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I.:.

INTRODUCTION AND CONCLUbIONS

Objectives and Rationale

i

2

The major objectives of- the Decline Curve
project were to

1.

3.

‘Test the decline analysis methods used in
the petroleum industry on geothermal
production data, .

Examine and/or develop new analysis
» methods, . .

Develop.a standard operating. procedure‘
for analy7ing geothermal production data.

5‘Var10us analysis methods have long been avail—
able but they have not been tested on geothermal -:
data because of the lack of publicly-available,
data. .
stantial data sets from Wairakei, New Zealand; .- -
Cerro Prieto, Mexico and The Geysers, U.S.A. has:.

‘made this study possible.

The recent -release to publication of ‘sub-:. .

Geothermal reservoirs

are quite dlfferent'from petroleum reservoirs in
many ways so the :analysis. methods :must be tested
using geothermal -data. - : TR o

Data and Analysis Methods -

ture.

Data and analysis methodsbwerergéihered‘ftom
the petroleum, :geothermal; and hydrological ‘1itera-

: 1dj
2.,

The data sets examined 1nclude,,“~r; SR TR

Wairakei New Zealand i 141 wells -
Cerro Prieto, Mexicor- 18 wells . .

3.
4,
5.
6.

e i

The ‘Geysers, U.S.A., = 27 wells
Larderello, Italy - 9 wells and groups
Matsukawa and Otake; Japan: = 8 wélls
Olkaria, Kenya - 1 well

i,

The . analysis methods tested were :-

1.
2.

3.

4.
5.
6.

Arps'siequations -’
Fetkovich-type curves’ ... .
Sltder's. method.for Arps .-

~Gentry's method for Arps-

Gentry's & McCray's method
Other ‘type curves

s 7.+ Plz-vs, Q method- : :
©. 8.7"Coats'! +influence function method
::9; ~-Bodvarsson's Linearized Free: Surface
A Green s Function method :
Conclusions

: The conclusions -are

: The exponential equation fit is satisfac-

tory for geothermal data.
The hyperbolic equation should be used
only if the data fit well on a hyperbolic

.type curve.

+'The type .curve methods are useful if the

data are.not too scattered. They .work

- well for vapor dominated systems and

poorly for .liquid ‘dominated systems.
Coats' ‘influence function method can be

.used‘even with very scattered data.
- Bodvarsson's method 1s still-experimental
~but: it."shows much:promiSe:as a useful tool.

S




II. THEORY OF RESERVOIR DECLINE MODELS*

(1) Deciine mechanism

. A geothermal reservoir has essentially three
capacitances, (1) fluid/rock compressibility, (2)
free liquid surface mobility and (3) reservoir
liquid vaporization. In essence, item .(3) is
also a compressibility effect similar to (1). In
this section, we will very briefly review in'a
semi-quantitative manner; the. relative magnitudes
of the effects listed above. -

Consider a reservoir consisting of a slab of
thickness H-and of a.large horizontal extent. The
porosity/permeability. can be of the fracture or
intergranular type but is assumed to be suffici-
ently homogeneous that an average porosity ¢ and
capacitivity s (storage coefficient) can be de-
fined.

On these premises, we find that lowering the
pressure by Ap in a vertical column of unit area,
releases because of compressibility a total liquid
mass of

ch = psHAp 1)

where p is the density of the liquid. We can then
define a specific release per unit area of

dq /dp = psH, . (2)

Let g be the acceleration of gravity. Lower-
ing the pressure by Ap corresponds to -a lowering
of the free liquid surface by Ap/pg. Hence, for
the same Ap, the free surface releases a total of

Aqe = p¢dp/pg = $4p/8, 3)
and then the specific release
dq./dp = ¢/g. ' (4)

Finally, we consider the effect of inter-
granular vaporization. Let pg be the density of
the vapor, L the latent heat of vaporjzation of
the liquid and T the temperature in kelvins. The
Clausius-Clapeyron equation for the liquid is then
approximately

(dp_/dT) = p L/T (5)
where pg is the vapor pressure along the saturation
line that is denoted by the subscript v. Hence,
assuming saturation conditions, the lowering of
the pressure by Ap lowers T by

AT = TAp/psL 6)

and the release of heat per unit volume of the wet
formation is

Ah = prCTAp/pSL €))

*Chapter II was written by Gunnar Bodvarssonm,
Geophysics Group, School of Oceanography, Oregon
State University, Corvallis, Oregon.

-to 0.2, a thickness of H =

where pr is-the density and C is the heat capaci-’
tivity of the wet formation. The release of vapor
is then : : : ‘

oA 2
Aq, = Ah/L = p CTAp/p L° -, N (8)
and we can thus define a specific rate per unit
area of a slab of thickness H

dqf/dp = prCTH/pst. . 9)

The ratio of free surface to compressibility
effect follows from (2) and (4)

'(dqr/dp)/(dqc/dp) = ¢/gpsH (10)

Considering porosities in the range ¢ = 0.01
103m and taking that

s = 2 x 10~11Pa~!, we find that the ratio given
in (10) varies from 50 to 103, 'Thus, at normal
reservoir conditions the free surface lowering
releases a much larger amount of reservoir liquid
mass per unit pressure decline than the compressi-
bility. :

Along similar lines we obtain the ratio of
the vaporization to the compressibility effect on
the basis of (2) and 9)

(dq /dp)/(dq /dp) =p CT/psp L2 . (11)

Considering the ‘case of T = 200°C = 473 K and
using standard values pr = 2500 kg/m , C =103
J/kg*K, s = 2 x 10711, o = 7 kg/m3 and L =2 x 108
J/kg, we find a ratio of about 2 x 103. Since Pg

is the main variable in (11) this ratio will

decrease with increasing temperature.

Summing up the results of the present section,
we conclude that in the case of liquid dominated
reservoirs with common porosities and where no .
vaporization takes place, the free surface effect
is larger than the compressibility effect by a
factor of 102-103. 1In such cases, the reservoir
response to long-term production will be dominated
by the free surface effect.

The situation is more complex when vaporization
takes place. Theoretically, this effect can re-
lease approximately as much fluid mass as the free
surface effect. However, in most practical cases
where production is initiated at liquid dominated
conditions, the vaporization is more or less
confined to the local volumes around the boreholes
and the ratio in (11) has then to be reduced by a
volume factor that may very roughly be of the order
of 0.1 or less. The free surface effect would also
then dominate the global reservoir response to
long term production.

Vapor dominated reservoirs have, as a matter
of course, different characteristics. .There is no
near-surface free liquid surface and ps in equation
(2) has then to be replaced by the product ¢y where

Y is the steam compressibility. Usually, there
is a vaporization at a deep liquid surface and
this effect dominates the long term reservoir
behavior.




(2) Pressure-flow fields in slightly compressible .

formations with Darcy type flow

(2.1) Diffusion equation. Let p(t ?) be

the pressure field at time t and at .the point P
in a Darcy type domain B with the stationary
boundary surface I. Consider a general setting. :
where the permeability k is a linear matrix .
operator and the kinematic viscosity of the fluid
v is also taken to be variable. It is convenient
to introduce the fluid conductivity operator

¢ = k/v and express Darcy s law

e d=oeyp Cooa]

where E is the mass flow density. Moreover, let
p be the fluid density, s the capacitivity or -
storage coefficient of the formation and f.be a
source density. Combining (12) with the equation
for the conservation of mass,

V-q = -psdpt £ (13)

we obtain the diffusion equation for the pressure
field

psapHlp = £ ()

where n(c) =’;v(¢v)‘1; the genereliZed LapI§¢£Aﬁ'j»gf

operator. Appropriate boundary conditions that
may be of .the Dirichlet, Neumann, mixed or more
complex convolution type, have.to be ajoined to
equation (14). The case of a homogeneous/isotro—
pic/isothermal formation xesults in the simpli~
cation M(c) = cll = -cV? where c-is a constant.
Moreover, stationary pressure, fields satisfy .

the potential equation : . .

(2.11) Eigenfunctions of the- Laplecisn;

The. eigenfunctions u,(P) of Ni(c):in B associated .

with (14) satisfy the equations

H(c)u =du,n®=l1l, 2, ... 1e) ..

nn

where the constants X .are the eigenvalues and the
boundary conditions on I are homogeneous of the
same type as those satisfied by.p(t,P) in (14)
and (15.-

(2.111)  Types of solutions. The’ key P
solving equation (14) is the causal impulse

.response or Green's funttion G(P,Q,t) which re-

presents the pressure response of the causal -
system to an instantaneous injection of an unit
maés of fluid.at t = O+ at the source point Q.
This function satisfies the same boundary -
conditions as the eigenfunctions,un(®). :Solutions
to (14) in the case of a general.source denmsity .
£(t,P), non-causal initial values and general
boundary conditions:can then be expressed in
terms of integrals ‘over the Green s function

(Duff and Naylor, 1966).

Two fundamental types of expressions for -the
Green's function are available. First, in the
case of simple layered domains B with a boundary
L composed of a few plane faces, G(P,Q,t) can be

dep £ o ;‘(15)'?7

expressed as a sum (or integral) over the fun-,
damental whole space source function

6, (P,Q,t) = (8p8) L (nar)™>/?
' exp(-r2 /4at)u (t) Can

. and its images. The symbol U+(t) 'is the causal

unit step function, a = c/ps the diffusivity, and

is the distance from Q to P. Whenever appli-~
cable; sums of this type represent the most
elementary local and/or global expressions for
G(P,Q,t).

Second, the ‘Green's function can be expanded
in a series or integral .over the eigenfunctions
of n(¢). If P and s are constants, then

G(P,Q,t) = (L/ps)'L ‘u (P)u (Q)exp(-A t/ps). (18)
n- - . .

The series expansion (18) is of a more
general applicability than solutions of the type
based on' the fundamental source function (17)

The formal link between the two types (17)
and (18) is provided by the Poisson sunmation
formula (Stakgold, 1967). " It is ‘important to
underline that all:solutions of the type (17)
can be expressed in the form (18).

From the numerical ‘point of‘view, the form
given by (17) is more convenient for the compu-
tation of relatively short term field responses,
in particular, in the case of layered half-spaces.
However,: long-term responses i bounded domains
are more effectively- computed on the basis of
(18). This expression is a sum over exponentials
where the convergence improves with time.

A different type of solution of (14) that is
of interest in the present context can be obtained
by operational methods. Limiting ourselves to -
the pure initial value problem with p(0,P) = P, (P)
in the case of &n-infinite domain, we can, since
p, & and 'N(c) are independent of t, formally
express the’ solution of the homogeneous form of
(14) ag. ol e

p - exp[~tn(c)/ps]p b’ :u_‘ (9)

where - the exponential operator is to be interpreted
as a Taylor series in the operator I (c)

exp[—tn(c)/ps] = 1~[tH(C)/ps]+(é)[tﬂ(c)/ps]2..(20)

The series represents an iteration process
where the convergence is limited to (pioperly
defined) small values of t. . The practical appli-
cability is therefore fundamentally different. . '
from (18). Moreover,.it is of considerable : -:
interest that rather. general situations with re-
gard to Ni(c) can be admitted in (19) and (20)

A number of other analytical ‘and/or numerical
techniques :are available for solving (14). These
include the path-integral technique of the :
Feynman-Kac type: -(Simon, 1979), compartmentaliza-
tion or lumping and, as a matter of course, a
series of numerical. techniques.




(3) Nonstationary boundaries: effects of a free o

liquid surface

The presence of a free liquid surface in a
reservoir requires the introduction of a rather
complex non-stationary surface boundary condition.
Let I now represent the free liquid surface at
equilibrium and Q be the free surface in a per- =
turbed state. The boundary Q is a surface of con-
stant pressure which without loss of generality
can be taken to vanish. The free surface conditlon
(Lamb, 1932) is then expressed ’

np/1>c_|lJ=o =0 . (21)

where D/Dt is the material derivative. This is
an essentially non-linear condition which leads"
to a much more complex problem setting. Losing-
the principle of superposition the construction
of solutions to the forward problem becomes a
difficult task. -

Bodvarsson (1977) has shown that when Q.
deviates only little from 27 (21) can be simpli-
fied and linearized. . For this purpose, we place
a rectangular coordinate system with the z-axis
vertically down such that the (x,y) plane coin- -
cides with I. Moreover, let the amplitude of Q
relative to I be u and the scale of the undulation
of @ be L. Then provided |u/L|<<l, the condition
(21) can be replaced by the approximation

(1/w)3 LP ro,p= 0 (22)
where w = cg/¢ is a new parameter, namely, the
free sinking velocity of the pore liquid under
gravity (g = acceleration of gravity). Under
these circumstances, the solution of the forward -
problem is obtained by constructing a solution
to (14) which satisfies (22) at the free surface
and appropriate conditions at other sections of
the reservoir boundary.

The presence of a first order derivative with
respect to time . in the free-surface condition (21)
obviously leads to. an additional relaxation
process analog to the purely diffusive phenomena
associated with the first order time derivative
in the basic equation (14). As we shall conclude
below, the individual time scales of the two
phenomena are, however, different.

For the sake of brevity, we shall limit the
present discussion to the simplest but practically
quite relevant case of the semi~infinite liquid
saturated homogeneous, isotropic and isothermal °
half-space. To consider the ‘pure free-surface
related phenomena, we eliminate pressure field
diffusion by neglecting the compressibility of
the liquid/rock system. As shown in section (I)
above, the long term dynamics: of liquid reservoirs
is domindted by the free surface phenomena. In
this setting we can combine the potential equation
(15) and the surface condition (22) in one single
equation confined to the T plane (Bodvarsson,
1978a), which expressed in terms of the fluid
surface amplitude u(t,x,y) = p/pg takes the form

(/s u + I[%u - flogc  (23)

where H§ = (=3xx—9 3 is th square root of the

YY)

two~dimensional Laplacian and f is -an appropriately
defined surface source density. - To obtain the
pressure field in the space 2z>0, the boundary
values derived from (23) have to be continued into
the lower half-space on the basis of standard po-
tential theoretical methods. The fractional order
of the Laplacian in (23) is quite unusual, but

the operator is well defined and poses no mathe-
matical problems.

Some solutions of equations (23) of practical -
interest have been obtained. by Bodvarsson (1977).
Confining ourselves first to the simple semi-
infinite half-space, some important results are
given below.

(3.1) " The source-free case.  In a source-
free case where f = 0, the homogeneous equation
(23) 1is most easily solved by solving

-Vzp = 0, z>0 (24)
with the boundary conditipn (22) combined with a
given initial condition which takes the form

‘ = pgho, t=20, z=0 (25)
wh:re ho(S) is a given 1nitial free-surface ampli-
tude. .

This solution is obtained immediately by
observing that a pressure function of the form

P = p(x,y,z + wt) (26)

satisfies the boundary condition (22) at all times.
Consequently, introducing the Dirichlet type Green's
function for the half-space z > 0 (Duff and Naylor,

1966, page 276) which gives the pressure p(P) in
z > 0 for a pressure p,(S) on I

p(®) = (2/21) | (U/xdp (Wday, z20  (21)
z B .
where U = (x',y'), day = dx'dy' and
py = Lax) 2+ gynZ+ 21 29

the solution to the present problem is

p(P,t) = [pg(2+wt)/2ﬂ] (l/rPUt)h U)day,
;:O, . 230, (29)
where - ‘ 7
Toye = [(i{—x')2 +'(y-y')2 +'(z + wt)Z]% (30)
Ut : o
The motion of the fluid surface is obtained by )
letting z = 0 in (13) and hence,
h(S,t).= v(wtlznf)f (l/rSUt)h (U)da N
(31)
t>0
where now
1
Toue = [(x-X’)2+(y-y‘)2+(wt)2]2- (32)
t ) )
(3.i1) Flow fields with sources. To select

a relevant and important case of flow fields with




sources, we ‘will consider the'folloﬁing'situ;tion,
Let the fluid at t = 0 be in static equilibrium

“and the fluid ‘surface at t = 0 ‘therefore coincide

with I." Consider ‘a concentrated sink of ‘strength
unity at the point Q = (0,0 d) which at t =0+
starts withdraw1ng fluid mass at a ‘consStant trate -
equal to unity. In this case we have to solve

"l = —¥2p = (-1/c)8 (B-Q)U, (£) ‘lv (33)

where Uy(t) is the causal unit step function for

" which U4+(0) = 0. The boundary condition on I is

again given by (22) and the initial condition is
P = 0 at t = 0.

