct values,
the correct minimums are foﬁnd. Several analyses should be performed, each-
with different iniﬁial guesses to ensure.that the best possible fit is ob-
tained. Different values for the reservoir parameters may:be found for differ-
ent guesses_of the initial parameter values. . This.may result -from-(1) errors

in the flow rate or pressure measurements or (2) difference¢ih the character
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of the well/reservoir system being tested and the well/reservoir model iﬁpiicit

in the algorithm used by ANALYZE,

Judgment must be used to select the most reaéonable result. If the min-
imum values are very large,‘qhen'it is likely that the simple reservoir model
assumed by the analytic solution is not valid for the reservoir being tested.

In this case, another mathematical solution, dependent on a more realistic

model, must be used to obtain the values for the reservoir parameters.

Well-test‘gata can be subdivided intortwolggtego;ies:,,interference-test
data and g;qguqtion-testi@apgpév;pterferendeﬁdata consist of}pressure records . .
from one og:moré ngervgtiqq,wg}isjgnd flow-rate data from the production/
injectiqn wgll(s)é Data frgmmintggfegfncg_tgsgs are analyzed for reservoir

transmissivity, stpgatiy}ty, and the location, gx;stence, and type pf linear

‘reservoir boundary. Production-test data consist of pressure records in the

production/injection well(s). A These data are analyzed for reservoir trans-
missivity,ﬁskin,vandv;he‘lqgation, existence, and type of;linea:‘reseryoir

boundary.

A_§gta;;eq prpcedure fpr‘ana%x;ingl;gﬁerferencgrtest data_is Qiscussed
below, Apalys{sjgﬁrpquug;#qn<wfll data‘is s;mi}ag‘excepg that the skin value
is obta%ngg ;n_éédi;%on\tqvgpg ;egervoifdggfaqeteré.é:Howeve:(i;n,prder to op—
tain é skigﬁva}ue_fog}g‘wg;l it:isﬁngcgssaryrto hgvgia_;eliablé gs;imatg er',,,
¢ch. This is because ¢ch‘§§d‘the skip:yglug ;;eymgthgmatica}ly nonunique. If
a reliable estiﬁate of ¢ch is eqnavailab}e, the product:¢chgegwm§ytbe obtained,

where r, is the effective wellbore radius.
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The common element for all analyses is th;t the technique is not used to
provide final values for all the parameters in just one_computer run, _Several
analyses should be performed, e#ch of which considers different effects (early
time data, long-term data, boundary effeéts, skin effect, different initial
values of the parameters). If this approach is not taken, spurious minimums
mdy not be‘recognized as‘being‘nonphysical; althbuéh'ﬁéthematical,'éolutions

to the problem.

INTERFERENCE TEST DATA

In the case of two or more observation wells and one broductién well,
pressure records should first be analyzed individually.4 Thé'effééfs’of'rés-
ervoir heterogeneity may then be determined by compé;ing the ﬁalﬁes'df the
reservoir parameters found in each single well analysis. The effects of
reservoir heterogeneity will be less evident in this comparison if two or
more proﬁuction wells affect the pressure records. The following énalysis
procedure consists of two steps and is generally applicable to each scenario.

As experience is gaihed, the userimay modify or simplify these procedures.

Step One

Purpose: (1) To determine if a boundary is present, and if so the type
of boundary and approximate values of kh/HM and ¢ch; (2) to determine values of
kh/# and ¢ch if a boundary is not indicated; and (3) to determine the communi-
cation pattern between observation and production wells so that £hé:fina1 
analysis of well-test data is not done using observation wells which do not

communicate with one or more of the production wells.
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Procedure: Perform sequential two-parameter (kh/i, ¢ch) interference’
analyses (no production pressures) for which later pressure data are progress-—
ively deleted. For example, in a series of three analyses,tthe first analysis

will consider all of the pressure data, the second analysis will consider the

A

v earliest half of the data from each observation well, and the third analysis

will consider the earliest ggarter of the data from each observation well.

Later data can be automatically ignored by use of the ERLYFT specification

ERURER AP )

(see input). If, as the later data are progressively deleted, the values of
kh/u become progressively 1arger (or smaller), coinciding with a progressive
decrease in® the returned x2 values, a barrier (constant potential) boundary is

indicated.' If the kh/u values and the x2 values do not change appreciably,

then the data do not contain boundary information, and the values of kh/u and

¢ch are accepted as the analytical results.r If a boundary is indicated, the

R 4 L

values of kh/u and ¢ch from the earliest time may be used as initial guesses
for a hydrologic boundary analysis. If two or more productionAwells influence
the pressure data under consideration, the procedure mayibe repeated using
different combinations offproduction'wellsVand‘observation'wells. ‘Comparison
of the X? values obtained for thé different ‘observation and production well
sets will indicate ‘the’‘communication pattern among wells. Thus the proper set’
of observation and production wells'may be'used'in*furtherVanalyses!for“bouni

dary effects.
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Step Two
Purpose. To determine simultaneously values of kh/u, ¢ch, -and the angle

and distance to a boundary.

Proceduré:  Perform a four-paraﬁéter"(kh/u,'¢ch, angle, aﬁd distahcé)
analysié ﬁsihg ali the intefference-pfessurérdafa and ﬁsing és initial'valﬁes
of kh/u aﬁd ¢ch the values found for the éérliest data\fit in Stép Bne. Wiﬁﬁ
initial véiués of anglé and distance set t§ zéro, impléﬁent the SﬁARCHMopti5n‘
for the boundéry type determiﬁed in SﬁépVOne. If data fioﬁ only oﬂé oﬁserva—
tion wé111and one production well éie being analyzéd,rthe SEA&CH option shgﬁld
not gé used because the boundary loéation is not uniquelj de;ermiﬁed. Only
equivalent information about the‘distaﬁce to the image étoduction &éii is
known;T:Iﬁuthis case the-initial gﬁéss»for éhgie sﬁéﬁld be ﬁeld fixed énd the
other parameters (kh/u, ¢ch, and distancéf should bé &ilowed to vary. In this
manner, the distance to a boundary along a fixéd angle will be known and the

image~well distance may be calculated.

The boundary location, once determined, is théoretically unique if
there are three or more observation wells. . Two equivalent locations for the
boundary are possible if there are two observation wells, and only an image-

well distance may be found for one observation well.
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INPUT DATA

Parameter Unit Conversion Factors

All parameter input units are converted to SI units for internal use in

the fitting program.

At

the end of the fittingfprocedure,.the parameter units

are converted again from SI units to the original input units. The required

conversion-factor'data are listed belqw.

IDIMEN . .Flag to pérm;t;:eading.of input -unit. conversion factors

.. (0.for.default units, 1 to implement)e.

Input unit conversion factors read if IDIMEN = 1.

PAPRESS . .
CMSFLOW
SECTIME
MLENGTH
PASVISC p

SMPERM

The default.(IDIMEN = 0)

Number of. pascals per pressure input unit,. .

' Number

Number

Number

-Number

Number

of
of
of
of

of

cubic meters per second per flow-rate input unit.
seconds per time input unit.-

meters per length unit.

pascal-geconds. (Pa~s) per viscosity input unit.
square milliﬁeters per perméability;input unit.

conversion . factors are-all equal to 1. - Thus, if the

default option is chosen, the parameters are understood to be3in.sIAunits.

If the IDIMEN = 1 option is chosen, the parameters.are understood to be in the .

input units used to define the unit conve:sibn»facthS-v;;-,‘ iy Do

Core DatiﬂﬁééaifeaVf&ffiiilhhaiiéeébh A,

The input data that must be specified, regardless of the fypéubf ahaiysis 7

performed, are:
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NPAR Number of parameters sought.

HH Number of observation wells.

Jﬁ Number of production wells,

KHU - ‘Initial guess of transmissivity, kh/u.
PCH ' . “Initial guess ‘of storativity, ¢ch.

Observation well data, H'= 1, HH
OX(H), OY(H)
. % and y ‘coordinates of observation well ‘H, length units.
YSTART(H)‘Inifial pressure at observation wéll H,'preSSﬁré units.
YDATA (IH, H), DATA (IH,H)
Pressure and time coordinates for observation well 'H, pressure
and time units
Production well data, J = 1, JJ
PX(J), PY(J)
x and y coordinates of production well J, length units.
AQ(KJ, J), TQ(KJ,J)
"Flow and time coordinates for production well J, flow rate and
time units
This core information is sufficient to do a two-parameter (kh/H, ¢ch) inter-
ference~-test analysis involving several observation wells and several produc-
tion wells. The additional data required for a bgundary and/or}skin—effect

analysis are given below.
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Boundary-Effect ‘Analysis

- Boundary type ‘specification.”’0 for barrier boundary, 1 for

- constant-potential boundary.: -7

ANGLE

DSTNCE -

“ERLYFT "

SEARCH

Initial guess for azimuth to boundary, measuféd”in‘degrees

" ¢lockwise from the y axis of the well coordinate system.
‘Iriitial ‘guess for perpendicular distance fo the boundary as

measured from the coordinate system origin, length units. =

Litest ‘obsérvation time used’in éﬁélysié;”'Observation times

‘later ‘than ERLYFT are not used in the analysis. The default
value of zero is replaceéd automatically with the greatest input

. ‘obgervation ‘time,

An alphanumeric flag for the performance of a preminimization
grid search for the location of a minimum x2 in angle-distanée

space.’* The final preliminary drid search values of angle and

"distance are used as initial guesses in the analysis. This

- “option‘is implemented by setting SEARCH = 6HSEARCH. Any other

Skin-Effect Analysis

" charactér string is the default option.

N

‘ JJs

Number of production wells which are also observ;tiqn wells

(dual nature wells) for which the skin effect is to be found.

X(I), I = 3,338 +2 -

LOBS(K)

Initial skin effect values for JJS production wells.
Not read if JJs = Q',,; )
Number (as read) of the production well which corresponds to

observation well H. The default value is‘O and Haé'no effect.
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ERLYFT Latest observation time used in analysis. Observation times
later than ERLYFT are\nbt used in the analysis. The default
value of zero is replaced with the largest observation time.

Fixed-Parameter Analysis

The ability to hold some or all parameters constant during the fitting
procedure is very, useful and necessary for the full exploitation and proper .
application of the:analysis‘technique, A parameter is held constant at its
tnitial (input) value by internally ﬁultiplying the extrapolated change in :the
variable by zero. This is done by setting certain diagonal elements of the
inverse of the second_derivative matrix to zero.

IREAD Flag to permit reading of diagonal elements of the H(I,J)

matrix. Set IREAD = 1 to implement. The default value is 0.

H(I,I),I =1,

NPAR diagonal elements of the H matrix.‘ Set H(I,I) = 0.0 to
hold the Ih parameter at its initial input value during the
analysis. To include the 1th parameter in the analysis, set
H(I,I) = 1.0. Up to NPAR-1 .parameters may be held constant
using the IREAD flag. To hold all parameters constant, use the
IPLOT flag. The correspondence between I and the p&rameters is

given below.