A simple method of solving this problem has
been given by Bodvarsson (1977). 'In the present :

- context, it is of some interest to present a dif-

ferent approach via the combined Laplace—Hankel
transform method.“v, :

_.-Let. p(P 8) be the Laplace-transform of p(P t).
The transform of (33) and (22) are then

- CUGesE TGk
and; " A R R,
'sb - w3 B = 0 s E=0 T (39)

Moreover, let p(k z,s) be the (two-dimensional)

‘Hankel-transform of p(P,s) and D = d/dz. The

transform of (34) is then

k2p - D?p = (-1/2ncs)5(zéd) (36)
and (35) takes the form 7 |
' 5 - wp =0, z=0 YD)

The solutions of (36) for z ¢ 2f are of the
form exp(*kz) and we thus obtain

b = Aexp(kz) + Bexp(~kz), 0<z<z', (38)
and - ., ; )
p Gexp(—kz), z>z PR .’ (39)

where A, B and C are integration constants (with
respect to z) From (37) we " obtain the relation

A(s - wk) + B(s bk = 0, tj . (40)

and our solution has to be continuous at z h such
kthat _ o B .,;

Aexp(kd)'¥“ﬁexp(—kd) =.éexp(—k&), (41)

Finally, integrating (36) with respect to z
from-d- to d+, we obtain the necessary third
condltlon -

DPId = '(1/2ncs) ' (42)
which ylelds the relation
‘-kCexp(—kd)-k[Aexp(kd)-Bexp(—kd)]=—(1/2ncs) (43)

) Solving (40), (41) and (43) for A, B and C and

‘inserting in (38) leads to

p =(~1/4ncks)exp[-k(d-z) ]-[ (s~wk)/ (stwk)] « -

exp[-k(z+d)] (44)

- which holds for z>0. Using the identity

(s—wk)/s(s+wk) [2/(s+wk)] (l/s), (45)

44y is easily Hankel—Laplace inverted into (P,t)
space (tables-in Duff and -Naylor, 1966) and the
result 1s

p(B,t) =
(-l/4nc)[l/r o Q,) (Z/rPQ t)] “6)
where
Tpg = [(x—x ¥4 gyh? @0}, @n
g Tax)?+ gy + @0l G
Tpgre - [-x)? + Gy)? + Gharee) 1* 9

The surface elevation h= p/pg is

' h(S t) = (—l/2ﬂpgc)[(l/r ) (l/rSQ' )] (50)

where S = (x,y) and

Tgq = L' )2 R 1é 6D

SQ t

It is of a particular interest to note that the
Hankel-inversion leading to the last term in (46)
follows upon a Laplace-inversion on the basis of
the Sommerfeld integral

=[x + -y + wer?)E (52)

./.exp[-(z+nt+d)k]Jo(rk)dk = Utpgres (53)
o R
'which we rewrite ‘
fexp(—wkt)E(r P2 k)dk = llrpQ e (54)
where : : : R
‘E(r,2,k) ==exp[—(z+d)k13'(f ), (55)

Equation (46) reveals that the effect of the
free fluid ‘surface on’ the pressure drawdown due
to the concentrated sink of strength unity starting
at time t = 0 can be represented by the pressure
field due'to a stationary image sink of strength
unity located at Q' = (x',y',-d) and a moving image

‘source of strength 2 located at Q't = [x',y',-
(wt+d)].
‘the image source . cancel resulting in an initial

At ‘time t ='0+ the image sink and 1/2 of

pressure fleld of * .
" p(p,04) =;—[1/(4nc)]Li/rPQ].- (1/epg01- (56)

At very large times, that is at t>>d/w, when
the image source has retreated far into the nega-
tive half space, the third term in (46) becomes
negligible and the pressure field reaches its
stationary value pg given by

p® .= - [1/(4wc)1[l/rPQ) + (U/r (57

PQ')]’




The source-sink situation is illustrated in,
Figure 1.

It is appropriate to reiterate that the above
free surface results have been obtained by.neglec-
ting the rock/liquid compressibility.

(3.111) Flow in slab with a free surface.
The results for the half-space set forth in the
previous section are easily generalized ‘to the
model of a slab of thickness H and of infinite
horizontal extent. As given in equation (46) and
shown in Figure 1, the free surface dynamics
reduces at any fixed time to a source-sink situa-
tion. Applying well known results of elementary
potential theory, we can extend equation (46) to
the case of the slab by adding an infinite sequence
of source-sink images that is obtained by reflec-
ting the source and the two sinks in Fig. 1 at the
bottom and the equilibrium surface boundaries.
Appropriate reflection coefficients have to be
applied in this process. We will refraim from

entering into details of the procedure. The

practically most important case is obtained when
the basement is impermeable and the reflection
coefficient at the boundary is equal to unity.

As shown above, :the equilibrium surface has also
a reflection coefficient of unity but on any re-
flection, we have to observe the splitting of an
image source into a stationary image and a double
moving image with an opposite sign. The picture
is therefore a little more complex than in the

.usual cases involving single images.

Double source

_ Q't

(o,ggd) \Sink

dewt Tea't

\___

Teq

N
sink” Q(0,0,d)

FIG. 1a. Infinite half space of linearized free surface method.

(3.iv) Discussion. Equations (18) and (53)
above show that both compressibllity and free
surface effects lead -to decline functions that are
sums or integrals over ‘exponentials of negative .’
time. In essence, therefore, the decline proces-
ses are governed by very simple functional relation-
ships. Moreover, the analysis in section (I) indi-
cates that from the quantitative point of view,
the free surface effect ‘dominates in all liquid
reservoirs.

The decline or relaxation time is another
parameter of major interest. By definition this
is the time t . during which the amplitude of a
stationary wave of wavelength L decreases to (1/e)
of its initial value.  Inserting a waveform
exp[-(t/ty) + ikx] where k' = (27/L) is the wave-
number, into equation (14) gives for compressibility
the time t, = (1/ak?). Similarly, we find on the
basis of (23) for the free surface a value
tr = (1/wk). At the same L, the ratio of the free
surface to compressibility time is (ak/w)=(¢k/psg).
Inserting values of interest for long-term reser-
voir behavior such as, for example, ¢ = 0.1, L =
6 km, s = 3x10 '!Pa”! we find values of this ratio
of about 300. This indicates quite clearly that
the compressibility phenomena ‘are on a much shorter
time scale and smaller magnitude than the free
surface phenomena. . Our approach of neglecting
compressibility in.the above analysis is, therefore,
well justified.

Double source
- Q't

Q .\ .
(0,0,-d) sink
dewt T \' )
pQ't

_\

d I
N~
smk/'ﬁ(/oo d) -

FIG. 1b.. Reservoir half space for linearized free surface method
~ with bottom layer.




(4)  Reservoir simulation by lumping

- The fact that the principal decline functions
for liquid reservoirs are of the negative time
exponential type - suggests the use of lumping as
a method of reservolr simulation. Below, we will
briefly look onto this possibility.

Consider a liquid geothermal reservoir that
is producing a constant mass flow q from a number
of wells. We assume that the reservoir pressure
is being monitored at a fixed point where a de~. ..
creasing reference pressure function p(t) is being
observed. Moreover, it is being assumed that ‘pro-
duction, started at time t = 0 from equilibrium
conditions where we can take that the reference
pressure p(0) = 0. The producing holes have a
bottom-hole pressure of p,(t) that is also taken
from an appropriate reference point: as p(t) and
-therefore pyw(0) = 0.

The simplest lumped model to simulate this
system is shown in Fig. 2 below.

~ The model consists of a- liquid capacitor or

container (I) with vertical walls having an area A.

The production q is being extracted from this.

" capacitor over a conductor that has a conductance
c1. This element represents the contact resistance
of the producing holes. Recharge to the container .
is obtained from a capacitor (II) of an infinite
area over another conductor that has a conductance
c2. Reference pressure in the large capacitor
is taken to constant and equal to zero. The liquid
level in (I) is measured by the pressure pj(t).

In accordance with Darcy type flow conditions we

" assume that both conductors are linear and hence

that the following system equations hold )

2=y (py=py)

(4/g)bp; = c,(0-py)-q (59)
where g is the acceleration of gravity and D = d/dt.
Since we don't observe py, equation (58) 1s irrele-
vant and does not enter into'the discussion below.
The principal parameters of the simulation system
are thus the capacitor area A and the conductance
cp. Given q(t) and pl(t) for some fixed time
interval starting at t = 0, we are now interested
in deriving values of A and ¢y such that the model
simulates the given reservoir in the optimal way
during at least a part of the production time. A

C] . C2

FIG. 2. Lumped parameter model of simulated reservoir.

(58)

convenient way 6f~obtaining these values in the
following. : :

" Since we have assumed that q is constant, the
present decline function pl(t) is characterized by
a smooth negative .time exponential behavior. We
can then expand the known p;(t) into a Taylor
series in t starting at t = 0 and that is truncated
at the second order term,

pl(c) - p1(0)+tnpl(0)+(t2/2)nzp1(0), (60)
where we have abbreviated DPllt 0=Dp1 (0) and 7
PPyl e=p = DR (O) -

Sigce pl(O) = (O this series reduces to
B (6) = thp1(0) + (¢2/200% (0),  (61)

Inserting this expression in equation (59)

results in

(A/g) [Dp1 (0)+tD%py (0)] = ¢, [-tDpy (0)-
(t2/2)p?p; (0) 1-q, (62)

On a second order appproximation, we obtain
from the terms in t° and t the parameter relations

A = ~gla/Dp, (0] (63)
and _ _ _
¢, = -(A/g)D%p) (0)/Dpy (0) =
(4%/qg?)D%p,(0),  (64)

Since pl(t) is a known function, the derivatives
at 't = 0 are also known and we can thus derive A
and cy from (63) and (64) above.

On the basis of the known parameters, we ean
then solve equation (59) for a. given variable input
q(t) and obtain

t . “L ‘
py(t) = (g/Az/."exp[—gcz(t-r)/A]q(r)dt (65)
- o e

as ‘a procedure to ﬁredietvor extend pi(t) in time.

An analysis of the above type can be carried
out on any field decline functions that have been
obtained with sufficient accuracy to. derive the
derivatives. 'In most practical cases the mass
production function will be a variable q(t) and the
input function pj(t) for the above analysis will
then have to be obtained by a deconvolution, that
is by solving an equation

. : Pf(t) f pl(t'T)DQ(T)dT:

where pf(t) is the reference pressure that is the
output to q(t) There ‘are no problems in solving
(66).

(66)

To illustrate the above procedure we will
carry out the lumping of the free surface dynanics
model leading to equation -(46). We obtain then the
time derivatives’ Dp, (0) and D2p1(0) from equation
(46) and use (63) and (64) to derive the lumped
system ‘parameters. :To -simplfy the procedure,




we consider only the case ¢ = constant = unity.
Omitting elementary details and irrelevant factors,
the method, in essence, consists in approximating
the function

£(0) = ~[1-®,/R)] 67)
by the function

£,(t) = ~[(z+d)/R2] [1-exp[-wtR2/R3(2+d) ) ], (68)

where
R = [r2+(z+a)’)? (69)
']
-0.2 4
-044
f A
S~ pprox(tz)
-06 - TmTm——
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o] 2 8 10
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-0.8 1
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u/d

e
i

= [t (zhwrd) 2 (70)

(2(z+d)2-r?}? 1)

P
]

with r2 < 2(z+d)2

The results of a numerical evaluation are
illustrated in Fig. 3. 1t is evident that the
lumped approximation holds quite well until the
factor wt is of the order of a few depths-d.
Quite often w is of the order of 10 5 mfs and d
about 103m. ' In this case the lumped approxima-
tion will give good results for a period of a few
years. kN ' :

u/d

-06 2/d =10
r/d=9

f A
-0.6 z2/d = 10
: ] r/d =10
-0.8
N f.
“o T T T T T T T L T 1
0 2 4 6 8 10

u/d

FIGS. 3a-3f. Comparisons between lumped parameter approximation’and exact solution.




III. REVIEW OF METHODS . £

Petroleum Reservoirs

Production decline methods are probably the
most commonly used .tool of the reservoir engineer
because production data are always recorded and
filed whereas temperature and pressure records
are far less common. The uses of these methods
are at least two fold. First, they are used to
predict future production and second, they can
provide insight into reservoir mechanisms and
geology.

Production data for fields and individual
wells are usually plotted on a monthly basis so a
year's worth of data might be enough to use with
the standard methods. When fields have been
produced for a number of years, e.g.,lo, production
data are plotted on an annual basis and fitted.

In the petroleum industry great care must be taken
in trying to extrapolate past trends because con-
ditions can change. ‘For example, the reservoir
pressure might pass through a bubble point causing
dissolved gas to outgas thereby drastically chang-
ing flow conditions. The best discussion of and
warning about decline methods is ‘in Brons (1963).

Reserve estimates are calculated from predict~
ed future production. It the predictions are bad,
the estimates are bad.  Brons shows 'an example

using production from two wells, each with constant “°

but different percentage decline rates., When their
productions are added together and fitted with a
hyperbolic eqn (the best fit) we get a very dif-
ferent reserve estimate from the one obtained by
looking at each well separately. As always, the
reservoir analyst must supply a great deal of
insight.

Decline methods are not directly applicable to
new fields except that' if the new field appears to
be similar to a previously ‘studied field we might
make some intelligent guesses about its production
characteristics.

" Decline methods are used to determine when
additional wells should be drilled and when wells
should be worked over. Production in individual
wells can decrease in a steady regular manner from
sand plugging the formation. This can be _seen on .
a8 production vs. time graph. ) .

Geothermal Reservoir

The decline .methods developed for analyzing
oll and gas wells can be used for geothermal wells
but we must recognize that petroleum and geothermal
reservoirs are very different from each other.’
These differences can cause production mechanisms

to be drastically different in the two cases. Some

of ‘the more important differences and their conse—
quences are as follows:

a. Petroleum reservoirs are usually sedimentary
formations. Geothermal reservoirs are usually
fractured igneous or metamorphic formations.
Darcy flow holds in the first case and frac-
ture flow in the second.

‘temperature and seismic activity.

" (1956).

. tpg' = Djt, for 0<b<]l and Dy =

b. -~ ‘Temperature is relatively unimportant in pe~-
troleum production. ' It is critical in geo-
thermal production.” High temperatures stress’
tubing ‘and cement in the wellbore.

e vGéothefﬁal well flow volumes are often 1 to 2

orders of magnitude greater then petroleum
“volumes.

d. Precipitation is much more serious in geother-
mal wells than in petroleum wells.

e.  Petroleum is a éomolex mixture with volatile
components. . Geothermal water is essentially
one species. )

Fracture size, quantity and distribution are
drastically affected by precipitation, changes in
Geothermal
reservoirs seen to be much more complex than
petroleum reservoirs so methods taken into geo-'
thermal work must be examined carefully. We have

"done this with the data and methods available but

more work must be done as we produce more geother-
mal fields over time.

"1, Arps

Arps's (1945, 1956) work forms the basis for
all the decline curve methods currently in use.

- He brought together and codified work on oil

reserve estimation that had been done as,early
as 1908. The commonest methods were graphical
in which production q or cumulative production

Q was plotted vs. time t. See Fig. 4 from Arps
Examinations of production data showed
that data with constant first differences fit an
exponential equation while data with constant
second differences fit a hyperbolic or harmonic

equation. All three equations can be expressed as
a= qu = ~-dq/dt
s ; (72)
q
where a= fractibhal decline

some authors use D = fractional decline

q = production rate of time t
K = constant
b= constant

The solutions to equation (72) are shown in
Teble'l.

Guerrero (1961) gives a good "cookbook" ap~-
proach to analyzing data using these methods. See
Table 2 for problems worked out by Guerrero.
Arps's equations were considered to be strictly.
empirical until 1973 when Fetkovich proposed some
theoretical basis for the exponential equation
(see below). The hyperbolic’ equation is still
considered to be empirical.

2.°° Fetkovich

" Fetkovich (1973) showed that log-log type
curves can be used to analyze production data in
an analogous manner to analyzing pressure data.
He presented log-log plots of dimensionless flow
rate, qpq = q(t)/qi, vs. dimensionless time,

1 (see Fig. 5).
b = 0 is the exponential solution while b = 1 is

- the harmonic solution.
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FIG. 4. Three types of production decline curves on coordinate, semi-log, and log-log graph paper (from Arps, 1956).
The exponential curve is given by We define 2. 2
) . 73 Npi = ]I(re - rw)¢cthpi (78)
dpq = exp(-Dyt), Dy = @3 5.615B
while the hyperbolic curves are given by -
/b (qi)max khpi 79)

_ -1
apg = (1+bDit) for O<b<l, (74)

141.3 uB[1n (r./r,)~4]

Using an overlay technique as shown very clearly
in Earlougher (1977), (see Fig. 6), production

data can be plotted over the curves and a decline Finally we get _
exponent can be picked. For tpg<0.3 all the curves q(t) (80)
are coincident. ] Apg = kh(Pi-pwf)
Fetkovich showed that the exponential decline ‘ 141.3 uB[ln’(E - 3]
has a fundamental base by deriving it as a solution r, ,
to the constant well pressure case. The equation . - .

for dimensionless flow rate is i .- o S
: Fetkovich showed that production decline curve -
Apg = q(t)/qi = exp[—(qi)maxt/N i] (75) data could be used to derive values for permeabili-
P ty thickness kh which is usually obtained from

This equation can be related to (73) by setting pressure data. (see Fig. 7a and 7b). Compare kh
) ‘ calculations from rate-time data and pressure
v Di = (qi)max/Npi ' (76) time data.
. , } 3.  Slider's Method
then . ] t. = (q1) t ) . .
Dd —-——N—mﬁ- ’ (77).: Slider (1968) proposed a simple method of

pi curve matching to obtain the hyperbolic exponent
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FIG. 5. Log-log type-curve of dimensionless flow rate vs dimensionless time (after Fetkovich, 1973).

b and the initial decline rate qj. To use the
method one needs to construct a set of curves

of q/qj vs. log time for various values of a; and
b using Arps's hyperbolic equation. Production
data can then be plotted on the curves by using

a transparent overlay. The overlay can be moved
around until the best fit is found thus giving

b and aj: From equations or from a second set of
curves, future production rates q and future cumu-
lative production Q can easily be estimated. This
method is easy to apply but it requires a separate
set of curves for each possible value of b.
methods eliminate thils shortcoming.

4. Gentry's Method

Gentry (1972) developed curves which are much
easier to use then Slider's because only one set
is needed for all values of b between 0 and 1.
(see Figs. 8a and 8b) We can find b from a plot
of Q/tqy vs. log qi/q.
of q4t vs. log qi/q and find aj. This gives us all
the factors we need for a reserve analysis.

5. Gentry and McCray

Reservoir analysté‘have usually assumed that
0<b<l in the solution of'Arpsfs equations. See

Later . .

With this b we go to a plot ~.

Higgins and Lechtenberg (1970) for exceptions.
There isno mathematical basis for this restriction.
b= 0and b = 1 are special cases, the exponential
and harmonic, respectively, but this does not
restriet b from being larger than 1. Gentry and
McCray (1978) investigated decline curve methods
using semi-log plots of qj/q vs. Q/qit, cartesian

. plots of q/q4 vs. Q, and semi-log plots of qi/q

vs. ajt. . See Figures 9a, 9b, and 9c. Some of
their conclusions are (Np =Q) :

1. The dimensionless curves Np/qit“VS. qi/q
ait-vs. qi/q for a particular fluid-
permeability system are not affected
by the absolute permeability or size of
the reservoir. The behavior of these
plots is determined by (1) the characteri-
stics of the contained fluid, (2) the
relative permeability characteristics
of the reservoir rock, (3) the reservoir
drive mechanism, (4) reservoir heterogen-
eity, and (5) manual manipulation of
production.

2. Reservoir heterogeneity ‘tends to increase
the magnitude of b as the degree of
heterogeneity is increased. ' It is also
apparent that b for a heterogeneous system
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will increase to a maximum value and then
as the ratio qj/q becomes large, b will
decrease and approach its homogeneous
value. :

3. Reservoir heterogeneity can and does
cause b values to be greater than 1.0.

4, Manual manipulation of production can and

does cause b values to be greater than
ot 1.0.

5. The dimensionless plots for heterogeneous
systems of 1.and. 3 md, 3 and: 9 md, and
5 and 15 md all plotted the same curve.
This indicates that heterogeneous systems
in the ratio of 1:3 will plot congruous
dimensionless curves.

6. It appears that the relative-permeability
characteristics of the reservoir have
the greater effect on the decline
exponent b, while the fluid characteristics
have a greater influence on the constants
aj and q4.
7. The equation
N/ (agt) = (a/ap)”

may better define certain decline curves
than do the Arps equations. :

: 8..,The plotting of production data on the .-
g /(qa4t) vs. qi/q curve can be a helpful
dgagnostic tool for.evaluating the
production history of a well or lease."

)

6. Other Type Curves .

Fetkovich developed log-log type curves using
dimensionless production vs. dimensionless time,
Qp vs. tp, but other variables can be used. We
tried plots of dimensionless cumulative production
vs. dimensionless time and dimensionless production
vs. dimensionless cumulative production, qp vs.
Qp. The.plots were made by using the exponential
equation and the hyperbolic equation for several
values of b. See Figs. 10a and 10b. We had the

. same data scatter problem with these type curves.
as we did with Fetkovich's.. A few data sets plot-
ted very nicely on a particular curve,. but. most
sets plotted very ambiguously.

7. Plz vs. Q

) The natural gas industry has long used de-
‘cline curves in which pressure divided by gas
deviation factor, p/z, is plotted against cumu-
lative production, Q (Katz, 1959).  The straight
line can be extrapolated to the economic limit

of producing pressure quite easily. Brigham and
Morrow (1974) have proposed ‘adapting ‘this method

to steam fields. ~1In plotting computer generated
data they found that curve shape was strongly
influence by porosity. Also, the presence ©of

a boiling interface is critical. "If the wells are
completed in the vapor zone it would be natural to
graph p/z vs. production, as though this were a gas
reservoir, and use an extrapolation of the best
straight line as a predictive method to calculate

10
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g‘ 104
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T io"t 0! 10 © ot
[} lative prod , Qg
FIGS. 10a-b. Log-log type-curve.
. reserves. The‘efficieney’of this technique will

be strongly dependent on the porosity if the actual
reservoir contains boiling liquid." (see Fig. 11.)

Pruess et al (1979a, 1979b) have used the
simulator SHAFT78 to‘test the use of p/z  vs. Q plots
for geothermal reservoirs. They conclude that’

". . . the standard technique of estimating reserves
by extrapolating a plot of p/z vs. cumulative
production is not applicable to two~phase geothermal
reservoirs."” and ". . . in many cases pressure will
be a linear function of cumulative production, with
the slope allowing an estimate of reservoir volume.
Reserve assessment requires knowledge of average

" porosity and vapor saturation, which cannot be

obtained from pressure decline curves."

Brigham (1979) applied p/z techniques to a
study of depletion in the Cabbro zone at Larderel-
1l¢, but he stated that the linearity of p/z with
cumulative production doesn't hold for the entire
life of a reservoir with a boiling interface. He
claims that linearity is a good approximation for
the first one—third to one-half of ‘the reservoir's
life.
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FIG. 11. Pressure depletion vs recovery, falling liquid level (from
Brigham & Morrow, 1974).

8. Influence Functions

Unsteady state isothermal flow of slightly
compressible liquid through a porous medium can
be described using the diffusivity equation

() - o

3
Caed) = doge (81)

rar uar
The equation can be solved using a Green's function
approach to derive a "response'", "resistance",
"memory", or "influence" function. Katz and Coats
(1969) in describing water movement in aquifers
defined two influence functions: 1) P(t) = the
"rate case" influence function which is defined

as the pressure drop at the reservoir boundary

(a function of time) corresponding to a unit rate

(e.g. 1 cu. ft./day) of water influx." For a
constant flow rate q we get p,-p(t) = qP(t), the
constant terminal rate case equation. 2) Q(t)

= the "pressure case" influence functions since
a constant pressure pp is specified at the outer
boundary. The constant terminal pressure equation

is q(t) = (po-pplQ(t).

P(t) and Q(t) can be calculated either for
idealized models or from field data. Let F(t) =
Q(t) or P(t). For an idealized F(t) we must
specify "1) model geometry, 2) exterior boundary
conditions (e.g. infinite, closed or constant
pressure), and 3) model parameters." The speci-
"fication of reservoir parameters and geometry is
particularly difficult in geothermal reservoirs
so the calculation of F(t) from field data is
more attractive and easier than trying to devise
a thoroughly specified model. The advantages of
the field method are "1) none of the above choices
are required, and 2) an influence function which
reflects unknown (and practically speaking,
indeterminate) aquifer properties, as reflected

by actual field performance, is determined.
Disadvantages are 1) the resemblance of the backed
out F(t) to the true function is proportional to
the accuracy of field data, and 2) the influence
function is obtained only up to the time of last
available field data;- extrapolation is required
for purposes of predicting future water movement."

Coats et al. (1964) recommended the use of
field influence functions for oil fields with
adjacent aquifers. The method is directly applica-
ble to geothermal fields. The influence function
F can easily be generated as a function of pressure
p and flowrate q using the following equations:

Iﬁtegral form

t
: t
pe [ HED per ofqoEEny,
o [o]

(82)
Discrete form

bpy =P, - @ :él(qi'qi-l)Fi-j+1

Bodvarsson (1980, personal communication) has
shown how the influence function problem can be
formulated in a slightly different manner. The
function F defined by Coats is a unit step response
function. Instead of the unit step response, we
can use the impulse response h, where h = dF/dt.
The equation to be solved is then

f _‘1.(1_ F(t-1)dt =f q(t )_F(t_'fld'f (83)

Integral form Ap = -/;(T)h(t—T)dT

i
Discrete form PPy = }Z Q-hi_j+1
T

The first derivative of the curve from the F formu-
lation should be identical to the curve derived from
the h formulation. F can be calculated by hand
(Jargon and van Poolen, 1965) and Hutchinson and
Sikora, 1959) but we recommend against it. An F can
be calculated which fits the data well, but which
has no physical meaning.

Katz and Coats cite an example in Katz et al.
(1963) in which an influence function is calculat-
ed by direct methods which exactly reproduces past
performance but which cannot be extrapolated. The
smoothness constraints below assure a physically
meaningful solution and they can be arrived at
both intuitively and analytically. From Katz
and Coats "if water is injected into an aquifer
at a constant rate through some fixed inner aquifer
boundary (surface), then intuitively the pressure
change at that boundary must always be positive.
In addition, the pressure should always increase
and the rate of increase should continually
decrease with time." The analytical proof for
the constraints is given in Coats et al.




- Linear programming methods ‘'such as the. pack—s
age MPOS should be used with’ the smoothnessv s
constraints on F-or hi . S

CF>0,t20 ¢ h>0,£>0
@, anLg
Fr um'd'E—o
427 d2h .
rr iy a2 0

If the data are not "smooth and regular enough"
the use of simple -hand calculations can lead to
the results shown in Fig. 12, The F function

will reproduce the pressure very well, but the
function cannot be-extrapolated and is physically
meanirgless. . The F .calculated by the linear
program is shown on the same figure for comparison.

Hutchinson and Sikora and Coats et al. discuss
the effects of field geometry on the behavior of
the pressure drop and the influence function.

As production time incteases, the rate of pressure
change decreases. If thé reservoir outcrops, both
the pressure drop and the influence function
become constant. This is an effect we will look
for in geothermal areas which we know have fluid
recharge. If the reservoir is infinite-acting

or bounded the influence function and the pressure
drop will increase monotonically for all time
greater than 0.

Hutchinson and Sikora show how to extrapolate

calculated influence functions., If a definite
straight line has developed from the field data
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FIG. 12. Liquid influence function — Cerro Prieto total field.
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it may be extrapolated and the field assumed to
be bounded. If no definite straight line has
developed, the last 3 or 4 values of ‘F should be
examined. If the average AF for these times gives
a good match to past performance ‘the curve may be
extrapolated using the slope of the average -F.

The extreme extrapolation assumes an infinite -
aquifer. In this case

log{ (n+l)/n}

Aot = A0 Togln/Ge-DI .

n+l n

All these extrapolations ‘are included in our MPOS
program,

'9£v Linearized Free Surface—Green s Function

One of ‘the main vitures of the influence ~
function method ‘1s described above is that it can
be used to predict reservoir behavior without
specifying a physical model for the reservoir.
Long-time behavior of the influence function can :
tell something about the boundaries. If the
reservoir has a free liquid surface and is assumed
to be a porous half-space, Fig. la, a simple,
distributed parameter model can be posited.
Bodvarsson (1977) linearized the free surface
condition and derived the following equations for
pressure

e =9 -
P(B,t) = —i— ( + = (84)
p = pressure, meters of head
. q = flow rate, kg/e (constant)
rpg = (Gmx) Gy G- Dy
= (Gex) 2 (my ) ety Y

rpq.; (x4 5my ) s By

Bodvarsson (1978) also showed that the impulse
response of a 1inearized free surface can be
exptessed as
-l 2402
. G‘t,S,Q) 2ﬂ¢p(wt+d)(x +y<+
(we+d)2)73/2g (£)  (85)

where .
-d ='depth from free surface to sink

G = Green's function

S = (x,y) a ooint on the free surface
- ¢ = porosity, fraction
~ p = density, kg/m3

w = kg/(v¢) = sinking velocity, m/s
v. = kinematic viscosity, m2/s

= 9.8 m/s2

L]

k = permeability, m2




U+(t) = unit impulse function

re GPyhY

,, radial distance from siﬁk.

He obtained the following expression for drawdown
in meters for P-at a distance r from the sink

(wellbore)
. t
h(t) = J’
o

t-0.5

G(t-t)q(T)dt

(86)

n
~ T=0.5G(t-1)q(T)AT

See Chpt. II for the derivation of these equations.
The impulse response,h,is .the drawdown in meters
at the point, P, caused by the instantaneous with-
drawal of one unit fluid mass at point Q. ‘At a
continuous withdrawal the total drawdown at P )
would be a summation over all fluid sinks. The
equation is . :

N

z Gn(t-t)qn(r)dr ‘
n=1

(87)

htotal(P) =

20

This equation for drawdown can be compared direct-
ly with the h function formulation of the in-
fluence function as described. above.

If the reservoir has a relatively impermea-
ble zone below the producing zone the half space
assumption can be modified. An image source
term or terms as necessary can be added to the
equation for G. See Fig. 1b. With one image
term the expression is

|
2nép

o+

G

webd ;
xSy H+(ued)? 572 (88)

" 2H-d+wt
[x%+ y2+(2H-d+wt)2]3/2

More terms can be added as necessary.

The distributed model described above can be
approximated by -a lumped parameter model as
described more fully in Chpt.. II.
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IV. DATA PROCESSING . % ° E The last large data set is from The Geysers,
: ) - California, courtesy of the California Dept. of
Data Sets : J “. - Conservation, -Div. of 0il and Gas. The data
e = include production injection and pressure data
The most complete data set is from Wairakei, from 27 wells from March 1971 through December
New Zealand by Pritchett et al. (1978) published 1979. Additional pressure data are from Lipman,
by Systems, Science .and Software for Lawrence . - Strobel, and Gulati (1977). See Fig. 13c for map.
Berkeley Laboratory, JIndividual well monthly -
heat and mass flow rates are given from 1953 . The Larderello data were taken from
through 1976 for 141 wells. Furthermore, a fair Sestini (1970). The sparse data for other fields
amount of pressure and temperature data are pre- were from various sources. See Fig, 13d for map.
sented. .
. : Graphical Treatment of Data
The authors presented a substantial amount i
of data on the geology and subsidence problems. - The first step in the analysis was graphing
at Wairakei. In addition to this report:we SR all the available production data on cartesian
received from Malcolm Grant, DSIR, a set of anno- paper using SPSS. These graphs allowed us to
tated individual well production graphs which - | eliminate from further consideration wells with
indicated when wells were shut in and which steam "+ severely irregular production such as Bore 11.
lines the wells were connected to. See Fig., 13a R e
for map. Y e = Arps (1945, 1956) pointed out that the
o .. exponential equation would graph as a straight
The data set for Cerro Prieto by Bermejo .~ 1ine on semilog paper. We tried plotting the
- et al. (1979) published by Lawrence Berkeley. .. . “data for several wells at Wairakei but found
Laboratory included graphical production histories  * that production decline was insufficient to make
of most of the wells from 1973 to 1978. These the semilog plots look very different from the
graphs were digitized for analysis. - The production cartesian plots. The log-~log plots, however, were
was broken down into liquid and vapor production. significantly different from the cartesian plots
In addition, we received data from Marcelo Lippman, so most of the data were plotted on log~log plots.
LBL, which showed individual well total mass We tried matching the log-log plots against
flow rates. The two data sets were treated separa- . Fetkovich's type curves. For-the most part the
tely and then compared. A theoretical pressure’ data scatter rendered the method useless. We
drawdown curve was taken from Sanchez and de.la were ‘also hindered by the fact that dimensionless

Palma (1979). See Fig. 13b for map. time for almost all our wells was fairly short,
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about 1.0. The exponential and hyperbolic curves
only start diverging at about tp,y = 0.2, so with
rough data we would like the last point to have
tpd = 2.0, at least. We could not reproduce

the fits reported by Rivera-R. (1977, 1978) using
Cerro Prieto data. None of the data from liquid-
dominated fields fit very well, but this is
probably much more a function of data scatter than
of the efficacy of the methods. See below for

a discussion of data scatter. The only fair fits
were for several wells from Larderello. Success-
ful use of type curves with rough data may require
a great deal of insight on the part of the analyst.