Parameter Sequential number of Parameter, I
kh/u 1

¢ch 2

Skin effect 3 to JJs+2 for JJS > 0
Angle - 3IS+3

kDistance B JJs+4
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Flag to permit plotting of calculated pressures on the basis of
input values of the parameters., No analysis is done; all param-

eters are held at’their-initial values. Set IPLOT = 1 toyimple-

~ment. The default value is 0.

INPUT DATA STRUCTURE:

‘,The sequence and format of the input data are given below. Figure 4

shows the structure of a typical input deck for ANALYZE. The definition of

each input data item is given above but is repeated here for easy reference.

'+ Head (I), I=I,10 (ioAs)

Identifying title information, one card.

B NPAR. HH, J3J, JJS, LL, IREAD, IPLOT, IDIMEN 8110)

. NPAR

- ‘ JJ -

- 33s

" IREAD

IPLOT

One card.

Number of parameters used in analysis, 2 > NPAR > JJS+4.

 Number of observation well, 1 > HH > 20.

Number of production wells, 1 > JJ > 20.
Number of production wells foriwhich the skin effect is to be
found.

Boundary type specifications, 0 for barrier, 1 for leaky.%

A»Flag to hold some parameters constant in analysis,vo for all

. free to vary, 1 for some held constant at their input value.

See last item, H(I I). : if SIS

”Flag to permit plotting of calculated pressures on the basis of

input values of parameters. No fitting analysis is done.

0 for no effect, 1 to implement.
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IDIMEN"

23

- Flag to'permit ‘reading of input unit conversion ‘factors if dif-
¢ ‘ferent from the -SI ‘system default input unit conversion factors.

'0 for ‘no ‘effect, -1 to implement, ¢ = -

* PAPRESS, CMSFLOW, SECTIME, MLENGTH, PASVISC, SMPERM, (5E10.4, E12.4),

input -unit conversion factors: Theé default input units are SI units and all

conversion factors. -0 for no effect, 1 to implement.

PAPRESS -

'CMSFLOW

SECTIME

MLENGTH

PASVISC

SMPERM

Number of pascals per pressure input unit.

“ Number ‘of cubic meters per second per flow rate ‘input unit.

Number of -Seconds per time input unit. ~(Flow and pressure time™ - ~

must be in same units.)

Number of meters per 1ength input unit. ‘

.Number of pascal—seconds per viscosity input unit.

Number of square meters per permeability input unit.

* KHU, PCH, ANGLE, DSTNCE, ERLYFT, SEARCH, STEP (5E10 4, A6, 4X, E10.4).7

KHU

ANGLE

'DSTNCE

ERLYFT'

SEARCH

viscosity units).

from origin (length units). '

Initial guess for transmissivity, kh/u (permeability-length/

G Eepietge aooa T T -
DI ; : !

‘ Initial guess for storativity, ¢ch (1ength/pressure units).

Initial qguess for aéimuth to‘boundary, measured in degrees

B T e B

: clockwise from y axis.

et

Initial guess for perpendicular distance to boundary measured

PRIt SE

latest observation time to be used in analysis. Observation
times later than ERLYFT are not used in analysis (time units).
Alphanumeric flag for performance of preliminary (preminimiza-

tion) grid search for location of minimum X2 in ANGLE-DSTNCE
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space. Final preliminary grid search values of angle and
distance are used as initial éuesses in minimization routine.
Implement by setting SEARCH = 6HSEARCH, and leave blank for
no effect.

STEP. . Increment of DSTNCE used in preminimization grid search. Eight
‘steps taken, from DSTNCE + STEP to DSTNCE + 8*STEP. STEP must
be greater than zero if seaxrch option is used (length units).

*  X(1), I=3;kJJS.+ 2, (8E10+3) JJS initial guesses of skin values.for JJS dual

wells (dimensionless); one or more cards. Omit if JJS = 0.

Observation-well data, H = 1, HH. Repeat next three items HH times;

*+ OX(H), OY(H), (2E10.3) x and y coordinates of observation well H measured
in length units., Coofdiné£é s{éﬁém ﬁay se ofvaﬁy'brientéﬁion but if mst be
Cartesian. | o

+ yoTarT(H), 10BS(H), (E10.3, 110)

YSTART(H)

[

initiélrpressure of observation well H (pfessufé units).

LOBS(H)

number (as read) of the production well théhﬂcorrésponds to
this obéervation Qell ;f.;ﬁis'dssefﬁatién weillié;é dual wéll.
thf ﬁoﬁ‘a dual well, 6&i£;

* YDATA (IH,H), XDATA (IH,H), (2E10.3), pressﬁréyénd time déiérforrobserva-

tion well H, one data point pef card. Pressure data are giveh in chronolbgical

order. Place blank card after last card. The program caﬁ ﬁénélé'ﬁp to 99

observation points:pet weil.
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Production-~well data, J=1, JJ. Repeat next two items JJ times..

* PX(J), PY(J), (2E10.3) x and y coordinates of production well J.

* AQ(KJ,J), TQ(KJI,J), (2E10.3) ooordinates of flow-rate history (flow ratéy
time) for production well J. “One data point per card. For step-rate flow:
change, both points (rates) must be given for the time of the change. Flow-

rate coordinates are given in chronological order. Place blank card after

last card. The program can handle up to ?59 flow—:ate points per production
well, .. . . e e o ’owof -

* H(I,I), I=1, NPAR (8E10.3) diagonalvelements of inverse hessian matrix, one
or mofe cardé:w RéaonivaREADk= 1. Séﬁwﬁ(i;ii ='ot£6 Hoid tﬁe ith péraﬁeter
at its initial input value. The Ith parameter will then not be a fitting par-
ameter. . Set H(I,I) = 1.0 if Ithvparameter is to be.fitted. The correspon-

dence between I and the parameters is given below.

Paraméterlj Sequenfial number of Péfametef, I
“Kh/u B ] e

$ch 2

-8kin effect . 3 to JJIS+2 for JJS > 0O

angle - JJS+3

Distahco - JJS+4

Up to NPAR-1 parameters may be held constant. To hold all parameters constant
use the IPLOT-1.option. Omit card(s) if IREAD = 0.
* Two blank.cards.

Input data lists for four sample problems are shown along with the output

for each example in the section entitled Sample Problems (p. 29).
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OUTPUT INFORMATION

The following is a list of the output which the user will obtain with
each computer run of the program. Items 1-8 pertain to input information and
are printed to enable the user to check the input data. Item 9 includes in-
formation about the minimization process, and items 10-12 present analysis

results and information about the minimum found.

Output Item List

Item
Number = - Description

1 ' 'Identifying title.

2 Number of observation and production wells in analysis.
3 The latest observation time used and the greatest observation time
input.

4 Initial guesses of parameters, whether the analysis is for a leaky
or a barrier boundary, and whether a préliminary search for the
location of the boundary was done.

5 For each production well: its sequential number, its coordinates,
the number of flow points input. For each production segment: the
initial flow rate, the slope, and the beginning time.

6 For each observation well: its sequential number, the sequential
production well number for which it corresponds if it ‘also serves as
a production well, its coordinates, the number of input data points,
the igitial pressure. For gach data point: the drawdown,_the time

of observation, and the observed pressure.
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Output Item List’ (continued)

Item
Namber Description

7 7 ‘The values of x2, 32/3x;, and xi’%ﬁ”%ﬁé;initialiguesses of the
" parameters kh/M, $ch, étc.“The'xi;Qalﬁesﬁare internal fitting
parameters and do not correspond in value to the input guesses.
At the end of minimization, these internal parameters are converted
" “to the user input units.
8 The values of the diagonal eléhents 6f’the'Hij matrix. If a dia-
: gbné13eléﬁent is zeto,  the parameter corresponding to that diagonal -
" “élement™is held fixed at its initial value.
9 J"“"”'""VIn’téj&hail"’"ff:'l.i:i:f:'l.'rig'ih'fl‘)ﬁnafif:ton} the detail of which depends on the
?'“';%IﬁRITEfcbﬁttbl“%éfiéblé:diécuséed in the érogram deséription of
'VARMIT (3eais, 1966b). The recommended value of IWRITE is zero and
is the value used in the present technique. Only final results,
Which are given in values internal to the fittihg program, are
printed for TWRITE = 0. These results are: '
(a) The number of random steps at which the best wvalue ;f X2
(called F) was achieved.
(b) The Hj 4 matrix that corresponds to the_best minimum.
(¢) The values of X2, the fitted parameters, and the gradients of
X2 (named FBEéT, XBEST, and G respgctively) that correspond to
the best minimum.

‘The fitting program takes a random step in parameter space from the

first-found minimum and finds another minimum from this new starting
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Output Item List (continued)

Item
Number

Description

10

1

12

position. 4Théﬂdiffereﬁc§s'be£wéen the values of F and the fitted
parameters found at each minimum are printed as plus (+) or minus

(=) quantities and indicate qualitatively how well the minimum is

defined. They do not constitute statistical information. More than

one random step may be specified, but it is recommended that only
one be specified (Beals, 1966a,b).
For each observation well, its sequential number. For each data

point, the time, observed drawdown, calculated drawdown, the differ-

_.ence between the calculated and observed drawdown, the ratio. between
. the calculated and observed drawdown, and a. log-log plot of observed

and calculated drawdowns versus time.

The final values of the parameters, in input unitse.
The value of X2 at the best minimum, the number of data points

used in the analysis, and the number of input data points.
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| SAMPLE PROBLEMS

Thé Theis'éurvé is‘the dimensidplessfsolutién'tp»constant—rgte,production/
injection fréﬁlgFiinefsource which fﬁlly benetraﬁés an areally infinite, iso-
tropic, isothérma;,;fqrqué ﬁgdiﬁh‘og.ébnétaﬁfhtﬁickness:; fhé~éigorithm uﬁed
in ANALYZE reduce§ £o%the‘“Theis Solutibn,“ withione Qell flowing at a coﬂ;tant

ratee.

For this case,

- IR ‘» i ' -
AP - 2qkh PD' p ' . C : (s-1)
where 7
©0
‘4 [ e;u N P Co : '
T2 J T : e
Su
and )
) 1 RRTERI . v | o ;
= R V : (5-3)
;~4tD.' ‘ ' t : k
and RO -
Sokm\ 1o o
tni(m)¢m 2, SEEE SR N N - (s=4)

for any set bf.consistentﬂunits.
For the case wheie kh/uk$;¢gh and r ==”fl,y“_Ii;q'\:lalt':l.o:"n'x (S-4) becomes ﬁD = t,
where t is the measured time from the beginning of constant flow. Also note

that if Q = 2r and kh/y = 1, then Bquation (S-1) becomes AP = Pp. This simple
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relationship'is used as the basis for a demonstration ofvthe program's matching
capability. va theipairs (fb. tD) are used as‘observation points and'é is
specified as 21 (6.283...), the program shouldrjield kh/u = ¢ch = 1 for the
reservoir. parameters. The example is useful as a simple test of whether the

program has been implemented correctly on another computer system.

The data;deck‘for this problem‘isbshown in Ficure 5. As seen in line 2,
NPAR = 2 (column 10), which specifies that only kh/u and ¢ch will be consid—
ered as fitting parameters. There is one observation well (column 20) and one
production well (column 30). As no conversion units are required, IDIMEN

(column 80) is set equal to zero. In line 3 the initial guesses of the param-

.o

ﬁeters is arbitrary, but will affect the total number of iterations required to

obtain a satisfactory match of the data."

The coordinates of the observation well (see line 4) are (0. 0, 1. 0), so
that r2= x2 + y “1. The initial pressure (YSTART) is set to zero, since the
pressure data arerinput as pressure changes rather than absolute values.

Lines 6 through 23 contain the observation points (PD, tD). ﬁThe observation

data are followed by a blank card (line 24). ’

. The_coordinates of the production well (1ine 25) are (0, 0). The flow
rate (lines 26 and 27) is equal to-2% (6.283...). - Two data cards are needed
to input a single constant flow rate. The first card specifies the flow rate
at time zero, and the second specifies the duration of that flow rate. The
flow-rate data are followed by a blank card (line 28). The data deck is com-

pleted with two blank cards (lines 29 and 30).
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The output from this problem is shown in Figures 6 and 7.’ The match of
all the data p01nts is close to perfect. As expected, the parameters kh/{ and

¢ch are found to be equal to unity.

SAMPLE PROBLEM 2: VARIABLE-RATE, MULTI-OBSERVATION-WELI. INJECTION TEST

The data for this sample problem were obtained from an injection‘test in-
a shallow groundwater aquifer under consideration for an aquifer thermal energy
storage‘prOJect. The aquifer tested is approximately 20 m thick and bounded
above and below by clays of very low permeability. An array of observation
wells (Figure 8) was drilled to monitor aquifer response to 1njection in an
attempt to determine the aquifer parameters. Many difficulties were encoun—
tered during the test, resuiting in a highly variable injection rate (Figure 9).
For this reason, ANALYZE was used to interpret what could have been considered

an unsuccessful test.

The data deck for this problem is sbown in figure 10. The deck is simf
ilar to that of Sample Problem 1, with a few exceptions. In this example,
NPAR = 4 (line 2, column 10), indicating that tbe effects of‘a boundary will
be included in the‘analysis. The zero in column 50 indicates that an imper-
.meable hydrologic boundary should be considered. Tbe 1 in column 80 of card 2
sets IDIMEN = 1 so that conversion units can be read in on the:following card.

Table 1 summarizes the conversion unit data found on card 3,

On card 4 the initial estimates of the reservoir parameters are given in
terms of the units in Table 1. For example, the initial estimate of the reser-

voir transmissivity is 8.0 x 105 mD-m/cp. Cards 5 through 112 contain the
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Table 1. Conversion Unit Data Found on Card 3.

_Input Upit'7 L ﬂjj’_COnversion Factor
Pressure Feet of water 1.984 x 103 pPa/ft of Hy0
Flow rate 1fiffﬁ;j Gallons oer ﬁihﬁte‘f - :15.31 xi{Qf? m3/s/gpm
Time unit VI-‘Iours'A .. 3600 s/hr
Length .';;"‘ Meters - IR " S dwmm
Viscosity : ';‘ LdentiéoiseSKV  . ‘lf;fjwfj1°-°3‘?a+s/°P

Permeability -~ Millidarcies . 9.862 x 10~16 m2/np

water—-level data from the four observation wells.; The data for each well in-
clude the x and y coordinates of the well (meters) and the initial pressure

(feet) followed by the water—level data and a blank card.

The injection rate for this problem was highly variable. To model the
injection rate accurately, 46:data points were required. = The rate: consisted
of both step functions and lineerly varying injection pulses. ‘Step functionsb
are input by sPecifying an initialiratexAQ aﬁrtime t4 and then ePeoifying that
same rate ar a second time ty. The flow rates are implemented as follows:

Q(e) = RQlty) + BO(t = t,) for t17.<4 t ) t2

where

aQ(t,) - AQ(t1)
CREEWE

B0 =

Thus, if AQ(ts) = AQ(t4), then BQ = 0, so that Q(t) = AQ(t4).
If aQ(ty) ¢>AQ(t1), the production pulse will be modeled with a linear

variation in time.



DRSERVATION MELL 1

TINE

2525E-01
3333E-01
<93000E-01
1000E+00
«2500E+00

(33336400

«0000E+00

L1000E+01
L2500E+01
.333IE+01

S000E+01

JA000E+02
22500E+Q2
L3333E+02

«J000E+02

«1000E+03
«2500E+03
«J333E+03

ORSERVED

~.2319E-905
-.3292E-04
L0740E-03
1246E-01
10972E+00
17026400
J2799E400
C9222E400
JFISE+G0

LA234E+01
<A56BE+0
L2019E+010
2182E+01

«2708E+01
L3166E+01
«3310E+01

S1043E+01

2 2363E401-

34

CALCULATEL DIFFERENCE

- 2317E-05
-.32926-04
-.5743E-03
- 1245E-01
- 1097E400
-~ 1702E+00
-, 2799E+00
-.5221E+00
-~ 9114E+00

A56BE+(
L 2019E+01
L2161E+010
«2363E+01
LA708E+00
L31646E+01
. 3309E+01

- 1043E+01
L1 234E 401

- 1433E-08
- 9755E-08
-, 2858E-04
- 3853E-05

«4610E-05
-, 2090E-04

1274E-04

.1485E-04

A327E-04

L5205E-04

LAL77E-04
»9325E-04
L6644E-04
<8234E-04
«1014E~03
»9356E-04
«1215E-03
. 1679E-03

RATIO

T9T4E+00
. 1000E+
- 1000E+01
«1000E+01
1000E+01
. 1000E+01
1000E+01
+1000E+01
. 1000E+01

< 1000E+01

1000E+D1
- 1000E+01
+1000E+01
» 1000E+01
1000E+01
- 1000E+Q1
1000E+01
LPI99E+00

SAMFLE PROBLEM 1,MATCH OF THEIS CURVE,DIMENSIONLESS

FINAL VALUES 0OF PARAMETERS
KHU = . 1000E+01
PCH = 1000E+01

NORKALIZED CHI-SQUARED =

FOK

Figure 6.

18 DATA POINTS OUT OF

LENGTH/PRESSURE

+47104E-07

PERNM.~LENGTH/VISC. UNITS

UNITS

18 INFUT VALUES

Output for Sample Problem 1.

[XBL, 818-11172]
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Xs - .25229E400 Uxs' .psawesen  Figure 7. Graph of output for

te -.54351E¢01 T Y= 51976E400 Sample Problem 1.
e = - : P - [XBL 818-11160]

P REPRESENTS THE PREBICTED POINT
8 REPRESENTS THE DATA POINT
F REPRESENTS BOTK THE DATA AND THE PREDICTED POINTS IF THEY LIE TOGETHER
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(0, 22.93m)
°

Observation #1

(-45.58m, 0) (0,0)
) °

Observation # 4 Production well

(0, -.30.48/77)
Observation # 2

( 38;3/m, o)

Observation #3

Figure 8. Observation well location for Sample Problem 2.

[XBL 805-946]
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Figure 9. ' Variable injection rate for Sample Problem 2.
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[XBL 813-2723]
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SANPLE 2,4 OBS MELLS,1 PROD WELL,HIGHLY VARIARLE RATE

0.
4.340
10.96
11.06
11,45
11.467
11.5
12.21
12.8%
12.77
11.83

125
11,58

11.17

10,67 .

10.32

10.54
?.55
8,57
8.35
8032
7.98

RS
"7.28
7.23

“a29

9'55

10,05 -

10.41

10,69

10.61
11.57
11,65

11.4%9

4
2.984 E+03 6.3¢ E~05 360q.
8.0 £ E05 4.7 “E-04 320,

SETIURITRS W AEE

10,64 .

11,42

10.86

T 70,55

S 10.28
10.19
9.98
10.04
?.61
9.25
8,53
8.35
8.13
7.93
7.42
7,25
2.2

Figure 10.

22.93

1.3
2.9

NN NN DK OO

1.

300 ¢
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~N ™

LSBT

(LSRR - - -]
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L
»~ U
=
.
8.

SRAg

9.9

10,22
10.52

10.46

136

11.54

M4k

10,45
11.23

CA0:76 7

10.46
10.18
0.0
9.92
9.94

.28
8.61
8.43
8.21
8.04
7.51
736
7.29

0

i

0
1.0 E-03  9.862 E-16
0. 0, 0.
R TR Y |+ Y 0. -
.3 ~404, 99
.9 ; - R » -392. 1!
b B -385. 2,
b -383. 3.
g -387. A,
0.7 -382. 5.4
13.53. -351. 7.
18.05 ~-3460. 8.8
21.1 ~-412. 9.6
25,1 412, 11.43
28, 0. 11.43
3. 0. 11,55
37700 =279, 11,95
49.4 ~362. 13.13
52.3 . =371, 15.6
55.1 T =244, 18.25
72. =201, 20.67
73.6 ~-134. 22,
743 ~391... 24,15
75.4 ~275. 25.43
72.30 =285, 26,2
81,7 ~247. 27.2
95.60 ~2435. 28.2
103.4 T =199, 30.2
106.8 ~-201. 31.5
-167. 35.3
0. -149, 37.4
~96. 47 .1
3 98, T 47,34
.9 Q. 47,36
o 0. ., 477
o =257, . 47.7
7 -190. 48,7
0.7 ~178. " 50.4°
13.93 -156. 52.3
21.1 ) ~-197. 95.8
25.1 0. . 55.8
REYTEL S g, 58,3
31. =164, 56.3
37. cLromee =123e s 70,85
49.4 ~104. 72.4
- 52.3 ~104, 73.57
§5.1 0. 73,57
I R I > 2 I R
73.4 '
74.3
75.4
7.3 o EOK
+ 8147 E ‘ cootE
95.4
103.4
104.8

Data deck for Sample Problem 2.  [XBL 818-11164]
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To model an instantaneous flow-rate change, set the time at which the
rate change is initiated equal to the time at which the previous pulse ended,

as in the following set of flow-rate points:

Flow rate Time
-412 11.43

0 11.43
This set of'points would allow an instantaneoqs rate change frbm -412 gpm to
0 gpm at 11.43;hr. The flpw-rate data is foilowed by a blank.card. Two blank

cards complete the data deck.