We tried two other kinds'of type curves, Figs.
10a and 10b, with no more success than with
Fetkovich's curves. Scatter and small dimension-
less ‘time caused problems again.

Gentry and McCray (1978) proposed the use of
several different graphs, Figs. 9a, 9b, and 9c,
for decline curve analysis. We had difficulty™
with the plots involving aj because the data’
scatter gave aj a very large uncertainty. We
plotted N,/qi t vs. qi/q for several wells and got
very peculiar results which were:-of no use. Again,
the data are far more problematical than the models.

We tried plotting p/z vs. .Q for The Geysets
data using pressure from Cobb Mountain #1 well
and yearly total production data from Finn (1975).
and from the California Dept. of 0il and Gas (see
Figs. l4a and b). Brigham (1979) analyzed some
Larderello data using p/z vs. Q, but as mentioned
above he cautions against expecting linearity
after one-third to one-half of the fluid has
been produced (see Figs. 15a and 15b for plots
of the ‘data).
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Statistical Treathent of Data':

Most of the data sets had so much scatter
that statistical treatment was ‘the only reasonable
approach. We used SPSS (Statistical Package for '
the Social Sciences) to reduce the data. See
Appendix for discussion of SPSS and for the
programs we. used, SPSS 1is available at many
computer centers and it requires a minimum of
data’ handling. :

We used SPSSPLOT to generate cartesian plots
of the.q vs. 't data fot all the wells. From the _
plots we chose wells to analyze further. Some )
of the wells had drastic rate changes in their
histories so only sélected parts of ‘their histories
were analyzed., We used a non-linear least squares
regression subroutine to analyze the exponential
equation

q(t) = qze "

“#oc”

g -
“Cos wra J

‘?’u i8 s
7 0
: i "-’-';Iz\:z Union Ot of Colitorme
c; J “tokomo Fome
((, R | Srare 4597
- ¥ -

NIT 4 o | l/\\ ) N
% it AR N W CE

The program requires initial estimates of q, and
a, and it-returns q(t), the predicted value of gq,

.and best estimates a and q for the fractional

' generated is R? defined as

decline and the initial flow rate. A fit to the
lineap equation o

'q(t) =q, +kt

is also generated. The primary statistic

2 _ SSR ; regression sum of squares

R SSTO total sum of squares
‘ I’ SSE -71”; residual sum of squares
SSTO ] total sum of squares

SSTO = L (qi-ﬁ)2 where § = Iqq
i=1 .
n
.8SR = I (q-qi)
i=1
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SSE = SSTO -SSR

Values of R2 greater than 0,65 indicate a good fit
which can be extrapolated with some confidence.
The value 0.65 is arbitrary, but is generally
considered to be a good fit for raw data.

For the influence function method, we develop-
ed a fitness measure, p, which is the average
fractional deviation of computed pressure differ-
ences, Ap, from observed pressure difference, Ap =
py=p(t). For example, if p = 0,1 and &p = 100, the
true value is between 90.91 and 111.11 becauseAp =
£p/ (14p).




Discussion of Data Scatter

Field data often have a great deal of scatter
in them which can cause difficulties in analyzing
- them. - The scatter can be of. two general types,
reservoir related and operations related. Reser-
voir related scatter can be caused by .

+1) - rainfall
2) recharge
3) earthquakes
4) - subsidence.

Productioq related scatter can be caused by

1) changes in production schedules
2)  bad well completions

3)  workovers

4) poor calibration techniques

5)

poor data gathering techniques

Little can be done to prevent reservoir related
scatter, but operations related scatter can
always be reduced. .Methods for reducing the
chance of scatter are discussed in the Standard
Operating Procedure section. Scattered data can
be analyzed with the following techniques:

1) averaging the data

2) least squares fitting

3) subtracting our known effects and trends
4) using insight and experience.

We tried averaging data from several Wairakei
and Cerro Prieto wells to see whether we could use
Guerrero's method for Arps's equations. We could
not get reasonable values for the decline
exponent. See Fig. 16 for a graph of six month
average production vs. time for Bore 18.
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New Zealand. :

' The easiest known effects to take into -
account are periodic shut downs. - The ‘annotated
production graphs from Wairakei showed that many
of the wells were shut in for periods of about 1
month every 1-2 years. The monthly production
during these shut-in months is obviously much
lower than the preceding and following month's
production. If the other data are on a smooth
trend, the low values can effectively be ignored
in fitting an equation to the trend line. Since
these points represent production, however, they
should be included in any calculation involving
the cumulative production; Q.




V. RESULTS

Arps's Equations

We tested Arps's exponential equation (73) on
all individual well data, total field data and on
several groups of wells. The results are
summarized in Table 3 with complete results in the
Appendix. D is the ayerage calculated monthly »
fractional decline. ‘D baged on total field pro-
duction from, Wairakei, The Geysers, and Cerro
Prieto ranges'from 0.003 for Wairakei to 0.0115 for
The .Geysers. ‘This converts to: yearly declines of
3.6% -and' 13.8%, respectively. R? for individual
wells ranges from 0.0004 for a well at Otake to
0.9712 for a well at Larderello. ght of the ten
wells and groups at Larderello had R4's greater
than 0.87, indicating a’'very good fit to the °
equation. Also, all three wells at Matsukawa had

's greater than 0.76. The welle from The
Geysers did not fit as well’as the-wells from
Larderello and Matsukawa, so we cannot draw
definite conclusions about vapor-dominated fields
and the exponential equation.

Cerro Prieto and Wairakei are both liquid-
dominated fields, and their data did not fit the
exponential equation quite as well as the vapor-
dominated fields. However, for all the fields the
equation fit at least several of the well's data
quite well. See Figures 1l7a-g fora fitof the ex-
ponential equation to total Wairakei production
and to several individual wells.
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of b cdn be picked with'confidence.

We only_tested a'few wells using the hyper-

- bolic equation and got R 's greater than 0.989 in

all cases, This 1nd1cates that the equation is

 either nearly perfect or: ‘that it 1s a very poor

model and will fit’ virtually any data set. We
hold the latter- view. ‘Because the equation has
no physical’ basis, we recommend against using it.
However, if a ‘particular data set fits a hyper-
bolie type curve well over a long stretch of
dimensionless time, the curve can be used to
extrapolate production.

Type-Cutve Methods

None of the data sets fit any of the type
curves well. The scatter is so high that no walue
Some of ‘the
Larderello data fit Fetkovich's exponential curve
for up to 80 months but then develop constant. pro~
duction which takes them off the curve. See Figure
18a. Figure 18b shows typical Cerro Prieto data
plotted on the same curve. No value of b ca
reasonably chosen.

Coats' - Influence Function Method

- Coats' method can be used with any but the
most bizarre data because the derivative con-
straints imposed on the solution method guarantee
that either a meaningful solution or no solution is
generated. The fitness measure tells how useful

SUMMARY RESULTS FOR FITS TO EXPONENIIAl EQUATION

TABLE:3,
‘ 2 ' - Range on Individual-~ ~ # of Wells at
Field D , R # of Wells- R2s R2>0.65
“Wairakei, Nz “‘0,0030° ~0.7847 6 000165026088+ TF 41!
" total prod. '
~Cerro Prieto, - B :
“B.C., Mexico v o :
Liquid prod. 17 0.0066-0,8524 6 p
- Total prod. 19 0.0405-0.9409 ) 8 '
The Geysers, 0.01151 0.8103 " 26 V0.0126-0.8127 6
CA., USA : :
- CEac el
Larderello, 10 0.0416-0.9712 8
Italy . ’ n o .
Matsukawa, s ol A0E 3 0.7609:0.8633 3
Japan s B ;
: 6téke, -
Japan :
Liguid . .. ., 4 0.]1528-0.7043 . . . 1
Vapor 7 4 0.0004- 0 7981 " TN
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the solution is. We tried the method on Wairakei
and Cerro Prieto total production and on Travale 22
from Larderello. The fitness measure, p for
Travale 22 was 0.038 indicating a very good fit
(see Fig. 19). p was 0.1001 and 0.3366 for -

Cerro Prieto liquid production and Wairakei total
production, ‘respectively. We tested the predictive
value of .the method by fitting Wairakei data:from -
1955-62 and then'extrapolating. The pressures
obtained using both thé infinite and bounded
aquifer approximations-are shown in Table 4 along
‘with" the actual pressures. _The pressure drop is
calculated as ; L -
QF -

8p =

WherefQ'is‘cumulativeiprodgéﬁ;on,(Ffiﬁ the influ= =

erice function and t is time. - Figure 20 shows the
calculated influence functions for Wairakei 1955-
1962. - The high fitness measure indicates very -
rough data. )
the fitness measure for the infinite’aquifer case.

Log production rate .’

‘Exponential curve .

po— T

Log time {months)

FIG. 18a. Lardetcllo 82 (Nclla Sasso Rosso Nr. 82) fit to
F etkovxch type-curve.

The observed pressures fall within Lo
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FIG. 18b. Pozo 25, Cerro Prieto; fit to F etkovich type-curve.

In an infinite aquifer the tafe 6f pressure de-

" cline decreases with time as is the case for

Waitakei. :

“Bodvarsson e Linearized Free Surface Method

We had enough data to try ‘the linearized free
surface method only with Wairakei. We divided the
field into six regions and then assumed that the

" total production from ‘each region was coming from

a virtual well in the "center' of the region. The

production depth for each virtual well was the

“production weighted average center of open zone for

the wells in the region. A centroid was chosen for
the entire field and then the pressure drawdown at

"the ‘centroid was calculated for each virtual well
" and -gummed t6 get ‘total”’ drawdown.

The drawdown.
curve obtained is shown in Figure 21 as Curve #2
withithe actual-drawdown as Curve #1 for comparison.

~ By adding the term for a bottom as described in

““Chapter 111 dnd by adjusting the porosity, ¢, per-

meability, k, apd depth, 'H, we obtained Curve #3,

004 4
C
<3
2
*‘E - 0034
3
o
o ad >
o : :
& '
%
w C #ewr—e - FIELD DATA
o . %01 b #—ieca - ASSUNES BOUNDED AOUFER
é' R = s0 - ASSUMES INFINITE AQUFER
[ ’
x :
x /f . ‘
° “

200 X0 400 500 600

INFLUENCE FUNCTION — TRAVALE 22 -~
 {Fitness mecsure p =.038239)

FIG. 19. Influence function—'l‘réwalé 22.




a plausible fit.
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FIG. 20. Influence function—Wairakei total field 1955-1962.
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This method is difficult to use .

because the necessary geologic and production data
are usually lacking or sparse at best.

0T

TABLE 4. CHECK OF EXTRAPOLABILITY OF COATS® METHOD USING WATRAKEI DATA

(Values of the iﬂf;uenée f_qugion are from Fig.'ZO)

Lob

Cumulative Producing
Year Prod., Q Time, t, yrs. E,
1963 726276 8 -0023
1965 10283401 10 .0027
1970 1644585 15 .0035
1976 2295755

21 .0042

Free surface drawdown ('rﬁeters)'

Ap
209
278
384
459

w
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FIG. 21. Linearized free surface fits to Wairakei data.
Curve 1, ®—@: obsecrved pressure drawdown

Curve 2, &-A; LFSfit, 1 term

Curve 3, 0—0: LFS fit, 2 terms

a

i

P Thowma 8 p Fobs
542 .002334 212 539 543
473 .002917 300 451 491
367 .004376 480 271 427
292 .006126 670 81 405
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- to extrapolate to- future behavior.
' vapor dominated, p/z vs. Q plots can be used but
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VI. STANDARD OPERATING PROCEDURE FOR DATA GATHER-
ING AND ANALYSIS

Data Gathering

. The’ most important step for ‘the analysis of
data is -the proper collection of e, The' ‘data must
be as complete and clear as possible so that "bad
data" can be eliminated as a possible cause of
unusual results in the" analysis.f Some" steps for
ensuring good data gathering are

1) Set up regular testing schedules and stick

T, to them:
"2) ' Set up, calibration scheduleés for all
" instruments used such as pressure gauges

-and ‘temperature bombs.

3) Keep an updated calibration log for each
instrument.

4) TUse clear standard forms:- for recording
data.

A data chart for routine’ méasurements should in—'"
clude at least the following information '

~ 1) . Well name and location
'“"2) ‘Date and time B s oen
3) Pressure-well head, tubing, ‘bottom hole,
) meter run, etc. gauge or absolute .
4) * Temperature LA ;
5) Flow rate ' S
6)  Location of test points
_'7) Units for all meagured quantities
-8) Well status -~ ¢ i
'9) Type of test being conducted = buildup,
interference, etc.
10) Zone being tested. =
11) Instrument numbers’
12) Name of tester

Data Analzsis

The data éan be analyzed by wells, by groups
of wells and by fields. .

¥

“:Graphs

Graphing ‘the data’ provides an easy way of ¢

tekamining the data for unusual’ behavior such as

occasional high, low or erratic produetion.‘ Such’
data sets’can be’ flagged for special attention.
The data should be plotted and . analyzed according

. to Arps (1945,1956) using cartesian semi-log, ' o
However, s

and log-~log plots of production vs.'time."
this provides only a "quick look" and further:
analysis should be done. 1f the data are smooth
enough, ‘log-log type curves and Gentry s and
McCray's curves can be used to fit current. data and
1f ‘the field is

only with great caution.

‘'Least Squares Fits to Arps's Equations - - -

Production data (q vs. t) should be fit to
Arps's exponential equation using a non-linear
least squares program. ' The program should calcu-
late R? to indicate goodness of fit. ‘A reasonably
high value of RZ, e.g., greater than. 0.65, allows
extrapolation with some degree of confidence.

We recommend against using the computer to fit
data to Arps's hyperbolic equation for the reasoms
However, if the data fall

-described in Chapter V.
.very well on a particular type curve then one may
reasonably predict future production using that

curve,

Q’COMPLETE'RESULTS FOR FITS TO EXPONENTIAL EQUATION

AL WELLS

B i Calculated
Field . Fractional 2
Well # Start Date End Date Decline,Dx10 R
Wairakei - Total Production
18 1-56 12-76 4.86 0.75
20 4-59 12-76 6.00 0.32
22 12-59 12-76 12.47 0.79
L BN 1-60- 12-66 7.52 0.60
24 .'5-68 12-76 3.26 0.46
. 26A cor. 163 12-76 5.38 - 0.52
" 26B - 10-62 12-76 5.29 0.68
27  8-58 12-76 2.05 0.20
28 . . - 1-64 12-76 1.74 0.19
30° . 3-57 12-76 4.90 0.72
39 L 1-64 12-76 3.69 0.53
K i 1-59 12-66 1.02 0.43
‘42 1-60 12-66 17.48 0.80
- 43 " 12-58 12-66 5.04 0.40
44 7-62 12-76 5.10 0.78
746 12-88 12-76 - 4.86 0.74
47 ¢ 3-59 12-76 1.34 0.14
.47 1-63 . 11-67 7.87 0.40
47 7 6-68 12-76 0.47 0.01
48 5-62, excl 5-68-3-69 12-76 n.22 0.80
55 L 562 2-76 3.0 - 0,52
.56 8-62 12-76 9.81 0.86
57 ©9-62 12-76 6.01 0.69
58 - 8-61 12-76 2.84 0.45
66 5-64 12-76 1.03 0.06
- 67 8-60 12-76 4.67 0.61
.70 1-65 12+76 1.94 -0.38
n 5-63 12-76 .77 0.20
12 7-62 12-76 5.97 0.90
74 12-63 4-66 2.50 0.27
16 12-62 12-76 5.72 0.59
Y 1-63 12-76 6.81 0.72,
1 12-60 5-62 3.99 -~ 0,59
- 82 1-66 12-76 3.40 0.33
.83 9-63 12-76 2.54 0.38
T 88 1-64 12-76 0.45 0.01
108 8-64 12-76 2.87 0,51
1-64 12-76 3.00 0.78