This problem.wa§ aﬁalyzed using the procééure outlined ihrthe se§£ion on
Recommended Procedure for Anaiysis'(pgAlz). Analysis of data from iﬁdividual
wells indicatéd the influence of a harrier boundary. Early ﬁiﬁe dat# from each
well were analyzed to obtain estimates of the reservoir transmissivity and
storativity for use in a complete fie;d analysis. Using the estimates

kh/u = 8.0 x 105 mD-m/cp and ¢ch = 4.7 x 10~% m/ft of H,0
as the initial guesses, and using the water-level data from all four wells, a
four-paraméte?}analysis was made fo obtain field-averaged reservoir parameters.
The match of the calculated values and observed values obtained for each well

are shéwp in Figures 11 and 12,

The final values of the reservoir parameters are:

kh/M = 8.34 x 10° mD-m/cp,
“¢ch = 5.16 x 1074 m/ft of H0,
-a = 3,6 degrees.
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¥ T | 'l 1 I 1 1 L i
R Observation well #1 ' 1 Observation well #2 .
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1fsigﬁre111;f Ggagpga output;forJSample propipmiz.;ﬂ"{txar 805-947] -

A similar run made with only two parameters (kh/u and ¢ch) gave a x2 value of

0. 77'xf10'2

In a case like this where the x2 fitting parameter is not dramat-s

ically decreased, judgment must be used to determine which result is more phys-

ically plausible.

In this specific example, a: subsequent test with a constant o

flow rate was performed that confirmed both the values of the reservoir param-

eters and the existence of & boundary.

Tt

et 0

Although this variable—rate formulation

is a powerful tool for well-test analysis, it is by no means recommended that

variable-rate tests be substituted for conventional single-rate tests.
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OBSERVATION WELL NO. 9 OBSERVATION VELL NO. 2

TINE OBSERVED  CALCULATED DIFFERENCE  RATIO . ; TINE OBSERVED = CALCULATED DIFFERENCE  RATIO
J1300E+01 -, 4620E+01 -.3737E+01  .8B27E400  .808YE+00 - «VA00E+01  -,3260E+01 =-,3325E401 ~,4463E-01  .1020E+01
<2900E401 -.4720E401 -.4412E401  .3083E+00  .9347E+00 +3000E401  -.3760E401 -.3942E+01 ~.1818E+400 . ,1048E+0t
<AG00E+01 - 5110E+01 -.4932E401  ,1783E+00  .9451E+00 <4600E+01  -.A120E+01 -.4400E+01 -.2001E+400  .1048E401
<6600E+01  -.5350E+01 -.S1726401  .1783E+00 ~ .9447E+00 <6600E+01 -, A400E+01 -~ 4649E401 " = 24936400 . 1057E+01
LB700E+01 - 5180E401 -~.5419E+01. =,25B4E400  .1050£+01 +B700E+01  -.4320E+01 . -,4887E+01 -.5868E+00  .1131E+01
S1070E402 -.4370E401 -.4178E+01 " LIP19E400 ,9499E+00 <1070E402 -,5280E+401 - -.5576E+01 ~.2964E400  .1054E¢01
LA353E402 -.4510E401 -.5920E+01 . ,5903E+00  .9093E+00 <1353E402 -.5360E+01 -.5372E+01 -, 1197E-01  .1002E+0t
S1805E402 -,6430E401 -, 54126401 °  .B182E+400  ,8727E400 <1BOSE#02 -.5400E+¢01 - S170E¢01  .2299E400 . 9574E+00
J2110E402  ~.S490E401 ~.4667E401  .B231E+00  .BSOIE+00 $2110E402  -.4350E+01 -.4332E+01  .1780E~01  ,9959E+00
S2510E402 -.8160E+01 - 5B44E+01  .3144E400  .9490E+00 -2510E¢02 -.5130E¢01 = 5377E+01 ~-.2474E+400  .1048E+01
+2B00E+02 ~.5240E+0f -,5298E401 ~-,5850E-01 .1011E+01 «2800E€02 -.4570E+01 ~,4897E+01 =.3271E+00  .1072E401
«3100E402 -, 48306401 ~-,4801E4+01 . 2943E-01 . ,9939E400 +3100E402  ~,4260E¢01  -,4461E+01 -.2013E400 . . 1047E+01
J3700E402 -.4330E401 -.4148E+01  .1823E+00  .9579E+00 <3700E402 -.3990E4+01 -.3883E+01 ,1073E400  ,9731E+00
CAPA0E402  -LI9BOE+O1  -.3999E401 i~.1844E-01 - .1003E+01 SAAOE+02  -,3900E¢01 - =, 37226401, 17826400  ,9543E400.
J5230E402 -, 42006401 ~.3873E+01  .3248E400  .9222£400 - L3230E402 -.3690E¢01 -,3420E401  .4982E-01  .9B11E+00
L7350E402 ~.3210E+01  ~.3008E+01  .2025E+00 . 9349E+00 <SS10E402 -.3750E+01 ~,3740E401 ~.1899E+00  .1051E+01
JJAJOEE02  -.2230E401 -.2354E401 -,1242E400  .10S6E+01 J7200E402 -.3320E¢01 -.3158E+01  .1643E+00  .9505E¢00
<7540E402  -.2010E401 -.2115E¢01 -.1045E400 10526401 $7360E402 - 29600401 ~.2914E+01  .A57SE-01  ,9B4SE+00
J?7730E402 -, 1980E401 ~.1877E+01  L1030E400  .94B0E+00 +7430E402  ~.2240E+01 -.2294E401 -,5608E-01  .1025E+04
«8170E402 ~.1640E+01 -.1554E401  .8373E-01  .9489E+00 «7540E402 - 2040E+01 ~.2068E401 ~.8059E-02  .1003E+01
<9S60E402 -, 1120E401  -.1090£¢01  .3000E-01 97326400 S7730E402 -, 1B40E+01 -.1BA2E+01 -,2319E-02  1001E+01
1034403 -,9400E+00 -.9476E400 =-.2616E-02  .1008£+01 SB170E402 -.1640E401 -.1536E+01  ,103BE+00°  .9367E+00
J1048E+03  -,8900E400 -.8979E400 =.7947E-02  .1009E401 - = .9360E+02 -,1130E401 -.1082E401  .4B02E-01  .9575E+00
S1263E403 -, S600E+00 -.6959E400 -~ 1359E+Q0 L 1243E401 - J1034E403  -.9600E+00 -.PA18E400 - .1818E-01  .9811E+00

«106BE+03  -.9200E+00 --.8928E+00  .2719E-01 «9704E+00

DBSERVATION VELL NO. 3 OBSERVATION WELL NO. 4
TINE . OBSERVED  CALCULATED DIFFERENCE . RATIO . TIHE OBSERVED  CALCULATED DIFFERENCE RATIO
J1300E401 -.2930E401 ~.2919E401  ,1067E-01  .9964E+00 . JIS00E+01  ~,3030E401 =-,27S1E401  ,2794E+00  ,9078E+00
.2800E+01 -,3440E4+01 ~-.3554E+01 - 1138E4+00  .1033E+Q1 T R 2900E400 - 3490E401 - 3307E+01 L 1B34E400  ,9474E400
.A600E+01 -,3830E+01 -.4092E+01 ~.2815E+00 . 1048E+01 «4600E401 -,3810E+0t -,3B04E+01 +6239E-02 «9984E400
L6600E+01 ~.A110E+01 ~.4376E401 -.2657E+00  .1065E+01 «6600E+01 - A110E+01 -.A101E+01  .8980E-02 ~ .9978E+00
.B700E+01  <,4080E+01 ~-,45620E+01 -.S5402E+00  .1132E+01 - 1 B200E401 -, 4050E401 - ~ AJASE4D) -, 2944E+00 - L1073E+01
L1070E402 - A950E+01  ~.5266E+01 ~.3163E+00 . 1084E401 «I1070E402 -, 4950E+01 -, 4952E+40% -,.2054E-02 » 1000E+01
JA353E402  -.5080E401 -.S110E+01  -.3025E-01  L1004E+1 «1353E+02 - 5130E401 -.AB30E+01 - ,2998E400  .9414E+00
LAB805E+02 -.5140E401  -,5004E+01  ,1383E+00  .973SE+00 .1BOSE+02 -,5050E¢01 -,4789E+01  ,2613E+00  ,.9482E+00
J2110E402 -, A040E+01 -, 42266401 -.1864E400 »31044E+01 N ~2110E402  ~,4040E+01 -.4070E+01  ~.2994E-01 » 1007E+01
25106402 -,4830E+01 -.5154E+01 ~,3238E400  .1047E+01 - ° W2510E402 "5,4820E401 -.4912E+01 -.92276-01 - .1019E+01
J2800E402 <.4370E401 ~.4737E401 ~,3473E400  .1084E+01 «2B00E+02 -.4A350E+01 -.4541E401 -_1910E400  ,1044E+01
J3100E+02 -, 4100E401 -,433BE+01 -.2383E400  .1058E+01 «3100E+02 ~.4050E+01 -.4176E+01 -.1260E400 .1031E+0V
.3700E402 ~,3820E+401 -.3792E+401 .2758E-01 +9928E+00 +3700E+02 ~.3770E401 ~-.3667E+01- ,1029E+00 . 9727E400
LAPA0E+02 -, 3450E+01 -.3586E+01  .4374E-01  .9825E+00 SAP40E402 -.3690E401 ~.3444E+401  ,24465E+400  .9332E+00
52306402 -.3560E401 -.3517E401 . ,4337E-01  .9878E+Q0 «S230E402 -.3510E+01 ~.3392E+01 . 1181E+400  .9644E+00
55106402 <-.3820E+01 ~-,3800E+01 . -,1802E+00 1050E+01- . S +S3T0E+02 -.3530E+01 2,3647E401 - ~.1174E+00 L1033E+01
22006402 -,3200E401 -.3090E+01  .1100E+Q0  .9654E+00 S7200E401  -.3150E+01  -.4135E+01 -,9850E400 ,1313E+01
J2360E402 -,2870E401 -,2907E+401 -.3724E-01  .1013E401, W7360E402 -.2870E+01 -, 2B54E401 . 1803E-01  .9944E+00
J7430E¥02 - ~,2250E401 -,2328E+401 ~.7808E-01.- L 103ISEOT LT R PA30E402 - - 2200E401 . - 2315E401 -, 1149E400 L 1052E401
J2S40E402  -,2040E+01 -.2095E¢01 -.5454E-01  .1027E+01 WP540E402 ~,2020E401 -.20B3E401  -.4453E-01  L10J2E+01
J7730E402  -.1870E401 ~,1B43E40)  .4820E-02  .9954E+00 #7730E402 -.1800E+01 -, 1BSAE+01 =,5428E-01 * ,1031E+01
JB170E402 -, 1660E¢01" ~,1548E401. - 1115E+00 «9328E400 . B170E402 -, 1630E401 =, 1545E401 -B547€-01 «PATEE4Q0
L9560E402 - 1130E401 -.1087E401  LAJ08E-01  .9419E+00 «9560E+02 -.1100E401 -.1085E401  ,14465E-01  ,9B67E+00
LH034E403 - 9600E400 -.9454E400 . 14461E-01 +IB48E+00 «1034E403 -.9500E+00 -,9443E400  .5742E-02  .9940E400
L1068E403  <«.B900E+00 ~.8960E4+00 - ~.5977E-02  .1007E+01 .« V048E€03 - ~.BB00E+00 - -.B8950E¢00 -,1497E-01. .. . 1017E+01

3

Figure 12. Output for Sample Problem 2. [XBL 818-11165]
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SAMPLE :;PROBLEMHB: 'MULTIPLE-PRODUCTION-WELL 'INTERFERENCE TEST -

The following data were obtained from a high—temperature, single-phase,
liquid-dominated geothermal reservoir currently being used for electric power
generation. The reservoir is a sedimentary deposit offsands, clays, and shales.
The total reservoir thickness is not precisely known, but the central part ‘of
the reServoir is believed to be at least 1000 m thick. The wells tested range‘

in depth from 2000 t0’3000 m and have open_intervals of 100§to'200 m. - This

H . \,
t

interference test was conducted with four production wells that were being

developed for the first time. For this reason, flow rates were gradually o
stepped up to the maximum rate, held constant for several days, and then shut
down to a slow bleed. An accurate account of the production schedule was main-
tained?for each well: ‘The'flow rate of each production well and the pressure |
response at the observation well are shown in Figure 13. The flow rates are
r,modeled using the technique discussed in Sample Problem 2. The input’dech for

this problem is shown in Figure 14.