COMPLETE RESULTS FOR FITS TO EXPONENTIAL EQUATION

(Continued)
. Calculated
. i -Fractional o
Field Well # Start Date End Date Decline,Dx10 R
Cerro Prieto - Liquid Production
5 c 3473 7-78 4.72 0.55
8 L 6-73 7-78 14.36 .. 0.68
9 3-73 12-77 10.26 0.13
n 3-73 7-78 24.22 0.73
14 . 8-76 8-78 -4.65 0.09
15 8-74 8-78 14.55 0.59
19 2-75 7-78 =13.79 0.54
20 . 8-73 71-78 24.71 0.79
21 9-74 -7-78 -15.02 0.62
25 12-73 7-78 16.08 - - 0.36
26 8-73 7-78 -20.87 - 0.76
27 T 876 7-78 - 2.06 " © 000
30 12-73 7-78 7.80 0.47
kil 8-73 7-78 4.08 0.58
k.3 7-73 9-75 22.67 0.84
35 3-74 7-78 6.82 0.84
Cerro Prieto - Total Production
5 1-73 12-79 8.01 0.81
8 1-73 12-79 18.12 0.81
9 1-73 12-79 99.09 0.15
1 1-73 12-79 19.87 0.72
14 1-73 12-79 9.74 0.52
15 1-73 12-79 17.31 0.73
19 1-73 12-79 - 1.40 0.06
20 173 12-79 25.31 0.83
21 1-73 12-79 4.60 0.19
25 1-73 12-79 9.52 0.58
26 1-73 12-79 - 8.36 0.31
27 1-73 12-79 2.76 0.04
29 1-73 12-79 7.55 0.22
30 1-73 12-79 6.93 0.68
3 1-73 12-79 5.84 0.67
34 1-73 12-79 27.20 0.58
35 1-73 12-79 8.07 0.94
39 1-73 12-79 33.26 0.63
42 1-73 12-79 7.18 0.32
Calculated
Field Fractional 2
Well # Start Date End Date Decline,Dx10 R
Geysers - Total Production
DX-2 3-74 n-79 7.98 0.44
DX-3 11-72 11-79 8.10 0.54
DX-4 8-72 1-79 10.86 0.69
DX-5 8- n-79 1.16 0.01
DX-10 8-7 n-79 5.00 0.16
DX-10 3-74 2-78 9.80 0.35
SUFBK3 8-7 11-79 11.59 0.49
GDC-32A 12-72 1-79 9.94 0.54
GDC-53 3-72 1-79 19.01 0.32
GDC-66 4-73 11-79 9.56 0.54
GDC-77 5-72 11-79 9.85 0.31
GDC-85 5-72 11-79 7.17 0.38
GDC-85 5-73 12-74 37.98 0.82
GDC-85 2-75 11-76 24.34 0.89
GODC-86 5-73 n-79 7.69 0.42
GDC-88 3-72 11-79 11.76 0.61
HAPYJK1 Nn-7 1-79 16.10 0.61
HAPYJK2 -7 11-79 13.17 0.60
HAPYJK7 1-71 11-79 2.45 0.15
HAPY.JK8 1-N 1n-79 10.13 0.48
HAPYJK9 11-72 1-79 6.18 0.22
0S-1 6-73 1-79 9.66 0.59
0s-2 9-72 1-79 6.03 0.23
0S-3 9-72 1-79 13.70 0.46
05-3 6-75 9-77 25.36 0.89
0s-4 11-72 11-79 11.64 0.54
0S-5 7-74 11-79 23.99 "0.63
05-6 8-72 11-79 9.58 0.59
0s-7 11-72 n-79 11.58 0.69
0S-8 8-72 1-79 10.80 0.8t
Geysers_Total Field
11-72 1-79 11.51 0.81
Olkaria - -- 10.84 0.85

Influence Functions

If adequate production and pressure data are
available, they should be analyzed using Coats's
influence function method and a computer program
with the constraints described in Chapter III.

Data preparation is straightforeward and data hand-
ling is minimal. The first half of a data set can
be modeled and extrapolated in several different
ways. Comparing the extrapolation with the second
half of the data can give insight to the placement
of reservoir boundaries such as faults or outcrops.

Bodvarsson's linearized free surface method
should be tried if the reservoir has a free liquid
surface, and if enough data are available to
estimate a sinking velocity.
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APPENDIX

Statistical Package for the Social Sciences SPSS

SPSS is a set of programs developed for
general statistical analysis.. We have 'used the -
two subprograms PLOT (Tuccy, 1977) and NON-LINEAR
(Robinson, 1977) quite extensively. 'The listings
for our SPSS main programs which used these sub-
programs are given below. - SPSS2 will plot a set of
data. SPSS4 will do a nonlinear least squares fit
using the exponential equation. B(1l) and B(])
are initial guesses for initial production, q,, and
monthly fractional decline, D.. The other program
names are self-explanatory. A complete description
of SPSS is given in Nie, 1975. X S

Multiple Pufpose 0ptimiia£ion33§stem ﬁéOS;M

MPOS is a linear programming package designed
to solve a wide variety of linear programming
problems. Coats' influence method can be formu-
lated as a linear programming problem as follows.

1
X, +u; =v, =D 1) 1=1,2,..n
Jz-iqi'JJ . § i (1)
) Xy = Fy = Fya
X 20 (2a) i=1,2, . .n
Xy -%,20 (26) 1=1,2, . .n

Axiﬂ - zx, + x,_',;o {2) 4 7-

35

n
Objective function Zt(u:l + vi) = minimum where
i

and v, are slack variables, bi is the observed

Yy i

pressure change Ap, and qi_jxj is the calculated

pressure change. MPOS generates a tableau for
the calculation which looks like the following for
n=54, o B

X1 X2 X3 X4 ul u2 u3 ud vl v2 v3 v4 b

Objective function.. 1 1 1 1 1 1 1 1

A A = b,
i L Qo oo 1 o .
-2 93 9% % 1 -1 ;; b3

v j,d4 a3 9 9 -0 1 A1, = b,
2 Ve >0
2d) 121 20

ez >0

Values for u, and v, are given in the output so
that the fitness medsures, p, can be calculated
directly as

on
1 1
,7,7- - 12-:1 _Fi'(u-i + v

The listing for gfogfaﬁ INFUNC is given below.

R X S
'
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.COMPUTER - LISTINGS AND EXAMPLES

. SPSS PROGRAMS
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uOrTHHE;TEKN UNIVE&S;TV

la e S a - - aTATlSTICAL PnuKch "FOR THE SOCIAL SuIENCES

IERSLON 7-u - JUNE' 27 13(7

- Y. ey R . “ . .o .
i . g . N : L

i - e e e e

. PAGESIZE .7 77 NOEJECT S

" UN NAME” L NuNwaNEAR (EbKESaION -- BOK: 16 ’
VARIAILE ‘LIST HONTAS 3, AMONTHYEAR, HASS L .
INFUT FORMAT . FIAEY (9A.F>.u.5x.zrs.u.rzo.2)-
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MONTHSS  F sw»ov-~;-~*~~—4o-~y¢*~—~n—————-—~-—-—n~~«_-——~—-“m-»-m~<,--- R
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YEAR © 'F 5. @ 1. 25~ 29

MA>S j;qu.yz 1 30- 43

PRI

THE INPUT FOR*AT PRUVIDED FJR @ VARLIABLES. . & WILL BE EEAD .
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NONLIﬂEA& uEG&E“SIOh an ao~; 16 S - 79/07/25. 08.23.54. PAGE 2 )
: ~NONL;NEAR - VARIWBLES=4ASS WITH MONTHRsNB=2
M s i 2100000023 LA IR EARIIL2IL DO00LEMONTHR:— et e
© OERIVATZ G(1)=EXP(3(2)%,00001*NONTHR) #1300008
_ | 612)=10%HONT PRE3(1)% EAP (342) % 00001%HONTIR )

PARkANETERS 8(1)2165.615892

Mol C 3 (202 =kol 18

STATISTICS 9

o FINESH oo — S
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NONLINEAR KEGRESSION -~ BORE 18 79/707/725. 08.28.54¢ PAGE 3
FILE NONAME (CREATION DATE = 79/707/25.)
— NNt N EAR—PROBt—Et—5—t M ARF
252 CASES
1 UEPENDENT VARIABLE(S) - . ¢ o e o e o . e e s o e s
2 PARAMETERS
METHOQ MARQUARDT
TOLZ = ] REL. CHANGE IN SUM OF SQUARES
TOL3 = 8 RATIO T0 INFTIAL-SUN OF SQUARES - o oo o
TOLy = 1.0000000€-0c PIVOT TOLERANGE
PARAMETERS
NO. NAME INITIAL vALUE
e = 4356458964082
2 82 ~4.,6718000E+02
0 OERIVATIVE ERRORS WERE OETECTED
SETUP TIME = - — +aZo—SECONDS -

THE LAST ITERATIGCGN

ITERATION NG. 5 BASE PULNT TEST FOINT.
SUM OF SQUARES 1.27 14352E+17 1.2714952E+17
S 0 ; @
LANAODA
GAMMA P 1. 00006006408 1.00000006608 e e e
ANGLE IN LEGREES 847178 8.7257
MAXe PIVOI REDUCTION 3.9411993E-01 3.9411999E~01
PAR. 81 3 1.9510062E¢02 S 1.3510&62E402

o 82 ~4.8583609&E+032 ~++3583609E+G 2
CUNUGATIVE NOe JF FUNCTION GAWLS = 6

ITERATLIOwn TINE. = «262 SECONDS

CUMULATIVE TIME =

1.(

SECONDS

oy




kd

ITERATION TERHIN!TES

3

HAXs - REt*fi*E-GN*NGE—rN4*—P*RiﬂE¥ER—vt+v—¥6t+t+—-—tr5GeGG0GE-Qo———————-———————————~———____-____..f_-n_.- e e

e e e m a. ae e e e eea. ee . e em . e wem®wwnw e mw e e® e e e e an® . e e e ... =" weoa

FILE  NONAME  (CREATION DATE = 79/07/25.)
fiﬁﬂ; Paakﬁttea VALUES
FINAL VALUE " SUM OF SQUARES @ 1;21&&9&2&0&7
, . S . o T,
PAR. 1 391 1 1.95108662E402 : 1‘ 160'
2 . B2 . -4.8383609E402 .

@ B W W B W H W W R S W W W W W W W W W W W W W W W W WP W W W AR W M W s W W W @ e e @ e owmow owEa e e e ee e e .emsoe e

s

Toeq %

NCNLINEAR chaessxon -~ 30RE 15 79707725, 0842854, PAGE 5
FILE NONAME  (CREATION DATE = 79/07/25.)
FInN A't"~F UNCTION VALUES ANOD RESIODUALS
ROOT MEAN SQUARE RESIDUAL = 2.2552119€407 DeFo = 250 ..
THIS IS THE SCALE UNIT IN THE GRAPH OF THE- RESIDUALS.- - R
CASE VAKX " PREDICTION | oassavnt:ou " 'RESIDUAL GRAPH OF RESIDUAL
- - NG NG - 2 g PO,
.1 1 . 1.9510662E+08 1.8200000E+08 ~1.3106622E+ 07 - ssnusss
2 1 1,9416102E+688 $+7108080E408- - - =2,3161023E407 - sssessenese
3 ‘1 1.9322001E+08 1.8200000E+08 - -1,1220006E407 sesvss
o 1 1.9228355E408 - 15790000 0E408 — - =1, 3283550E 407 ssrenss
.5 1. 1.9135163E+08 . 1.8700000E+08 ~ite 3516331E¢ 06 sen
- ;'.6" o —t ——;-—W&' . . . ¥ RTINS J. Y Y SO
o ; 1 1.8950133E+408 1.9200000E+08 2.4986735E+06 s .
8 A 1.8856289E+08 1+9500000£408 "By 4 1TL065E406 s aBe
3 ‘4 1.8766891E+08 “1.9100000€+08 ‘3. 3310B82E4 06 ..
10 T 1.8675936E+04 2.0000000E488 1. 3240640E407 ssasnee
11 1 1. 8585422E+08 1.9600000E+08 1.0145784E+07 - (TITL S
42 ek e e S B BB 6 £ 08— ——— 24 0500000 £408 R DU B LA L RS RERERE
13 1 1. 8405707€+08 2.0800000€E+08 2.3942933E+07 - T sBsssBssRELS
14 1 1.8316502E408 - 1+9000000E408 - - 6.834C7I5E456 srse
15 1 1.8227730E+08 1.7200000E+08 ~1,0277297€+ 07 ssssas
16 1 1.8139388E+08 ‘240 e e 2y 3OO OL2RER DT — srnanssenss
17 -1 1,805 1674E+08 ,2.1200000E+08 3. 1485264E 07 ssesssssssssnee
19 1 "147876922E+08 . 241200000E+38 '3, 3230781E+07 : Asssssscssesssss
20 1 1.7750280€+08 - 2+4 2000006408 — - 3y 4 DO P2QDEAPE - emn SEBIIIREERRIIENS
21 1 1.7734056€+08 2.0500000E+08 " 2.7959420E407 . sssssenssesss
22 1 147618254E408 2034 200000E408 - - BeS8LIUBLESOP e e FsasrnrrszssBRILY
23 1 1,7232866E408 12.0500000€+08 2. 36T71344E+ 07 sscssnssssssss

IvAe
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Ptﬂﬁﬁiﬁ)‘»repb‘»rhhl+PoA#t{nr‘ﬁb‘ﬂ

NONLINEAR REGRESSION == 30RE 13§

Fl E

CASE
NO.
'Y 4
“3
3
58
51
52
53
-1
35
S50
57
58
53
60

o B

62

. 63,

6l
65
66

SRPEP. E——

68
69
70
L
72

1.7447891E+08 2,1200000€+08 3.7521088E407
1.7363329€+03 2.1200000€+068 3.0356713€+07
147279176E408 1.9200000E+08 1.9208241E407
wiaw _.wh. -
1.7112092E+08 1.8400000E+08 1,287 9079E+07
1.7 029157E¢ 08’ 1.1000000E+08 =60 029157 0E+07
1.694b624E+08" 7.3000000E+07 ~3,6466238E407
1.6866031E408 1.9000000E+08 2.1355093€ + 07
1.0782756E408 1.8800000E+03 2, 0172444E ¢ 07
ety GG TR ER S — By BT A0 B8 3v 99853 3E4E —— - o - -
1.6020472E+08 2.1100000E¢08 #.4795280E407
1.6539920E+08 2.7000000E+07 -1.3839920€+08
1.6459753E408 1.6000000€+08 ~445975754E+06
1,0379964E+08 2.0700800E+08 we 3200150E+07
1.€300597E+ 08’ 1.630000E+06 2.2994020E407
1.6221595€+08 1037000086488 - - 3++784850€407
1.0162976E+08 5,1000000E¢G7 -1.1042976E+08
1.60047 3BE+08 1.9300000E+03 3.8352624E+07
1.£936679E+08 1.9100000E+08 3.1131214E+07
1.5399337E+08 1.9600000E+06 3.69060306+07
1.5532291 €468 1.3500000E+08 3.6077092E44G7
105755556 €404 1.8500080E+08 2. TwviowloE® 67
145079198 E+08 1.9700000E+08 3,0208022E+07
(CKEATION 0ATE = 79/07/25.)
FINARGC FUNS TIOGN ¥ AL UE S
PREDICTION 03SERVATION RESi0UAL
1.5003207 €+8 1.6133000€+08 e 307 9262E ¢ (6
1,5527535E408 1.5300080E+06 -2.2758522€+ (6
1,54523366468 £.5303000E438 =125232956€ ¢ o
1.5377639E+G8 1.4300000€¢08 -1, 0774386E407
1.5302911E+08 1.5300000€408 -2.9106781E+ G4
1, 52267 +wE+G3 1.4300000E+J8 -4+ 2374393E+ 06
1.5154937E408 1.5300000€+08 1.4506337E+C6
1.5081637E+423 1.4903000E+J8 -2.3144704E+06
1. 50863936488 -~ - 1253000006438 2.3 1636566406
1.4935654E¢08 1.5300000E+33 3.6434592E 06
1.4803267E406 1.4300000E+08 -5+ 3267269€ 05
1.4791231E+08 1.5300000E¢68 5.0876872E406
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ESTIMATING FIELD INFLUENCE FUNCTIONS -~ PRDGRAH USEAGE

Ct:The linear programming technique of - Coats,. ‘Rapoport, MNcCord- and
Drews (JPT, Dec.,1964), -is -used to ‘determine the aquifer influenmce’
functions from field data. GSeveral programs have been written to take
raw data and convert it into a tableau used by the W.F.0.5 linear
progranning package, then extract the results and reforuat it. The
procedure 1s as fnllows: R R S T R T oot

1. INPUT ﬁATA

. The 1nput data must follow the followxng arrangenent:

Card Neo. Infornation
1 Header Card
2 Input Format. Fields are integer-real-res]l for
" time-pressure-volumse
3 N = nusber of data cards to follow
4 First Data Card (contains data for time, pressure,

and voluae)
N+4 Last Data Card
- repeat for more data sets
2. GENERATING THE INFLUENCE'FUNCTION )
: The procedure to do this is sinply.
GET,INFUNC. or GET, INFUNC/UN=BKORSC, -
INFUNC, IN.

wheré IN is the»file containing the input data as described above.

The results will be found in file OUT and ure arranged as follous"

1) header card ' ‘
2) card containing nuaber of data points and fitness value RHO

L in {15,5X,F17.0) field

3) N data cards in the format (15 SX 4Fl7 7) in order of
. time, F, delta-F, F, 0.