Figures 15 and 16 show the match of the calculated pressure drops and the
real pressure drops. The fit, although not perfect, is acceptable.‘ Separate
.analyses of both the drawdown data and the buildup data were done to determine
if a reservoir boundary was influencing the pressure drops. 'Similar values of

kh/u and ¢ch were obtained for both the drawdown and the buildup, indicating

that no boundary was influencing the pressure response.
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Figure 13. Flow rates and observation data for Sample Problem 3.
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SAMPLE PKOBLEM 3..FOUR PRODUCTION WELLS,YARIABLE RATE,SINGLE OBS
- 2 A R A 0. 0 0
6895. 6,31 E-05 60.  .3048 1.0 E-03 9.862 E-16

50000. - .002

0. S0 S 2. 9227. - 918, - 35330,
0. S R T T 10710, 7 . 1070. 35330.
~.29 A5840. it 2295, 010710, 1130, 7 35410,
~.49 . .18720, L 2330400 0 12079, S 1130, 35440,
~.62 . 21600, S 1810, 12070, 1450, . 35460.
~.89 24480, 2370, 12840, 1450, . 35470,
-.98 - 25920, < 2370, 13030, - - 1132, 0 35470,
-1.07 . 273860 U i 7 16AS. AT 13030, . - 132, 37490,
C=1.3Y 0030240, 00 1645, 22020. . o 1415, 37490.
~1.47 . 31680, . 40, 22020, .. , 1415, 38070,
~1.6 . 3nde. ' ' A’ ’ 1530. . 38070.
-1.82 - 34540, C -1350, =4000. : 1530, 38910.
~2.22 C7 36000, o 45, - 0. A 1610, - 39000,
~2.64 37440, ot 0T AB. L 19460, ool 181007 391990.
-3.11 .. . .38880. oL 148, 19460, . 1570, 39200,
~3.54 40320, . . 1148, 19630, . 1570, - 39340.
~3.87 M760. T 1B36. . 19480, ‘ 1810, °° 39710,
4,12 - - 43200, ST 1834. T 19940, ¢ ] 1610, < 39740,
o438 AAR40, v o 1760. 119940, U0 . 1070." .~ 394720,
~4,6 0 . 46080, ot . o 17600 0. 20530000 .. 1020, - 49480,
C=4,82 . 47520, .. . 1760.: . ~20870, - .- ----  153. .. 49480,
~4,96 7 AB960. . - . 2086, 20870. . .. , )
~5.11 50400, 7 - 2220, . 20880. o, -3280,
4,96 751840, U LU 2220500 21410, 0. 0.
~4,78 ¢ . 532800 0D L 21400 . 21410, s 0. - 40780,
~4.69 - 547200 0 oo 2140, 23580 .- . 540, - 40780,
~4.60 . 56160, . ... .. 2220, . .23550, r 540. . 41190,
~4.42 57600, T 22200 23710, ' 1070, 41190,
-4,29°7 759040, YT 21400 0 23710, 0T i - 1224, - 41560,
~4. 16 . 60480, 1T o on o 204050 V223880, ¢ oo 1260.7 - 44840,
4,04 - 41920, < o 1836, e 1450, . - 44840.
-3.91 : 43340, 1450, - 45440,
~3.87 - 64800, 1683, 45450,
-3.8° 7 46240, 1683, T 45780,
-3.73 67480, ; © 1450 - 45780,
~3.64 ¢ 69120, 1450, . - 45990,
T-3.6 . 70560, 1640,. . 456000,

e 1640, 44430,
RN [ 1 7PN T Y X[ B

-3000.  ~3750.

0, . 0. R i : b 1407, 44740,
CQ. D949, S 995 T 29500, T v, 1760, 44740,
1301, - 5174, 995. 30270, 1760, 47030, .
1301, 4340, : 920. 30270. 1650, 47030,
1400, 4340, ‘ 920. - 39400, : 16590, 48120,
TG0 85950 LT A MU T 39800, L D 1798, S AB120,
1499, 4595. : 1800, 48330,
1499, 4597, 110, 1620, Lo . 4680, . 48330,
1545, 6597, 40, 0. 1680.  38350.
. 1545, 7740. oAb, 3160, 1760, 48350.
1928, 7740, SO 4200 U BNM80. e TRTATI060. 0 T ABAAD.
1928, 8025. 420. 35180. 1150, 48440,
2004. . 8025. . v 76507 00, 35080, 1y S 1150, - 48590,
2004, 9100, 765. 35220, 40, 48590,
. 2220. 9100, 918. 35230, -

EOR

I

Figure 14. Input deck for Sample Problem 3.  [XBL 818-11166]



OBSERVATION WELL NO. 1

TIKE

+1584E+05
+1872E405
«2160E+03
«244BE+00

“2592E+05

22736E403
«3024E+05
«3168BE+05

W 3312E+405

«3456E+05
+3600E+05
«3744E403

-~ .388BE+05

SANPLE PROBLEM 3..FOUR FRODUCTION WELLS,VARIABLE

FINAL

KKU

PCH

A032EH+0S
+4176E+05
«4320E+05
+4464E405
«460BE+05
-4752E405
«4B96E+05
«9040E+Q5
~I184E+05
«0328E+05
«9472E409
«3616E+07
«3760E+03
T04E+05
«604BE+05
6192405
«6336E+05
«64BOE+05
26624E+05
«6768E+05
+6912E+05
«7056E+05

OBSERVED

- 2900E+00
»4900E+00
26200E400

«8700E+00.

-9800E+00

S1070E4+01

1310E+01
«1470E+01
«1600E+01

«1820E+01

.2220E+01
. 2640E+01
31106401
.3540E+01
.3870E+01
-4120E+01
.4380E+01
-4600E+01

.4820E+01
+4960E401

«9110E+01
«4940E+01
«4780E+01
4690E+01
«4600E+01
44208401
«4290E+01
«4160E401
-4040E+01
L3910E+01
.3870E+01
.3800E+01
«3730E+01
«3640E+01
+3600E+01

VALUES OF PARAMETERS

NORMALIZED CHI-SQUARED =

44

CALCULATED DIFFERENCE

«3020E+00
+AD47E+00
s6186E+00

B026E+00 -
“<9208E+00
«1004E+01

«1330E401
«1463E+01

o 1680E+01

« 1934E+01

L 2172E401

«2571E401
«3037E+01
-3561E+01
<3927E+401

A4189E+01
«A43IE+01
 B682E+01
8934E+01

«S199E+01
«447E+01
.5385E+01
«3164E+01
4928E+01
«4705E+01
«4499E+01

8310E+01

A134E+01
«3978E+01
»3832E+01
<3697E+01
+3573E+01
» 3457E+401
»3349E+01
«3249E+01

.23373E-02

«1203E-01
- 3529E-01
- 1399E-02
- .8745E~01
~.0722E-01
- . 1604E~-01

L 1996E-01
-.5017E-02

»8020E-01

«1143E+00
~.4756E~01
-.6920E~01
-+7305E-01

«2103E-01

«2717E-01

. 6882E-01

+95324E~01

.8240E-01

< 1139E+00

«2387E+00

«3374E400

S4253E400

«3837E+00

< 2382E+00

«1049E+00

»7863E~01

1959E-01
-.2350E-01
~.6224E-01
-.7820E-01
-.1728E+00
-, 2274E+00
~.2730E+00
-.2907E+00
-.3512E+00

. 1284E+07 PERH.fLENGTH/UISC. UNITS

«2273E-01 LENGTH/PRESSURE -  UNITS

FOR 35 DATA POINTS OUT OF 35 INPUT VALUES

Figure 15.

Output for Sample Problem 3.

RATIO

. 1041E+01
. 7280E+00
L9977E400
7017E400
«7396E400
.9850E4+00

. 1015E401

«9964E400
- 1050E+01
- 1063E+01

+9784E+00

.9738E+00

L97865E400
~ «1006E+D1

- 1013E+01
«1017E401
«1012E+01
. 1018E+01
- 1024E+01
» 1048E+01
«1066E+01
. 1086E+01
1080E+01
1051E+01
« 1023E+01
« 1018E+01
1005E+01
<9944E+00
9846E+00
- 9800E+00
«9953E400
. 9402E+00
«9268E+0Q
«9201E+00
<7024E+00

RATE,SINGLE. OBS

[XBL 818-11167]
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BE B B But B B W B D B W P P By B Bt e P B B B Bk FE D DE W B BC B I B Pk PE BC DC Bt BE B BC B B BE PE 3w D 2k B I M R bk B BE B BE IC D B DC PE BE K 3C Ph D¢ DU Bk 3w 3¢ I e B Bt B D BC BE B

1= L4199BE+01 K= .4199BE+01
Ya  ~.53760E¢00 ‘ Y= 236196400
Y YT Y Y YO Yy YN Y Y Y T Yy Y Y Y Y Y Y PV Y YO N Y YT VY YY Y YYY Y Y Y VY YYYYYYYY
xop
e
F P
PO
PO
F
F
: .
or ]
or
4]
F
PO
F
or
F
. .
or
o
op :
e o lgp
0P
op
o
oo F
F
F
?0
o PO
U PO Figure 16. Graphed output for
:g Sample Problem 3.
PO [XBL 818-11161]
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Is  ,ABABLEO! X= L ABABLE+01

Y= -, 33760400 Ys  73619E400
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SAMPLE PROBLEﬁ 4: PRODUCTION-WELL ANALYSIS
The data for this problem were generated by the code WELBORE (Miller,
1980). Sandface flow rates were calculated by imposing a 0.02752-m3/s change
in flow rate at the wellhead. Bottom-hole pressure data were generated assum=-
~ing a reservoir with a transmissivity of 2.3 x 10-8 m3/pPa~s and a storativity
¢ch of 6.0 x 10~7 m/Pa. A zero skin value was assumed. The sandface flow
rates and the bottom~hole pressure data are shown in Figure 17. The data deck

is shown in Figure 18.

— Lol

S | | | |

e

| i _

h [

9 [ ]

T Ler e, _
[<}]

- .

3 * ‘
2 1.85— *.. Downhole pressure —
2 ..."o
0_ aon........