4) E-0-F mark

3) repet1tion of 1) to 3) far: each data set

These results should be saved for future plotting. There is - also a
file named RESULTS generated which contains output from the M.P.0.S.
package which should be sent to the line printer with carriage control,
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3. PLOTTING THE INFLUENCE FUNCTION

To plot the influence functions generated above, it is necessary to
use. the INFPLOT prograan., The necessary libraries and object decks will
have been gotten by INFUNC. All that is necessary is to enter

INFPLOT,OUT

_ where OUT is the file generated in step 2) above. The progran should be
run from a graphics terminal. Output can be sent to the GERBER plotter
or plotted on a 4862 plotter. The program will proapt the user for the

necessary infarmnation, ' e

Karch 13,
1980 |
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.- :Influence Function Programsrré
v.PROC'INFUNC,IN,OUT.PESULTS.

Ve OCINAe W MI~e O DOTO ATITODIT 140 ¢ 6 6 6 06 0csosesss

' g g U i g S i S o e UL U U U TR
o* TMIS PROCEQURE Wiil TAKE RAW TINE/PRESSURE/VILYNE DATA AND
s CALL THE PRGPEK PRGGRAMS TO PRLDUCE AN ANFLIENZE FUNG TIGH LSING
*  THE LuNEAR PROG&AHHING ALGORITHM UF v0ATS, T &L LA
* GALLING SEQUENCE! BEGIN » INFUNC » JPRGC I Ny JUTy RESULTS
\
: WHERES : ' ’
. N FILE NITH OATE SETS IN PROPER. FORMAT.
. ur ;1 Essn¢cu NILL CONTA . TidEy o NEoJERCE ggnx;;ou. DELTA-F,
& RESOLT PKCFAGﬁr&H ﬁILL'%%NTKiN aﬁrﬁa? PROYH.PLD.S "CINEAR FROGRAMMING
’ .-....----.----.-.-.-.----.-.-.-.---.-.-.------..--..-.-....--.--‘
$COPY o INFU» OUTFUT o
*REVERT. . o
FUFILE (JLIBy oNOT oAS))GET, JLI/UN=AET IS,
Ieﬁaag=E$EL£35JL£ercgnpkoré o
9 L, 374-8 § of ¥ A
1 R R T A A R EA At (AN P N e T T
ENIND, IN.
ETTL, 100,
ETURNy ZTAB.
A3GENCIN, ZTA3)
gPYy INFL.
POS{ZTAB,RESULTS)
BETATNERL v, sevoc, ccs
GIN,REFOF My JPEOC, RESULTS,
F(FILE (Z1232,AS) JREVERT.  ERROR ENCOUNTERED.
GPYoINF3s ;
ETURNs INF1,INF2, INF3.
EVERT . PRoC/INFUNC,
DATA, INF1
oP. TABLEAU GENERATED ZIN ;ocn; FILE <zrns>
ET;RIN.Q HePeDoSe. -
A¥A, INFc .
sP+0.8. RUN COMPLETE. -RESULT; ARE Zin LOGAL FILE <a=su~1>>
gg%g gagg REFORMATTING .
[}
EFORMAT CCMPLETE. INFLUENCE FUNGTION PLUS ORIGINAL DATA ARE NOW
IN LOCAL FILE <OUI>s ~OATA SETS ARE SEPARATED 8Y £S0-F HARKS.
SE <APPENCJINFUNC,0UT TO PREVIOLS ZRE3U.TSy -
T Wg;“séu i 2R T A I QUTPUT. "> :
KOGRANS ARE NOT WOKKING TENPURARILY. JEFF AT 75¢<4515 OR ~4599




STABGEN

~ PROGRAM TABGEN(INFUTOUTPUT, TAPES

DIMENSION P (3C0),
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=INPUT, TAPES=0UTFUT)
Q(300), 3UFF(8), FORMI(&) ‘

V/LHV

7879 ON ONET/=1,73 "THOR/<2+74 R/1HKZy
DATA U/1HU/, "EQr1ndss "DASA/1N
€ T4IS PROGRAM READS IN PRESSURE AND PROOUCTION GATA ANC
C  CREATES INPUT FOR USE IN LINEAR PROGRAMMING ROUTINZ H.Fed.Se

EB_&AQ_IHEHI,AHQ_Q!IPQINFQRH“IS

ﬂi = N=1

= Ni%2
N3 = -N1e
N4 = 2®N1i-1

TE(6,201)
20t FOR MATE2TITLEZ)
Ede,101) HOR
) ED‘f¢VIRIIBLES¢)
PRINT (6,8)2K1 10 X#,N1
PRINT (83%)7U1 IO UZ,N1.
PRINT (67%)2V1 10 V#£sN1
NRITE 5.295)-"N1
293 FORMS irn’itﬂtftﬂiﬂiﬂilﬁtltﬁﬁﬂSTRAINTSt915)
WRITE (B %03) (EQe I=14N1), (DASH, I= 19N3)
103 EQRuS 80a1) o
TVE (6,204 ) FORHO
204 FonnAIx:soarnr:r:«zrs.rac.s»xlxaaao:n

RE!RIT&MQA[AWQ§m}NRU!‘TO”M.P-O.So IN TA3LEZAJ TORAAT

oN

111 FORMATA218:F 20,5
sl 1N ko, 1ent,0uE =1 N2

WRITE SECOND ORDER CONSTRAINTS

B gnecen s
a4
3 ONEG

WRI Ets. 111) 2¢
- WRITE(B;111) EROIP(Je1)
20 coNtINUE

~ HRITE THIRD GRDER CONSTRAINTS

c
] + 1-1 3

1)

*
*

)
D0 22 J=N3,N&
K-=. J=N3 e
WRITE(6,111) Jy K1, ONE
WRITE(6)111) Jy Ké2, THOM
- WRITE(E 31110 J3 K#3; ONE
22 CONTINUE
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ZEROy ZEROy ZERO




SINFPLO

.PROGRAH INFPLOT(?U

TAPES=0UT ,TAPE
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NEUTy qutput,TAP Z1C=CoT
=0

TIEXTRAPoIN
EXTRAP,TAPE

PLOTS THE INFLUENCE FUNCT;ON FOR GEOTHEQHQL FIELJ
TIME ANDO VALUE OF THE FUNCTION AS_GENERATZD dY PRCGRAM <LF*> A\E READ

£
c

AND PLGTTED ON

TEKTRONIX 4662 PLOTTER

L. UNITS FOR INPUT/QUTPUTS . .

¢ LUN 6 REACS_ INFLUENGE FUNCTION AS GENERATED 3Y PROCEDURE <REFOR
£ FOR#RT IS ONE WEAOER GARQ FUcnQWED 3Y TIME AND FUNCTION VALUE CARJS
IN (Fo.0yeX F17.6) FORMAT. SEPARATE OZCKS SEPAFATED 3Y =-E0F-<.
EFAULT DATA FILE NAME IS <OUT>, _
©§LUNG  NRITES WESSAGES To OPERATOR ON FILE <QUTPUT>
LN WRI JES COMPUTED EXTKAPOLATIONS ON JEFAULT PILE <EXTSAP
UN 5 ASSIGNED TO FILE <INPUT> FOR RECEIVING OPERATOR I STRUCTIONS
U INTEGER EXL #81,EXLAB2U3) JEXLABS (3)9EXLAAL4)
INENSION uoa«ﬁ», T(301), F(3G1), YLAB(8), BUFF(2), FOOT(8)
DATA YES /2YES?/
QAR MARKIQr
ATA YLAB/ZPRESSURE RESPONSE PER UNIT VOLUME £/
pala € 7ZFIELD DATAZ/ e _
1 J7EASSU ED IFER
DATA EXLASS /zASSUMES INFINITE AQUIFERZ/ :
. ... DATA EXLAB4 /ZASSUMES IMMEOIATELY BOUNDSD AQJIFERZ/
e DATA FOOT /#(F>ITNESS MEASURE AGev = #/
~= DETERMINE WHIGH: IF ANYs EXTIAPOLATIGNS ARE REQUIKED

c
- Li. ALPHAS

.-----o-----------------------------.---¢-------------0----------oo

+ 200 YOU KiSH TO PLOT UN THE GERBERe2

TYP=l
S stu?fES(Si.EQ.ﬁt LYYP=1

ENTEK_NUMBER OF TINE P:RxODb FOR EXTRAPOLATION?

NEXTY.
)

[
) EXLAS3 —

- &
L NDYES( )
E &) EXLABY o
s (2]

Yl yyYYYT rYIXYR R YRR R RSP P R LR LR R R LR L A L L B L L ok htd

READ HEADER FOR X~-LABEL

" 1 READ (8,101) HOR
it REiD(21107) RH

0
107..FORMA XeEL7oT)
IF(HARK-EQ.O) 60 T0 15

CALL TEKPAUS
'1ﬁt“f0RHAff8ﬁtﬂt

__g cecm—ceccoessssscmesescesssssscmsmmassssmasmaseanasens

REAU DATR

Y L L e L Ly Ty Y P R Y Y YRR PP R R R YL R L R P R R L R L AL L A L L L]

PLOTTING SECTION

oeoeceeecesceeoa

¢ PHYSICAL PROPERTIES SETUP

APES=INFUT,
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IF(MARK. EQoil GU T0 3t
MARK=1
WIDTH=T7 . - Do . S ’ '
’HEIGhTiSj‘ ‘L ' o ‘ ‘ ‘ '
- . d e o e e e - ; B T
£ LL'?K?Y%E§&E%§? v o s
‘ CALL BAUD(12C8) B : e
o caL S1Y2 kT8 e s o nETGHT 1.0
c .-----------------“-------‘-----‘---------------------------------
I ' n it
30 NINTS '
NCR=zF (N) =F (N=1) -~
~¥iNGR = F42)-=-F4Ly.. - 1o o o
CALL RANGE(Bo’F(N)fNEXT'FINGRpNINTS.YHINOVHA TIC)
CAL. RANGE(T(l)o TIN)* EXT‘TINCR: 8y XMINy X4AK, XTIC)
¢ IFIXTIC.LT.1.0) XTIC=1 o o : S
----- ‘§“"W€ﬁii;;--"----------.--.--..-.--------------‘ ]
G
KBIAS=2..
YBIAS 1.
KB T XMAX = XMIN-

TH-X81AS Sy
s&x€§%§;5§%19§%ﬁflxé'r§ﬂ%g&1s.xaxN,YHIN)‘“ e

QQOQOQ--.Q---..-C’-Q--.--Q-.CQ‘.-Q..---'-.O..o.o.QOOD-.ﬂ---..---.--

GRID GENERATION AND DIMENSIONING

..---------.-------‘------.-o---------o--.op------..-.------.‘o---.

CALL ERASE ' _ ';'. : i

coeegwsa t_ALPHAS b e Sy o
: xnax 2 XTIC=#+KTICs# AFACT=Z,XFA
Y HAKS JYTLC, vsaSt::!

nnooq

ononn oconon

o0

VYMAX,z YTIC=2,¢TLC
Y HA x.vnxu.xr:c.vrzc.ﬁ

X

"WRITE BKIS LABELS

©
17
ot
~N
™
o
m o
*
Y

ZICeC XZF "
= o

(=]
Opa

cre paex
>

»
x
[l

g

-4
[= ]
.

- X ¢
nndo

HDR » 14 80) R
cd1 d&ﬂé L HUK)/XFAGT. .

!A

FACT,U.,'SIZE.NbHARSyHDRl o

Y
0081, 8UF Fy NGHAR)
’ f.zs.NcuAﬁ»

NGHA
o(csxzé.so.roorf / XFACT

o7

i

g
IeXO

X

e

DI P o

0OZ =
-

“Pa \

(2]
"X g" nere
-“rMX.

i
i

N Z  CIXRKOOOD OXNZ
e
aEREan v
=
'i
:d‘

o
é
2
]
~
o
ﬂ
o
1
o
Ei
ﬁ

.
§ € O

- SYHNID(CSIZE,NCHAKS:YLAB)IYFACT

4
“NxWVw
>N
3 ’(u

(2]

SE7XEACT ¢ XHIN
CALL SYNBEL(X:Y,90-.CSIZEoNCH»R>9?LlBl

PLOT THE VALUES -

CALL LINE(TvF'17'N)

—------_--------‘------.--.--..-.-----------------.------------—-o.

CHECK IF _EXTRAPOLATION WAS REQUESTED BY USER -

.‘-.---------“---‘---------.-----...-------O---..-‘----.---.-.-D-.

IF(NEXTLE. D) GC TO 1
FiNeL 0. .10
- CALL DASHQZK.M, -0390070 005)

.----------------o----.---9------------o-bb----o----o--o‘-‘----o---é.

AC
YFAC

’-----.---o---------o----.----------.---.~----------------.----.--.

T
T
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"¢ PERFOKM FIRST EXTRAPOLATION =- ASSUME SOUNDED AQUIFER.
ALGORITHMS AVERAGE LAST THREE INTERVALS.

-% e S A phyabs it Bl phtutagit -ttt SO SR

—Eﬁ“f‘{‘“ﬁ%%—m—s SLL R S
gﬁiL‘%;%#%%(N)ﬁg(N)oﬂoﬁ) |
\J

NRITE(7 9101} H
——NR fﬁf?”}ﬂ'i ~NEKT: AB82
n 163 FO HAT(i o2 TINE FERIOOS EKTRAPOLATION t,k&lu)
1 |
N EL 'I f: )
>
x’Ycioigi

I e I I Y I T T T L Y P IR LR R R R AL L L R A 2

.= T KUUIFER
HUTCHINSON A SIKORAs 1959, Pe 172, EQN, 16 -

aigoﬁ) 60 10 52
—— I‘E e e+ et e
PLOT (

ﬁ"‘% sg ﬁ 1.N%§r o o o N

I * TINCGK
: (Xxe1d 7 kX ,
7RWOGTE 7" T
— AL 416*(x 1 en ‘
Y Riing
R ZFiiiiiéﬁ'::°Z§§5££ti:§EEEIFECZTEEBEEZE'EEGEFEif

52 IF(L oEQ orto
OEL iF N F(N-t)) / TAN)-TUN-1 )
A A
JoF(N),0,8) R e
[ s k]

¢

=1 S
N TR 11 TSI

K s TEN) ¢ I % TINCR
n E'Qlo'01021’

62 CONTINUE

_—‘ mm““m-‘-.----"-------------------------.
’ CAL \LE( e sABJAS YBIAS 60288
gsn &iﬁ .: , ,
I Egiisthgzg,._.un_,
!a'  MMARKAX 5 Y
EAL S{HBEL M Aﬁ.csize.zu.exaaax»
F GO TU 71 :
X = WiDth/3e
o ¥=HEIGHT/6 = CSIZE.® MM
BALL 2§:§x(x c 12641
—————CALL SYMBEL LK 28132 23 ex0082)
CALL DASHES
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 oPROCyREFULRMs INyDATASSUT .
B S L L

_____ i
et TH S PRDCEDURE HILL R:FDR"AT TH: Ob’lPLT F-?GH MePolsSy LINEAY FROGRAMMING
HE TINE UES_FROY RIG EF

3 Vi aTde THEFInGL T
"I <i Tso

e
% FILESE- . . .
8 iN CUNTAINS OUTPUT FROH MePo0eSs

—3%————BATA—CONTAINS “ORIGINAL DATR USED TO GENERATE M.P.0.5+ TABLEAU.
. 00T FILE MHICHWILL ConTAN TR DOroEuElels FoPelod  Jhokeay;
_-.‘----o-----------.-.---------------------- YT YT I I I I L T I I I I YT eTTeYy A
RE URN» OUT, EDUNP, NUL » 21232,
25 ! TNgI=EQIT1,L=EDUMP yNH+
R i H T TR
f" =EDUMP ,NH

EGIN, GETPROG 3Py s LPM o .

oY all‘
:E:'U‘M’g:

3 DAY, EDIT1,E0IT2, o
VEBT. @@gbggg_gkn. ERROR_FOQUND. .

NOBELL$
~—un—c%_se ]
YiL/No FEAS/IL/ND FEAS/0iCORY 21237 1iST
Y3L/Y OF R/IL/SUN/ZGIN=S33CSH//INF/3COPY NUL 15N7330PY NUL /SLACK/$L/03Jee oN/ 3=
3$BEtA§£oxta
—ERLKA /LKL S OINALINEQE N »

ZDATA , BADAT S
ETNS ¥ ZDRTE_SET FOR WRICH N FERSTILT SUCUTTON ~ "~~~
BY THE LINEAR PROGRAMHING PACKAGE,
[UE INSA%, 5 weIGH SEF IS NOT FEASISLE.
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.l““.&t.‘bh'l.'l‘l.ololl.'#‘.‘.‘OQC

MY

. “FOS
-
: VERSION 3.2
-”
-
-

»

MULTI-PURFUSE CFTIMIZATION SYST3IN

-
L 3
-
*
-
>
GSYUBBILIBFIVOPGBOBLLBSR 304048838808

seses PRUELEM NUMBER - 1. sawwe o ,ﬁv.