I.83— ...00.....0.,....7

m{’

E 0.03— Sandface flow rate . —
bt

5 0.02 — —
} .

S

O 0.0 ]
(1

0 | | l |
o) 100 200 300 400

Time (s)

Figure 17, Sandface flow rate and pressure data for Sample Problem 4.
, o : [XBL 817-2441]
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SAMPLE PROBLEN 4 ANALYSIS OF SYNTHETIC PRODUCTION MELL DATA
2 1 1 0 ] 0 0

1.0 E-08 1.0 E-07

0. .09
T19086E408 _

. 18968E+08.25000E+03
. 18854E+08.,26000E+03
«18776E+08.27000E+03

+18713E40B . 2B000E+03 .
. T8660E408.29000E+03

. 18615E+408.30000E+03
. 18577E+08.31000E+03
+18544E408.32000E403
<18517E+08,33000E+03
. 18493E+08.34000E+03
- 18473E408.35000E+03

- 18456E408.36000E403 ... .
. 1B441E+08.37000E+403

«1842BE+08.38000E+03

+18416E408.,39000E403 -

«18405E+08.40000E+403

_«18396E+0B.41000E+03 . _ .
. 18387E+08. 42000E+03

«18379E408,43000E+03

4/ 18372E+08 ,44000E403

«18365E+408,45000E+03
«18359E+08.446000E403
«18353E+08.47000E+03
+18347E408.48000E+03
«18342E+08.49000E403
A8337E408.50000E+03
.18332E408.51000E403

<18328E+08.52000E403 7 2 i

«18324E+08.53000E403

.18320E+08,54000E403 . . . .
.18316E+08,55000E 43

«18312E+08.56000E+03

«1830%E+08,57000E4+03 -

«18305E+08.58000E403

. 18302E+08,59000E+03:
 «18299E+08.40000E+03
«18296E+08,61000E403
1B292E+08.62000E403~

«18290E+08.43000E+03
«18287E+08.64000E+03
+18284E+08.65000E+03
«182B1E+08.66000E+403
«18279E+08.67000E+03
«18274E408.68000E+03
«18273E+08.49000E+03

«18274E+08,70000E+03 - ==

L 18269E+08,71000E+403

»18266E+08,72000E+03

18264E+408,73000E+03
+18262E+08,74000E+03
+18260E+08.75000E+03
«18258E+408.76000E+403

«18256E+08.77000E+03 7.+

Figure 18.

800.

»18254E+08.78000E+03 - -

18251E408.79000E+03

.18249E+408.80000F+03
" L18247E+08.81000E+03

«18245E+08.82000E+03

~+ 18243E+08.83000E+03 - -

«18241E+08.84000E+03

»18240E+08.85000E+03
. 18238E+08.,86000E+03

.18237E+08.87000E+03
«18235E408.88000E+03
«18233E408.89000E+03
. 18232E408.90000E+03

_«18230E408.91000E+03 .
“18229E408. 920006403

«18227E+08.93000E+403

[18226E+08.94000E+03

«18224E408.95000E403

. 18223E+08.94000E403 -

«18221E408.97000E+03
«18220E+08.98000E+03

U 18219E408,99000E403

«18217E+08.10000E+404
«18210E408.10800E+04
+18202E+08.11200E404
«18196E+08.,11800E+04

-1B192E408. 121 40E404
J1B192E408,12180E+04
.18190E+08.12400E+404
"o 18184E408, 13000E404

«18178E+08.13600E+04

o 18173E+08,14200E+04 . -

V18168E+08.14800E+04

«18163E+08,15400E404.
“1B159E+08,14000E+04

»18154E+08.18400E+04

~18150E+08.17200E404 -

+18144E+08.17800E+04

. ..o 1B14JE+08.18400E404 .
T 18139E+08, I9000E+04
".1813SE+08 194006404

o {8132E+08,20200E+04

+ 18129E408.,20800E+04

«18126E+08.21400E404
«18126E+08.21420E+404

0. ’¥ 0.

a0 T LR40D0ESQ3 (T S

«b1500E-03,24200E+03

«22920E-02.,24400E403 0.~

«36110E-02.24400E+03

. «58860E<02,24B00E403
© L 7758B0E-02.25000E+403

«92870E-02.25200E+03

L10519E-01,25400E+03 - -

Data deck for Sample Problem 4.

o HMS17E~01,25600E+403

L12244E-01,25800E 403

«12908E-01,26000E403
W 16356E-01.27200E403

«18058E-01.28000E403

w19905€-01,29000E+403 - -

»21378E-01.30000E+03

. ,<2250BE-01.31000E+03 .
Z23432E-01.32000E+03

«24148E-01.33000E+03

24717E-01,34000E403

«25104E-01.35000E+03
«25430E-01.34000E+403

~+29693E-01.37000E+03
. 25918€-01,3B000E+03

«26107E-01.39000E+03

i26262E-01.40000E+03

«26372E-01.41000E+03

T «26463E~01.42000E403

«26539E-01.43000E+03

<26606E-01.44000E+03

L26670E<01.45000E+03
+26954E-01.52600E+03

S27043E-01..58600E403

«27148E-01.64600E403
«27211E-01,70600E+03
+27252E-01,76600E+03 .
+27340E-01,82600E+03
+27334E-01.88400E+03

© 3 27348E-01.94600E+03

«27367E-01.10060E+04

+ «27376E~01.10660E+04 -

«27388BE-01.11260E404

1_.274015 =01,11860E404
L27413E-01.12460E+04

+27423E-01,13060E+04

W27432E-01.134640E404 - °

«27439E-01.14240E404

o +27447E-01.14840E+04 -
© L 27453E-01.15460E+04

«27459E-01.16040E+04

T 27464E-01,16640E 404"

+27469E~01.17260E+04

¢ w27474E-01.17840E+04 -

«27478E-01.18440E+04
«274B2E-01.19060E+04

_‘.274865 01, 19660E+0{
*,27489E-01,20260E+04

«27492E-01.20860E+04

2 4 27495E-01.21450E+04

«27493E-01.,22040E+04

. a27917E-01.22840E+04

+27534E-01.23240E+404

.275206-01,23860E 404

EOR

[XBL 818-11168]
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The problem is presented to show that if a variable-rate analysis tech-
nique is used, pressure data influencéd by we;lbore effects can be accurately
analyzed. It is ﬁot necessary to wait for 1 1/2 log cycles after wéilboré
storage ié over to gét an accurate aﬁaiyéisf If a variable-rate analysis is
made, data from the transition period can;be,used for the preSsﬁre-transient

analysis.

Ip this problemta wellhead change in flow fate of 0.02752 m3/s was ini-
tiated at7240 S. Pressure points at -10=-s interQals were used forvthe ahal&sis.
To input the Sandféqé flow rate accurately, data’points are ugedrevery 2 s when
the sandface réte'ié:phanging rapidly andAless frequently (* 1 min) when it has

been nearly stabilized.

Making use of the ERLYFT option, the data were analyzed ﬁsing increas-
ingly_fewer pressure points. It was found that the same minimuﬁ was returned
using és_fewAas ten pfessure points, or 100 s of pressure-transient data.
Matches were made using several different initial guesses for the reservoir
parameters. It should be noted that as the initial guesses begin to differ
from the true values by more than one order of magnitude, computing times rise
rapidly. Thus an attempt should be made to obtéin reasonably ggod initial

guesses for the reservoir parameters.

Output data from two runs are shown in Figures 19 to 22. 1In the first
run (see Figure 19), 560 s of pressure data and the the sandface flow rate are
used. The calculated values of the reservoir parameters are

xh/u = 2.37 x 10~8 m3/Pa-s and ¢ch =‘4.3 x 10~7 m/Pa.
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The discrepancy between the storativity used to generate the problem and the
calcu;ated éﬁérativity is due to the finite-difference implementation of the
wellbofe?reééfvoir connection in the program WELBQRE. For comparison a similar
run was mad;,in which thé wellhead flow rate was used instead of the sandface
flow rate.:wAs seen in Figures 20 and 21, the match is not satisfactory and the
reservoir égfémeters returned (kh/K = 1.0 x 10~8 and ¢ch = 2.6 x 10~>) are not

correct.

For'fh;sfparticular example, a 2erqukin value was used. If a nonzero
V,Skin value h&é been used, the value of QOBS wbuld{beisetkequa} to 1. For a
three-paraméﬁéf analysis, (kh/M, ¢c£; and éki;), #heEvaLuegbf;the.storativity
and the skin are coupled in such é way q; to ﬁake%thém gonﬁniéue. If it is
desired to obéain a value of therékin, it is necessary éa ébtain an accurate
value of ¢ch }rom a previous inteffefencé éroéuctioh teét.. If an accurate
value of ¢ch is avaiiable, an analysis including skin effects may be made by
holdiné the paraméﬁex dch c°ns£gn£fdﬁring théffitting prggeduré. 'This is :
achieved Sy §étt1ﬁg'H(é;2) #'6?&é;éiscﬁs§éd in the Sééﬁfon'entitied'inéut Data



TIME

«2900E+03
«2600E+03
«2700E+03
«2800E+03
«2900E+03
«3000E+03
«3100E+03
«3200E+03
«3300E403
«3400E+03
+3500E+03
«3600E+03
«3700E+03
«3BOOE+03
+3900E+03
VA000E+03
~4100E+03
+4200E+03
«4300E+03
+4400E+03
«4500E+03
VA600E+0]
«4700E+03
+AB0OE+03
+A900E4+03
-S000E+03
+5100E403
SS200E+03
L5300E+03
SS400E+03
L9500E+03
.5600E+03
37008403
.5800E+03
-5700E+03
J6000E+O]
<6100E+03
6200E403
-6300E+03
+5400E+03
-6500E+03
+6600E+03
-4700E+03
<6800E+03
269008403
7000E+03
J7100E+03
.7200E+03
.7300E+03
«7400E+03
7500E+03
«7600E+03
#7700E+0
«7800E403
7900E+03
.BOO0E+D]

OBSERVED

+9B00E+0S
«2120E406
+2900E+04
JISI0EH06
+4060E+06
A510E+06
«4890E+06
-3220E404
+5490E+08
.5730E406
2S930E406
b100E+0s
«6250E+06
-6380E+06
6500E+04
«b6610E+06
4700E406
J4790E404
J6BIOE+0S
«6T40E405
010E+04
7070E406
«7130E+06
J190E+06
+7240E406
7290E+04
«7340E+06
«7380E+06
«7420E+04
7460E+06
7500E+08
7340E404
7570E+06
7610E406
+7640E406
7670E4+06
LA700E404
J7740E408
7760E406
P790E+04
«7820E+06
«7B50E+06
7870E4+06
7900€E+06
FIIOEH06
27950E406
JT970E+06
«8000E+08
«8020E+06
+8040E+06
+8060E+06
.8080E+06
B100E+06
JB120E+06
JB150E404
B170E+04