CE’ Fuutv-cn - =ca;25 -- 195& 1o’ ‘ar=,ﬂt

Ay

x P o : L.

reiaatn
[TV Y

(¥ 4
e L.
T 7]

(000000  mevomcncscmeancmcasee

TP NC e - PRT> S 2
AP I OIS TE T S

QA= TIOO IV
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ve
*-2Z00
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LK N N )

Ssssssanrense
* FRUELEM nudB

Banyede 000005‘0“‘4.I

f'll 4N ey Spam QCW (T

USING SEVIMED
INFLUENGe FUNLT;(N .- 50&’28 .- 1950 To. 1975

o - PRO3LEN INPUT sunnnvv , S
COSSTRAINTS VARIA3LES | NON-2233S . PanAnerer. L BOUKIS

TUEQET 19 InT= 2 NUM3ERE 2a1

LESE s O0TwaLz 87 P -FC'VT- 13.32
s ESE 118, NJU3= Qe - : .
TOTeu= - 37 -Nui3= 3. .10@6#“1
B o VAR JA3LT TA3LD . s C e .
2 = %1 2 ~ . XZ 3 = A3 T e e K4 e e kT & = AD
7 = 27 5 - 28 9 = X3 1€ - X132 11 = a1z 12 = £12
23 - x23 " 6= X1u. 15 «. L15. 10 .- K16 ¢ 17 - X217 15 = X138
19 = X116 24 = UL 21 .= U2 22 = U3 23 Uk © g e Y5
25 - UE 25 - U7 27 - U3 28 - U3 29 - Uit 30 - Uiy
31 - uiz 32 =.ui3 33 = Ule, 3w = U115 .35 - Uit o 3e.=ULY
37 - uis8 3o = UL 39 - J4i 4L - v2 Py . 7 w2 - V-
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£E - vi7 £6 = ¥13 S7. - W19 “ ) SRR
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- FTITTIITYI XYY R PR Y L P R Y PP YRR LRSI L AL R L L R LA A L X 2k J

<FYELU TARD
809 PZERD © XPA(2,1TEST, 1,80, IRET)
IECIRET.LEL0 33 23011 o
RO-LE.I) so ro 980

o  STARVT ANALYSIS.~

&z ;"g“&m:s?:sz TR

—_E;"""'_ praliedeieuyd-iii it inieiuetrat b

GlLCULlTE SQUARE OF RADIUS

-.-.-----.----‘----.------------ --.o-.--------------.-.------------

'''' EFNTTGFTFUTU!%
SadérkBi0z R0y » RCIRAD)

-.E!EEE“’E SINKING VELOCITY, W.
IF(NU.EQ.0.0R.PHI-EQ.O) GO 70 994
.= (K RAVITY * RHOQ) /7 (MU ¥ PH])

QOO0

-------.--.-----------‘--.------------------ SeacovecsansneTenesaeneae

--EﬁEEELAtE GREENS FUNCTION FOR VALUES OF REAL TIME T ANO ALL RAODII.
IF(&NOiEQ;ﬂl 683}0.99: * RH
E ...‘.""..‘."‘..‘..".&.;.“5‘2.'..“.“““ SRR EIBBI485438088080

LOOP DJVER ALL TIME FPERIODS

[ 217

+
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5) NTIME(I)y TPRIME, (GREENS (IRADsI)+IAD=14M)
o F13.1 8 (P1E13,3)) ' ) o

1
Y

NRITE HEADER FOR TIME SERIES DATA

s NR£78(6,116 bt

glLL PEJE? ("EED’LINESOG,

r¥:1,,11 — T T
MRETE(6e106) FLOJEPOH OHED
106 FORMAT (1 7427 IMEZ 4 T19,A18,735,7A14)
NRI ;(I)QJL‘L% ) i
MRITE(Oe1ig) OASH,  oriRAOEL
FORMAT (117, 2 (KG/SECH 2 §se.:(ﬁeteas OF HEAD) #) -
gy R
o HRITE(6,118) onsn S
C __CALCULATE TIME SEXIES FIELD PRESSURE FOR ALL RADII
‘”é """":"".’.‘.‘:""."""‘.Q"".‘.."C".5“’:5":"“".C"
§ LOOP OVER TINE PERIOO
—

&0 FP(I AD}--=. 5 ¢
0004000000000000000000400044400ooo+;0¢oo+oooooooo¢00004000&00000000

LOOP OVER GREENS FUNGTION VAL&ES UP TO CURRENT TINE PERIOD
00 ﬂb J=1II

)»»»;)»)»»);>)>a>>>>>>>>>>>>»)>)>>»v>>)»>,>>>>>>>)>>»>>>>>)>))>>>>>
LOOP OVER RADII

N 3 IRADS
- g ;Rﬁbi x- tIRlB) - GREENS(IRADKK) * 2(4) * DTEE

t!
))D?)))))D,””))))))))’)’)))’))))))))))))))))))>>)>)>))))>))))))>)

kb CONT INU

.t"i*}*’ti**’**!”’**’i040!*0**000000’0#00*0090000&##00090400000000

“PRINT RESULTS FOR THIS TINE PERIOO

proup YT YR Y PR Y P L DY T P L Y T L L L L L L L Ll i R R g

— o PR TR T ecERTROL Tt

110g9F13.

ACTUAL FIhLD PRESSURE BASED ON ORAWDIWNS
LE.U.O TO &5

"
3"s pzERO - FP(IRAD) cF1

U
-
HO‘

= om,
a"0n
Yo @
s
BN
*N
[ T
k]

0
a»
oy
L ]

[ ]
=

)
rerI Y YT RIS RSN YIRS RY AL ST NS R AL 2 R 2L 2 2]

pronppppepepmppp e Y L T T Y YR Y PP Y L L L R L R L R L L L AL L Al d

PRINT RESULTS FOR ACTUAL FIELD PRESSURE

PN PO RN PO EDOANE P P ETIPTERDETDOTBRTRTOTTIRDOTETDD ®O DD cemcnmapeccae

FE(PZEROLE.0.0) GO 10 46 .
.. CA ;_Pﬂ“.t EED LINES 6)
SREFe e 1Tes " hoR® i
NRITE(6y112) DASH
:gg E(.106) FLO,FPHERD o
136 FQRAAY $172 24KG/ SEC) 257502 (POUNDS PER SQUARE INCH)Z)
ITE(, 118 ohSH
NRETE(6.115) (R(IRAD) 4 IRAD= LoM)
gg Es(ao?isl DASH ‘ a
WRIFE(E2107) NTIME(I)+Q(I) s (FAELO(IKADYI) 4 IRAD=14M)
68 CONTINUE .
WRITE(6,112) DASH
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WRITE(6,122) OAT, TIM

ooeoeceorssesveonsconnsas .------------’.-.----.----------‘...----“--’-..

_E PRIN! RESUL'S Of EENERAL PEINT DRAhDOHN IF. IHULT P Lo e .

HULU = 2 IHPLIES FINISH ;UHHA ION FRfYT RESULTS AND RESET CUUNYERS
IMULT = 3 IMPLIES E-O-F ENCOUN ERE PRINT ;ESU; "ANL END

.-.-----------.--.-----...------.-----------.‘---------o--.-.---o--

46 IF(IHULT.EQ.GD GO 10 5¢
R E(O 119) H

8114 D.NHuifle¥Q§TI¥E§Sh{BAL_BQllluwixfiixalhﬁ-mnff ;”;_5_f,. .

H
—119

w
-»

2
€
g ¢ N 0 NHU T ¢ 8
L PE {NEED +6) ,

?&E‘Eﬂﬁé—&;ﬂ “S'éTS‘TTAVE"UIFFER‘E‘NT‘ NUONBER OF "~ TTHE STEPSE — 7"

PO R E 0w X

i
1
|
i
q

NNZ

OODMOD NN

921'7A101

a
¥§ HE (1) CENTER(1),1=1,N)
=
123 F13.3 ’ 1T

“ g@-ﬁ%aa S——
IZEfggé 3) 60 TO E;ENE 1 ’

43 KESTOR \
.9 ggu?gngxx» = 0.0 \

ENA X NE XX)

RETURN YD BEGINNING AND SEE.IF ANOTHER DATA SET IS AUAILABLE

LA A LA L I I Y P TR T Y ) --.Q-CQ.Q---Q..Q.-O’-.QQQQ----‘----QC-.OQOOQQCQ

50 60 70 1

B s—————————

NORMAL EXIT

hdeitutnutedhehbetntttuhb ettt e L L L L L L X L L iy gy

990 iF(IHU «EQ.8) GO TO 99

991 cgu z ~GPUOSECON0(DUH)
TE(64109) CPU
- 109 Fgﬁﬂlfllllllt LeFoSe PROGRAM UTILIZEDZ, 6.3, SECDNﬂS CPU TINER)
OP 2END LFS#

enace - --‘.-----.--------------------oo---—-----------

T sesesosveses .
;55.Fif;§°‘53333:3'55555§G§E'EESZEE:FEEE°E§EEEJ?EEEE'5§°EEfE'FfCEQ°
993 BRINF 4, Seesss s2END2s CARD NOT FOUND. RUN ASORTEDS

994 BRINT 363'-0'- VALUE FOR RHO, MU, OR PHI IS ZQUAL TO ZERO.#

' 995"&2[%9“5 gg"" 'PRERATURE END=UF <FILE EN"UUYTEREU‘UN INPUT UNITZ®

"rnin :

GO 10

996 Eg!#! ;50‘..... ERROR IN 2z0ATAz# CARD. #

997 E§I¥? ; 9:""‘ ERRORe ##BEGIN£® AND 2£END¥z CARDS OUT OF ORDEREZ

998 PRIN? ' S""' ERROR .IN #2zCONVERT#2z CARD. # :

‘9BU'SSIL? gg““ INITIAL PRESSURE SPECIFIvAIIDN IS _RBSENT, ZERO OR#
PRINT @, AN NTEGER.» FLiELDU PRESSURES CANNOT 3E CALCULATEO.:2
cactg 1'io

981 PR{NT $ogseees EPROR IN #ZGONVERTZZ CARO. NO DE:IHAL-PCINT INE

: 28 ?5 :6:C FACTOR SPECIFICATIUN., ¢ i
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" 982 PRINT ‘6‘""' NO 22BEGIN#Z CARD, oa OUT OF PLAZE.?
B} 1] §gtrf g;""' ERROR IN'PARAHETER LIST.:
SgEreres Nunazn OF DATA POINTS EXCEEDS MAKINUM GF um
[ Syzseses JUN ABORTED?

IN
10
f‘“’“t""' ANALYSIS ON THMIS OATA SET ASORTED.®

[V =1




econncccnn FIELD POINT PRESSURES WITH. LINEARIZED FQEE SURFACE GONDITION emeececess

sF2Ss FOR WATRAKEI GKOUP 1 , 1953 TO 1976 :
~—4'iesé§e«eg'39#c-m—me&-4wbs¢ B T T

TIME AND FLOW DATA READ FPOH FILE #RLFSGI ’ HITH FDR‘HTI(IIO.!.SX'FIS.Z)

FLOW onn uenE CONUER‘I’ED =ch tvpe s uuﬁe Pouucsnen ") TO KG/SEC.8Y THE HULTIPLICATIVE FACTOR 1.63779290E-02
INPUT PARAHETERSl . T
NUNBER OF DATA. pcm*’rs‘f (NBE 0 2 .
DELTA=TAU1 S 3.15 «
FLUID. LEVEL (D)8 1.61 :
POROSITY (FHI: 4+ 00
DENSITY (RHO}E . B8a1ik : ‘
— T3 AN D1 W RN .34 80 : - PN
DYNAMIC VISCOSITY (MU}t 1409 ;
SENKING VELOZITY tRI1 - 3128 N Sl :
7 RADIUS spsngmmons: 998, 00 1692409 f*;fzsu‘o.co' ‘ is@a‘.an 1312,80
LoF.S. FOK WAIRAKEI GROUP 1.4 1953 10 1976 - :
TINE FLO ‘ S FIERE: osauoom AL, spscxneo o:sunce FROH aoaenot.e
-cioodobodqv;-aoixgigggl &d.:;.d 0-.6 a. - ETEQ OF " - Py . . . . -a ha.
nETERsa o et 990,00 0,00 841,00 16925 no 71540,00 - "1588.00 1312.00
19835 36.779 02530 1 S.u88 0 - 2re W,.ogr L e415 -109 o153
+ TSN, 10 SRSNILL | SR L BN () ERNNRECLy | SRR || SR+ S
CHIE 2834159 - v 3,360 - 33,302 - P 142808 U0 14526 iTens 2038
287 - 201.32¢ 092 iy 089 . 1.938 - 2.31 24182 . 3.090
958 269.12€ 74233 109 41 3¢ 2,799 - 3433 3.1&.3. L delh2
1359 .- 4614877 - 10465 1ok, ¢ ly919] o8k .71 6.61k
~A980 00 lisewd . 13,88 176084 54585 6.583 80231 . 8.701
1961 374he 660 16.68 175.00 6o 52; - 19 61 7.63 L 8.595
62 328,536 18,876 165480 T e545 . .9.352 . 8,873 . 124199
1963 - +-37-3+08 2142 Z6v2is SRR b R 04166 3.835 -
19684 3564932 - 22.84 17 €. 9% $0.21 11,917 (1,361 154285
1965 "' 311,598 ¢ 24,132 1660341 1411 124909 L2« 30 Lo a1k
1966 3114268 28177 16 3, 665 11.94 13,795 13.170 1739
(967 80,095 25,833 154,889 12.€0 lie491 3.856 18,117
i3 nba o fede paw R g sl i3
:] R . E @ .
1970 3698k 364246 8,374 13.852 15,706 5.087 1917
71 viied B N 3.007 Lire1d ————ib 402 9oi e i
1972 35, 243 - 54306 132,792 1hehi 16.21 15.615 19,562
.'3 B¢ -1L53 26.081 1244225 1he53 164304 15,716 ) L Ge igg
1974 2114875 25, +14 ‘121 548 18,636 16,362 3. 788 12551
1 "5" 4 ! 465 - 25459 119.179° 14.70¢ 16.386 L5826 19.472
976 23524 6% 5671 29,325 . 144661 16,532 . 15,977 19,589

REFE&ENCE DATE ‘AND TIMES BOIB5I11. mr 17. 16.36.

o

SaT 3urs) suoTjeINO[B) °o[dUWeXF
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. FIELO POIMI PRESSURES MITH LIMEARIZED FREE SURFACE CONOITION =sesessses

_keEaa SRR MAIRAREL GROUP 2 4 1953 TO 4978

FLOW DATA WERE CONVERTED FROW TYPE B (10E6 POUNOS/VEAR ~ ) T0 KG/SEC BY THE WULTIPLIGCATIVE FACTOR

1.03779230E-02
INPUT PARANETERSS _ _
-———RUNBER_OF DATA POINTS (NI T o S
QEL TA=TAU S 15697 SEONDs ,
; rg;g’:n " .n z‘% : MELERS . . ..
LML $iga{erdd cerou wepens
gvuan;g;ﬁsgggn'g' [LUTE ng:é;p‘ ﬁeigg [ER=SECONC
’—'—;fiisﬁi v buki; lli' T g:% 8¢ ER7SEC s :
RADIUS SPECIFICATIONS: 211.00 6.00 9k1.00 . 1017.00 734400 709.08 398.00
LeFeSe FOR WAIRAKEL GROUP 2 5 1953 TO 1976 o
TIME FLOM FIELO DRANDOWN AT SPECIFIED DISTANCE FROM BOREHOLE
KG/SECY . (METERS OF HEAD - ‘ , ‘
-d Shibsdidededieodidididivibdbiovrda -awd - -ed - »
METERS $ 211.00 0.00 941,00 1017.00 . 734,00 709.00 398.08
. ae bt L oSttt - ot Ancte el Sessesw® - by b
T 198 63.6 +33: 8.23 576 <49 - 914 97 2.638 S
$ I 5 ) M ) Rt SN | S 11T S = || M | S
1955 177136 8o AT -3k 28 095" " 345 6e133 475 14,269
o f3 18 z!*gq 3:806 :;2‘ 5:| ;g , :3 i g: 1 ::gsg 1 :i7s
59 325388 43037 9,212 8 32 tadd 11:897 31479 321383
1960 .39 69 Yy ﬁ_d%‘l 14 ,’ L0024 180 1 6o 6 X ‘7
6% 3‘. o2l .(18 1}': 3 % . ’| éolz % é ) ol ‘1. ‘:J 3
L g. 'OD"‘: >4 ': I‘: .‘- . '3}}——-4--——-351' { . .‘r:.[ g —-3::—“-“‘.— o83k _!Jol, ) o
114 614504 74975 112.59 23.051 De736 o647 +991 59442
L Gg 1Se¢826 306 106 ‘!P %bo ’s 2+246 g.;Jb oo lololy 2
13 120893 ..gi‘ 3.8 33 ¢ 664 . ’33 3.928 gt
67 287,113 16426 e 8 25.576 30397 3.2 8,338 <893
6 24827 o560 . _ AT.2 28.593 j3.234 ge759 33:818 819
€9 8010 71.883 0 25.854 14 -818 3.450 of
zo 3.196 P1.672 8e2 26 & 28 o 091 2e ] 33.903 .of 9
71 8,284 74+193 - - -26e238 . - --28e292 - 2.948 . . +338. - o268
372 w1900 PO« isiv 6 86. 387 26 339 3 44e it 35 2.931 0911 514907
4 533,597 2.378 85,835 26.371 24 0504 32.827 « 786 -351
1378 3 §' %% 8:38% R 22358 PR 2eL35 182 9882 -
4 '3 4 L] L] L ]
1976 333,634 . . 68.072 83.27 26,680 244652 32,621 330561 chdh .