CALCULATED DIFFERENCE

+1004E+06
«2132E+06
«2869E+06
«3490E+06
4015E408
+A46BE+06
+4B49E+06
1776408
-S458E+06
S698E+06
LS898E4+04
~6072E+04
62252406
6381E+08
.6484E+04
SSI90EH04
6693E406
67818406
L6BLIEHOS
L6935E+04
.700SE+Q8
7068E406
S227E4+04
F1B2E+06
7236E404
72B7E+06
7336E408
.73B4E+06
J429E+08

L2420E406

7910E+06
7548BE+04

. 7585E406°

J7821E406
7655E404
.76BBE+08
J7720E406
P752E405
P782E+06
8IIEHOS
JJB40E+0S
J7848BE+04
7894E+08
ZFI2IEHOS
79A6E+06
INER0S
7P9SEH04
BO1TE+04
+8041E+06
.B064E+06
<80846E+04
LH107E+06
LH128E406
L8150£406
B172E+06
«8193E406

L 2382E+04
S123EH04
~.J103E+04
~.3987E+04
~.4426E404
- A224E+04
-.4111E+04
=~ 426 9E+04
. 3249E+404
~.3156E+04
= 3197E+04
-.2B19E+04
— 2514E4+04
-, 1855E+04
- 1554E+04
~. 1485E+04
~.7244E403
-.92026403
-.8833E+03
= 4548E+403
-.4790E+03
-.2048E+03
-, 33526403
- 7573E+403
-.4256E+03
-.3089E+03
~.3828E+03
L32NEH0D
.BP08E+03
«1037E+04
.1003E+04
8225E+403
1514E+04
.1088E+04
< 1540E+04
L 1B45E+04
. 20496404
SH162E404
21926404
L2145E+04
2011E+404
A765E+04
.2445E404
L2059E404
1614E404
J21H1E+04
< 2540E+04
«1873E+04
»2147E+04
J2375E+04
L2553E+04
< 2687E+04
J2812E+04
2992E+04
-2154E+04
L 22728404

RATIO

10245401
H008E+01
«FBITEH00
.9887E+00
LYB91E+00
LF90LE+00
LI916E+400
L9918E+00
F941EHOD
L9945E+00
+9944E+00
L99S4E+00
L99H0E+00
JI971E+00
L9976E+00
LY97BE+00
L99B9E+00
. 99BSE+00
L9987E+00
IYPIEH00
J9993E+00
J9997E400
999SE+00
L9989E+00
7994E400
L9998E+00
.9995E+00
L1001E+01
L1001E+01
A001E+01
A001E401
J001E401
L 10026401

~1001E+401

S 1002E+01
JHQOZE+0Y
.1003E+01
.1002E+01
. 1003E+01
1003E+01
1003E+01
-1002E+01
» 1003E+01
< 1003E4901
« 1002E+01
10036401
1003E+01
- 1002E+01
L1003E+01
1003E+01
L1003E401
»1003E401
»1003E+01
. 1004E+01
+1003E+01
J1003E+01

SANPLE PROBLEM 4 ANALYSIS OF SYNTHETIC PRODUCTION WELL DATA

1 DBSERVATION WELLS

1 PRODUCTION WELLS

LATEST OBSERVATION TINE USED IS  .BOOOOE+03 TIME UNITS

GKEATEST OBSERVATION TIME DATA 1S .21420E+04 TIHE UNITS

INITIAL GUESSES OF PARANETERS

KHY = L1000E-07: PRH-LGTH/VISC PCH =

FINAL VALUES OF PARAMETERS
KHU = ,2375E-07 . PERM.-LENGTH/VESC. UNITS

PCH = .4329E-06 LENGTH/PRESSURE UNITS

NORMALIZED CHI-SOUARED = .276$9E-04

FOR 56 DATA POINTS OUT DF 98 INPUT VALUES

+1000E-08 LGTH/PRESS

Figure 19. Output for Sample Problem 4 using the
sandface flow rate. [XBL 818-11170]
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: : flow rate.
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= 290316401 Xs  ,29031E+01
Y= 49912E401 Y= (BP134E40



OBSERVATION WELL NO. 1

TINE OBSERVED  CALCULATED DIFFERENCE RATIO

«2500E+03  L9B00E+05  .1141E+06  .1609E405 . 1164E+01

22600E+03  .2120E+06  .2160E+06  .3979E+04  .1019E+01

«2700E403  .2900E+06  .2859E+046 -.4121E+04  ,9858E+00

«2B00E403  .3530E+06 . 33IB7E+406 -.1430E+405  .9595E+00

J2900E+03  LA060E+06  L3BI1E+06 ~.2490E405  .9387E+00

-3000E+03  LADI0E+06  .A185E406 - 3450E+05  .9235E+00

L3100E+03 . AB90E+06 . 4469E406 ~-.A213E+05  .9138BE+00

+3200E+03  .5220E406  .4735E+06 -.4853E+05  .9070E+00

L3300E+03  .5490E+06  .4971E+06 -.318BE+05  .905SE+00

34006403 L5730E+406  .S1B4E+06 -.54GBE4Q5S . F047E+00 .

.3500E+03  .5930E+06  .5I78E+06 ~—.§S22E+0S  .90L9E+00 SANPLE PROBLEM 4 ANALYSIS OF SYNTHETIC PRODUCTION WELL DATA (SURFACE FLOW RATE)
«3600E+03  L6100E+06  .GSSSE+406 -.5446E+05  .9107E+00 .
3700E403  L6250E06  LSTI9E+04  -.5307E40YN  LPISIE400 .

-3B00E+03 . 63B0E+06  .SB72E4Q6 -.5084E+05  .9203E+00 1 OBSERVATION WELLS 1 PRODUCTION WELLS

3900E+03  .6000E+06  .6014E+06 -,4863E+05  .9252E+00

4000E+03  .6610E+06  .6147E+06 ~-.4830E405  .9300E+00 LATEST OBSERVATION TIME USED IS  ,80000E+03 TIME UNITS
JATQ0E+0T  L6700E+046 L 6272E406 -.4276E405  (9362E+400

LA200E403 L 4790E4046 L6391E406  -.3991E405 94128400 GREATEST OBSERVATION TIME DATA IS  .21420E+04 TINE UNITS

LA300E+03  .4B70E+08  L6TO0JE+06 - 366BE+05  L9446E+H00
A400E+03  L4940E+086  L6610E406 -.3302E405 L 9S24E+00

4500E+03  .7010E406  .A711E+04 - 29B6E+05  .93574E+00 INITIAL GUESSES OF PARAMETERS
4600E+03  .7070E+06  .6BOBE+06 -.2616E+05  .94630E+00 '
4700E+03  ,7130E406 69016406 -,2289E+405  .9479E+00 KHU = +1000E-07 PRH-LGTH/VISC PCH = .1000E-04 - LGTH/PRESS

CA4800E+03  .7190E4046  .6990E+06 ~.2000E+05  .9722E+00
AT00E+0T . 7240E406 L 7075E+406  ~-.1646E40h  (9773E+00
JS000E+03  .7290E406 L 7157E+406 -.1328E+05  ,9818E+00 FINAL VALUES OF PARAMETERS

JS100E403  .7340E+06  .7236E+06 ~-.1035E+405  .9859E+00
G200E403  .73B0E+06  .7313E+06 ~-.6732E404  .9709E+00 KHU = ,1622E-07 PERMN.-LENGTH/VISC. URITS
53008403 L7420E406  L73B4E+06  -.3373E+Q4 99556400
5400E+03  .7460E406 . 7457E406 -.2602E403  .9997E+00 PCH = .2633E-04 LENGTH/PRESSURE UNITS

LS500E+403  L7500E+06 75268406  L2624E404  .1003E+01
LI600E403  .7540E406  ,7593E+06  .G293E+04  L1007E+01

JS700E403  .7570E+06  .7658E+406  .B760E+04 L 1012E+01 NOKNALIZED CHI-SQUARED = .34183E-02
«SB00E+03  L75610E+06  .7720E406  .1104E+05 . 1015E+0t
LS900E+03  .7440E+06  .7781E+06 (1413E+05  L1019E401 FOR 56 DATA POINTS OUT OF 98 INPUT VALUES

<6000E+03  .7670E+06  ,7BAIEH06  .1706E405  L1022E+01
L6100E403  7700E+06  .7898E+06  L19B3E4+05 . 1026E+01
H6200E403  L7740E406  L7954E406  L2143E405  L1028E+01
J6300E403  7760E406  .8009E+06  .2492E405 . 1032E+0%
400403 7790E406  LBOGIEH0S  L2V26E405 L 1033E+01
L6500E+03  .7820E¢06  (BI1SE+06  .2946E+05 L 103BE+01
6600E+03  .7850E+06  .BI63E+06 L JISHE40T L 1040E+01
.6700E403  .78B70E+06  .8215E+06  .JASIE+0S . 1044E+01
«6800E+03  ,7900E+06  ,BR64E+06 . 3636E+0T  .1046E+01
<6900E+03  .7930E+06  .B311E4+06  .3B10E+405  .104BE+01
LJO000E+03 L 7950E406 .BISTE406 . 4074E+05  L10SIE+Q1
JJ100E403  L7970E406  .BAOIE+06  .4J29E+05  .1054E+01
<7200E+03  .BOOOE+06  ,BA47E+06  .4473E405 L 1058E+01
27300E+03  .B020E+06  .BARIE+06  .4709E+05  .1039E+01
JA00E4+03  .BO40E+06  .B534E+06  .4934E+05  LHOSIEHD

L7500E+03  .BOSOE+06  ,8575E+06  .S154E+05 . 1044E+01 . . ' :
.7600E+03  .B0BOE+06  .BHT4E+06  .S34SE+05 . 1066E+01 Figure 21. Output for Sample Problem 4 using the
LP700E403  LB100E406  .BAS7EH06 . 556BE+05 L 1069E+01 wellhead flow rate. [XBL 818-11163}

J7B00E+03  LBI120E406  .B49EE+046  .5743E+05 L 1071E+0)
JZ900E403  LBI50E+06  .B735E+06  LOBSIE+0S  .1072E+01
«BO00E+03  .BI70E+08  .B773E+06  .6032E+05 . 1074E+01
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APPENDIX A

PRESSURE RESPONSE OF A LINEARLY VARYING PRODUCTION PULSE

The pressure change around a line source ofrinstantaneous strength g* is

given by

Ap(r,t) = z%%; exp [4ni] I L c , (A-1)
where N = k/¢lc . is thefhydraulic;diffusivity and the strength q* is defined as
the drawdown :per unit lengthfline source, caused by the instantaneous release -
of a given amount of fluid per unit length line source. With: g as the amount -

of fluid .released instantaneously per unit length line source, we may write |
) ’ I .
q' =q*¢c or ot = . - ’ Teas (a-2)
L %e |
Further, with h as the'LEngth of‘the_line source (thickness of the aquifer
with{a'fully penetrating.ﬁeliilthe total amount of fluid released instantane-

ously by the lineAsource is

gq=q'h = ,ci*4>ch or q* = 33}-1 . (a=3)

Substituting (A—3) into (A~2) ‘and noting that n kh/u¢ch,‘we obtain the
pressure change caused at any time and at any radial distance by the instan-

ftaneous'release‘of a volune of;fluid q from the line source

. g - exp (-r /4nt)
4ﬂkh -t

‘ {"Aibi‘f,,t_)_.f- (a-4)

’:'We may think of a time-varying flow rate as a sequence of instantaneous Q'
C whose magnitudes correspond in time to the flow-rate value. With qk(T) repre-
senting the flow rate from time Tk to Tk+1' we' integrate the instantaneous

response (A=4) in time to get
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2
T -r
: k+1 exp [———-—]
- n dn(t - 1)) -
APk(r,t) Zrkh qk('t')__v;t - dt, (n-5)
Tx

which is the pressure response due to a line source active from Ty to Ty49

with flow rate qy(t).

To handle the variable flow rate q(t), we assume.that any production-rate
history can be represented by a sequence of straight line segments, each of
necessary length and inclination (Figure 2).. We prescribe q(t) to .vary linear-
ly within the interval Ty to Ty4+q as

qk(r)f= Ak +ka(t - Tk)- ) , . (a-6)

In light of (A-6), (A-5) becomes:

Tt [Ak +B (T -1 )] exp [————EE———]
Apk(r't) = B k k Lin(t -~ 1) ar, (a-7)

4tkh t-

Tx

which may be written as:

t 2
: r
+B(t -1 )] exp | s
AP, (r,t) = —&- [Ak k k Lan(t - T) at
k 4rkh t~1
Tx
t 2
) [Ak + Bk(T - Tk)] exp [471“'— - T)] at. (A-s)
4wkh t -1 - ‘
Tx+1

Because the two integrals in (A-8) are identical except for sign and the lower
limit of integration, we operate only on the first integral and then, by exact

analog, extend all analytical results to the second integral.
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We first note that by adding and subtracting Byi(t - 1), the flow rate

qx(t) may be written as

A +B (t-1)=A +B (t-r1)~- B (t = 1) R  (a-9)

Substituting (A-9) into the first integral of (A-8) and simplifying, we obtain .

t T e T, FE
- - ...exp.‘[4 ]

- - - n{t - 1
/ A, +B, (t - 1) -B(t=-1)] ragpags dr

t 2
9"1.’.‘[4n(t - 'r)]

. 2 5
- B, [ exp [m] dt. . : (A-10)

To evaluate the integrals in (A-10) we let

2
r :
- a-11
R Y TRy ( )
from which
2 - ,
du = ——5——'gr and. t”frt‘ = -;11' du. -
an(t - 1) ,
With up ;5‘3,,;2/411(1: = Tx), the first integral in (A-10) becomes
t 2 ) S »
= [ . )] xp_[-u]
i e l4nft - 1 Jd _ ] :exp. [-u y o -
/ re—— / ” du = W(w), (a-12)
Tx Y

where W(ug) is the well function (Theis, 1935) of the argument uy.
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Noting that dtr = r2/(4nu?), the second integral in (A-10) becomes

£ | -

2 2 ' :
-r _r exp [-u] -

] gxp [——411(1: = T)]dt n : u2 du. (A~-13)

x Yk |

It may be shown by integration by parts that

exp [-u] . _ zexp [-u] _ f exp [-u] .. (A-14)

2 u ] u *

u , S v

Using (A-14) to expand (A-13), the second integral in (A-10) becomes

t ‘ 0

.2 2 exp [=-u ]
exp | —=——far = { & —_—k exp (-u) ..
It - 1) 4n u u
T, v
r2 ‘
= (t - Tk) exp [-uk] - W(uk). (A=15)

Substituting (A-12) and (A-15) into (A-10), we obtain for the first integral

in (a-8)

t 2
- o [ ]
f (A, + B (t - 7)) 42(E T 22 ar
Tx

2
: Y
[Ak + Bk(t - tk)]W(uk) - Bk[(t - Tk); exp [—ukl Ty W("k”

2
r . A=
[Ak + Bk (—‘471 +t - Tk)j, W(uk) - Bk(t - Tk) exp [ uk]. (A=-16)

By analogy with the preceding development and with uy,q = r2/an(t - Tx+1),

we may write the second integral in (A-8) as



s

2

t , | |
A +B (t - T)] exp<———'-r—-—> 2
k k an(t - 1) - r_ -
_[ TE- T dr = Ak"Bk(m*'t Tk) W)
Tk+1
- Bk(t - Tk+1) exp [-uk+1]. : (A-17)

Finally, substituting (A-16) and (A=-17) into (A-8), we obtain

2 ‘
= 2 Ll - -
Ap(k) = o [Ak + _Bk(4n +t ’tk>] W), = Wla )]

- Bk[(t - Tk) exp (-uk) - (t - Tk+1) exp (-uk+1)]} P (a~-18)
which becomes identical to Equation 5 upon making the substitution

2
r

+t-7
4n ke

‘t - Tk)(1 f uk) = x*
For the assumption of constant flow rate, Ay - q, By = 0, Ty = 0, and

- Tk+1 = t, Equation (A-18) becomes

AP P (qw(u)] = =2 [e—xe'—;:y—)dy. ' (A-19)
' u

= atkn aTkh

which is the conventional constant-strength, line-source solution.



-
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APPENDIX B

CALCULATION OF IMAGE-WELL DISTANCES

The location of a 1;oeet;lvertical hydroiogie ;oundarf is calculated in
terms of an azimuthal aégief¢ ;ﬁa a’dietance d. The angle is meaeuted clock=-
wise‘ttom the y axis aroﬁnd the-origin of thevCartesian{ooordinate system that
defines the well locations. The distance-d is meaeured along the:direction
from the.origin and reéresente_the horizontal perpendicu}af>distance to a ver-
tical%boundary. Image-well diéteooes are calculated usiné theflodations, in a
second coordinate system, ofatﬁe!reel'ﬁelisxehd the‘ihage<ﬁei1s.' Figure 23

depicts this arrangement.

For a given value of o, a second Cartesian coordinate system isfdefined :

whOSé;Ofiinate%axisﬁyfﬂis?pardllel to,theflinee; boﬁndef}; The tfensformation

L

equations are
1#‘ ='xsioa + ycosa, -
y' = ysina ;'xéés&iﬁ'f“f'x | . | - (B-1)
_The i@age-well distaddefcorrespondiog:to observétion well h and p;oduction
well ﬁxis given in termsiofftke trathorﬁed coordinates of these two wells.
With Px(j) and PY(j) denoting the x and y coordinates of production well j and
OX(h) and OY(h) denoting the x and y coordinates of the observation well, ‘their

coordinates in the ‘transformed coordinate system are -

' RPX(j) _Px(ﬁ)sina + PY(j)COSa:

RPY(3) = PY(3)sina - PX(j)cosa, " (B-12)
and

ROX(h) = OX(h)sina + OY(h)cosa,

0Y(h)sing

ROY(h) .- ox(h)cosa_. : \ (B-1b)
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y PX()PY()
A RPX(j), RPY;j)
. o

- X'=xsina+ycosa
y' = ysina-xcosa

B
OX(h), OY(h
ROX(h), ROY(h)

. e = /(ROX(h)-RIPX(}))2 + (ROY(h) =RIPY(j)2
\ ~\‘\\\\\~\-\\\\\\\’ﬂa
\ ) :
\ RIPX(j), RIPY(;)

) RIPX(j) = 2d-RPX(j)
RIPY(j) = RPY(j)

Figure 23. Schematic for the calculation of.image-well distances.

[XBL 792-496]
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The x' image-well coordinate

RIPX(3) = 24 - RPX(j). (B-2)

Bééguse the y' axis is parallel to the boundary, the y' coordinates of
thé imag; well and the production well afe the same, i.e.,
| RIPY(j) = RPY(j). : S (B-3)
The i@agé—well disﬁance qorresponding to observation well h and production
well 3j ié calculated using the transformed ohservatidn well coo:diﬁates given

by (Bi1b):and the transformed image-well coordinates given by (B=2) and (B-3):

RI(h,§) = [ROX(h) - RIPX(§)]2 + [ROY(R) - RIP(4)]2. (B-4)

Singe the calculation of the component of pressure change due to an image
well';equires only the square of the distance to the image well, it is calcu-
1a£éd’éiréctly: |

- RrI2(h,3) = [ROX(h) - RIPX(§)]12 + [ROY(h) - rIPY(§)12. | ~ (B-5)
:Thuéffof any ﬁumber of observation wélls and production wells, the effect of a
'iinéaf'ioundafy ié mpdeled in terms of é and 4, from whigh values of RI2(h,3)

are calculated.
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APPENDIX C
NOMENCLATURE

Angle to hydrologic boundary

Flow rate at beginning of production pulse k

- Linear rate of change of flow rate during production
--pulse k

" Combined aquifer matrix and fluid compressibility
-Statistic minimized in present technique
'xz statistic for observetion well h

- ‘Distance to hydroloéic”boundary'

" Hydraulic diffusivity

" Alternate symbol for X?

' Derivative of F with’ respect to parameter ‘1" or the

gradient vector of F . . - . ..

Derivative of F; with respect to the parameter 3.
or the second derivative matrix (Hessian) of F

Height of reservoir .or height of open interval of
production well .

Index of observation wells

i,{_Number of observation vells'considered

Inverse of Fiq matrix
Index of pressure changes or index of parameters

Number of observed pressures

-..: Number of observed pressures of observation well: h;’-

Index of production wells

-+ Number of production wells considered

’:Permeability

Index of production pulses -
Number of production pulses

Number of production pulses of production well 3

[deq]
(L3/12]

(L3/72)
(L2 M)
(-1

(-]

(L]
1L2/m)
(-]

_jvariable]

~ [variable]

- L]
(-]
-1
[veriable]
(-]
(-1
(-]
(-]
-1
2y
(-]
-]
(-1



kh/u

APskin

9bulk

9k

dsf

W(u)

XY

xl

e Y
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Axes of image-well coordinate system

Transmissivity [L4r/M)
Dynamic viscosity M/LT]
Number of parameters considered ", -~ (-]
Porosity [-1
iObserved pressure change tﬁ/LTZ]
wihitial production weli.éfegsﬁre M/LT2]
- Observed pressure'éhange ' R >>'[M/LT2]
_Pressure change due to skin effect M/LT2]
Strength of line source M/LT2]
Wellhead flow rate - (L3/m)
Flow rate that obtains during pfodugtipnuéegment k [L3T]
;Sandface flow rate \ v,a{L3/T]
Effective wellbore radius v L)
Distance between the observation and the production well L)
' Distance between the observation well and theAimage
production well Ll
‘Distance between observation well h and iﬁége well of
production well j (L]
Wellbore radius L]
Skin effect value (-]
Storativity (L.272/M]
Production time [T]
Observation time (T]
: o
-y
° Argument of well function - '](%)dy (-]
u
Well function or negative exponentiél.integral_of argument -u . - - [=]
Parameter i or vector of pérameters . [variable]
Axes of well-field coordinate system L]

(]
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