bttt d e il e L T T2 PP TP P R L L L AL P L LA IS LI L R PR DR SR R L PR A T L2 PR S R L DR L D L L ¥y

REFERENCE DATE AND TIME: 80/05/11. 17.16.38.




ewee=e=eec FIELOD POINT PRESSUKES WITH LINEARIZED FREE SURFACE GONDITION =eeveeee—e=
FeSe FOR WAIRAKEI.GROUP 3 , 1953 TO 1976
eEeRzneet :s—mc}me» Bebssiit, — 174

- . o e s

TIHE IND FLUH DATA READ FQOH FILE !HLFSGS kd NITH FORHA?!(II“viS!'FISoZ)

FLON 0ATA WERE CONVERTED FROH TYPE’& (1056 POUNUSIVEAP ) TD KGISEC BY THE HULTIPLIC!TIVE FAGTOR. 1.43779298€-02
INPUT. PARAHEYEFS! : . .
NUHBEP OF DATA: POINTS INJT o 24 SO "
DELTA«TAUS -~ .o o St © - Je1SEEHIT  SECONDS .
FLUIC LEVEL (Ol L : 5.270E+#02 “METERS )
POROS;TV (PHI) S : 4o 00 IIE-U%‘ E
DENSITY (RHODS$. - 8e16(E4D KG/CU. METERS :
o PERMEA BT AP e 3 (LRt S Qe MERERS . -
OYNAMIC VISCOSITY (MUl 1. 099E~04 'KG/METER=SECOND
PeZe THICKNESS ‘(H3t 1.200E+403 METERS Ll R L
SINKING VELOSITV (1.2 Selsle SE~06 HETERISEG,&ND Lo RS ST
7 RADIUS SPECIFICAT] BZ?.CD T 0.00 1692.00 1017.00 - 360.G0 533,80 727.00
L.F-S-'FO& NhIRAKEI GROUP 3 ,. 19:3 T0 1976 N :
TIME FLOW FIELG ORANDOHN Al’ SP‘CIFIED OISTANCE FROM BOREHOLE L
) lKGISEC) SO METERS OF HEA ' e ) . R
METERSS : 827. %0 8.00 " 1693 «00 1017.00 360.00 533.00 727400 .
53 (v 0800 - o 8. - 8.00 0.0 g » O g : 0.000 ‘8.000
St . . Be0 . O 0f 0+8 :Be 00 0. .01
55 - 5w G- - ~Bv ‘e d80- - 00008 - - - - ‘—N-»u 8808 . oo
56 L] 0. T Qe ~ Qe - 0000 . 0.000 0. 000 8.0
19657 . 0.00¢ ‘Do g. 04000 0,000 0,008 0.0
958 - . 0.090 b Qe g.000 - 04000 8.000 - 8.3
198 . 0406 Q. Qe 4.0090 g.000 G.000 .
'Y 0. 0. Q. g.000 0.000 0.000 0.0
L b2 «052 e ) «01 ) «037 13k « 094 «863
1 o c 00 o048 . 8. ‘eD1 AT 4 036 «098 " « 077 o0
16w 3 v v RERRIRLE 14 st +~578 viid - @ e e e
LO6N . 124365 2364 1.091. «115 o271 «793 «597 k29
1965, ;- 12.C36% 70 1.270 «157" «357 " 995 o Thi K134
1966 - 13.51% «580" 1.677 «203 olelsT 1.129 -« 888 «669
7 11.613 «654 1546 o 2kt «512 1.2 ; +970 o7h?
;* 1968 - 11.212 o712 ,1.59)“ 276 «266 1. 1.031 «807
L 969 10.838 Y4 © 14629 « 307 «610 1.308 1.076 <854
1970 e?53 T8 .$e616" 332 2640 1.314 1. 9# aﬂ;g
3 w084 v 1+BO +35 +6640-- 1346 4397 o 4 e
1972 « 884 «81 1.574 <371 «676 1.301 1.099 «901
1973 - Lala T8 «821 $.551 » 385 2686 1.289 1. 096 «905
{197 ‘8o 277 - «825 14933 T 9" “oBOh 1.279 " 1ef 9§ 030;
L1975 7.927 826 1,509 sho7 " 4698 1,264 1208 <905
h 7233 STREEEF]- 3 & - 12465 I alklly: " #696* 1 1e23%5 7 771064 +89%

REFERENCE OATE ANO TINES 80/05’11-

TTTTI7 6w,

1L




—_seesssswee FLELD POINY PRESSURES MITH LINEARIZEN FREE SURFAGE CONOITION ==ssesce=e

=t raoo

keEeRe EOR HIRAKEL CROUP 8 4 1953 To gore. .,

B ¢10E6 POUNDS/YEAR

FLOW DATA WERE CONVERTED FRON TYPE — 1.63779298€-02

INPUT PARAMETERSS

r W—Gﬁr 2N
ELTA=TAU 3. 156E¢87 SEZONDS
£l Ve (ohs e JadRE N2 . HEFERS® .
DENS ,mnof 8. 14 33 Koscy, mETERS
3+G0-0E~iis—5. .
DYNAN VISCOSITY (HUI T 1.439E-04 K6/ HETER=SECOND
. e THICKNESS (M) 3 o QegBlEetd METERS. o :
RADIUS .5"‘6 hci?:ousu 5782000 0400 15«3.00, 734.00 360400 . 194.00 385,00
LoFoS. FOR WAIRAKEL GROUP & , 1953 10 1976 o _
TINE FLOM (FIELO DRAMDOWN AT SPECLFIED OISTANCE FROM BOREHOLE
‘ (KG/SEC) - (METERS OF HEAD) N s -
NETERSS L 578. 00 “*3.00 1540.08 7310.06 360.00 194400 368.08
1953 : 8.000 " T 8.08 8.800 0.0 0
132 : 8 : 088 8.8 83 48 3:888
- H 54 008 008 8.0 008 84000 - S
3 gg g' .': ) 10 ;’- '0 ’3'; o%_%z o‘l;?' ogi |: ’og‘g %‘i 'u
§9, 891 4343 i1 s618 H1t . L; 1782 3:538
9 11044 5,331 [ 7,633 1.06 o 77 221 13.918 8,575
A0 Za362 HaQ68 0.4037 Lok o b 11,451 16,521 18.749
;k 73.859 & g L3 >‘.‘i %.3 Sel it 11.8 “i 16,238 11.
L 96¢ i !. cg 1 go;‘ 'Y 2“ Cec obly }'o“.. *io,?? «oTh
o 232,333 L 681 bie 670 3, 10.98 23,457 33,683 o017
1965 2194709 74625  k7.83k 4.832 13.294 27.569 38,645 <968
] 21Ca 91t +053 ) . 3 15,30 30.6 52.098 « 951
;. 1967 189,464 +39% o . be 16.60%4 31.6 2031 «076
/1968 142,395 21.3a7 )29 64518 16.958 jl.u76 39,512 29,093
. | "} cf‘ 2 4 «894 +366 7n4L L 18.190 2e8 [ 0“6; 34. %"
S 1 S B <1 S £ S 1 1} | 1
1 .' 4 19¢ 0% 3 25« g 55,2790 BBy 20.890 35.3 L1 474299 &e
7 186.059 . 54,755 9426 21,381 36.589 L7.102 o0
1 189,273 6.7 80 85,111 9,67 21.848 36,974 47,455 35.402
197 1¢ 27.130 55,138 0.03 222230 37.240 424620 35,682
S .t 183:94 37375 65.038 10.34 22.522 JJT35T | 74583 35,421

Rsrsns_nce‘nne AND TIMES ao/‘osnz.‘

176 1607,

L.




==--e---= FIELD POINT PRESSUKES WITH L;ﬁenaxzen FREE SURFAGE CONCITION e

LeFaSe FOR WAIRAKEI. GROUP 5 4 1953 10 1976. ' .
REFERENGE LATE ANC TIMES 88485/ . 17¢16+03¢ B N —— , P SO o

TIME AND FLCW DATA READ FROM FILE #WLFSGS # WITH FORMATE(I10,15X,F15.2)

FLOW DATA heﬁt'CONysgrEb‘F90n-tjps 3 (1066 POUNDS/YEAR .

"1 T0 KG/SEC BY THE MULTIPLICATIVE FACTOR: 1.43779290€-82

U s e T T e s s i e D a e adeim e e e e 5 e e L et imin

INPUT PARAMETERSE

NUMBER CF OATA POINTS (IN)t+ - o T2 ot -
BELTA-TAUL e e 3.156E+07 SEC
FLUID: LEVEL. (D)3 - : Jo300E+02 " MET
POROS¥TV, (PHIYS . bqﬂOﬂE’-03~
. DENSITY (RHO) 1 i 84 140E*02 K5/
PERMEASILITY (k)3 . .. 3¢ Q0 QE=L4- SQv-- - -
DYNAMIL VISCOSITY (Mu)l 14 U99E~04  KG/
PeZW THICLKNESS: (H)3 e EOOEOSZ'/‘JHET
SINKING VELOGITY (W) Ss45E-UE T MET
7 RADIUS SPECIFICATIGNS? 602,00 - d.00

LeFoS. FOR WATRAKEI GROUP 5 , 1953 TO 1976. i SR
7 FIELC ORAWDOWN AT SPECIFIED DISTANCE FROM BOREROLE .
U U(METERS OF HEADY o S

TINE. 2 FLCW
R -"KE/SEC) : : . . A
METERSS & RN 0 602400 840G - 1508400 709.00 533400 194400 311.00
1953 8000 “0.000 - . -8,300 - 04000 = e GR0- - - -~ 0+000 e 006 : o 04000 -
11956 .Q.000 0.090 8,000 - 04000 o - Gel ;000 -0 00 -_3. o&
-- 4968 o Be Bl i e GRS «808 - -+ (2 2 171 RECTRREIE I | WS = -Ged S e m Rl B 1 1: BRI P
©.1956 37771 «816 - 597 < red36 061 e 97¢ 2e 1946
- 1957 68,065 20186 «355 - 20398 L+ 68 ’t&%‘i 605k «850
1958 .- . 55,139 34119 9:791 e ORT 2ele?3 - 3468 Te Pz gl '*é ’
. igzg o 1‘37“'136 . #oggg .1 34960 69 { : -g 23 ch 1%0 ﬁ. a0
1 . . ' . . e 2 . D -
1961 35:208 e 3488 1.§ - 82 8; N1 fassi3  is3%
1962, -:1004775: 9,378 v 2341997 ' s y o Tel 10.62 19.¢ . 16412
e RGO 2 Dy S 694 35 S T . 9% | - - 40e U5€ o5 29 - 23.06 -
11964 i 252.€49 16.350 2 0e 997 4097 L3e 459 8.69 37.26 29.658
'1986% 4 26T wlS€ " 19807 - “ 524259 5e0B6" L 6o 388 255 43.68 zol. 5
966 . - 2954435 - 234326 59,688 - 6164 1944106 '6.;‘ 50.157 68,635
14 2970995 264378 “ bhe 811 ‘72232 22+ 094 go » 54.803 o085
1968 - = 200e481 2648780 ; '59'% 4 7091\.5 22845 0972 g +387 W3, L;s
L9EQ" . i 263456k 28,0 €7 ! 5%- 58. 8.67 “we029 %oé" o9 i
370 255.076 29,390 6372 oh18 254265 «57¢ g ol [3-2%4]
:397% B T Sl A S vitied ol 7 - T — R 3646 56«18 Sol.0 392 —— -
1972 237479 «13C 6he709 - 10.675 64997 36,297 564351 67790
. 1973 . - 2064392 31.071 62,066 - -144698 '7.12% : 3%.073 She#96 4#6s g%
1974 190.889 - v :30e688 - 59481 - - - Llabel2 - 6o S50 3.5‘}% . 52-“;' 8942 ’
975 1664862 29.872 .554925 11,591 6405 32,473 966 234143
roae 1&276.- : 1956237 7.0 1 294806 . Boe 190 11,829 6380 2+396 ‘5040083 43266 -

REFERENCE DATE AND TIME! 80/05/11.  17.16.49.




weescceeee FIELD. POINT _PRESSURES MITH LINEARIZED FREE SURFACE CONOITION seveecssces . et e e

keFaSs QR WAIRAKE c20UP 6 3 1953 TO fo76

TIME AND FLOW DATA READ FROM FILE ¥WLFSGE ¥ WITH" FORMATTTIIO,, 18X FI8e2y — - T T e e e e

FLOW DATA WERE CONVERTEO FROM TYPE B (10E6 POUNDSZVEAR Yy 10 K6 7SEC "BY TRE NOLTIPLICATIVE FAG"F.T!T“‘"w""'i;‘ﬂ'iﬁéiﬁ'ifiii""'"
INPUT PARAMETERSS ) ‘
NUMBER_OF DATA PGINTS (N3 4 : ' :
OELTA-TAUR 3.156E¢07 SEZONDS
FLUID yEVEL (D)1 . . 3.3ADE+A2  METERS .
PGROSITY (PHIIGE - ‘ widoce-0
DENSITY_ (RHOD$ 814 (€002 Ko/CU, WETERS
DTRARTC. JISCOSTTY (HUTT 1+093E-04 ROTHETERSSECOND
T T EE R e ’
YA INCs Y EhREt FcAT 1onss 318.00 o 5oV 330000 398.00  727.00 . 388.00 311.00
LeFeSe FOR WAIFAKEI -GRQUP 6 y 1953 TO 1976 -
TIME FLOW FIELD DRAWDOWN AT SPECIFIED OISTANCE FROM BOREHOLE
{KG/SEC) , (RETERS OF WEADY . " = e
METERS! 318,00 0.00 1312.00 398.00 727.00 388.00 311,00
1953 . 12,192 4606 - 1.424 o065 ol «190 o488 61
198k 02690 Zaubs 40332 « 284 L o9k .8 1499 24493
1956 102.676 10.168 6314 ptL 8.38 3.9 8.59 10,337
1357 19 (e 134 <68 6. 867 ! 3274 §e581 14077 6925
1958 18 {255 R §2.186 3.52 17.581 .88 17.931 214
1939 194 630 Shoke 36:366 e B 83 1. 1238 542592
1361 3L azs it 92:55% 8837 3:9%8 48485 e 388 %930
~ -0 - . > ]
1962 565 4225 _Sﬁ:i'}fi (Jss 800 11.75 E62 ‘-ié’}: ] 5 :g" 63, g1
196k 916.162 108,279 “163.351 20,816 31.77 48 61 93,698 109.833
19€5 88 e 202 2201983 173.607 25.235 - w.70 37:43 106 7€ 123,
1966 904+ 300 34.052 193.853 - 294584 113:7%% 85, 37¢ 17.92 153:933
1967 . 820991 39.218 1364181 33.176 1212394 70.93 1352 1402858
1968 691723 137,412 188.300 35.790 i 37 57 530 38.90
19€9° 734:882 42.005 138:12% 38,543 13k.338 .38 155 90¢ h3.5
1358 765.861 (43069 193:423 “0.888 137.318 79.72! 129.26¢ 850209
1971 -2Bipe 146 ia5:807 . 137383 43600 -129.B%%. - 820089 .. --13ic51 16T o2k
1972 720.564 46347 1964738 442737 130.38 83,701 132,28 167.817
1973 688. €9t 145.5858 134. 128 46125 13001t Bhe 642 13} 98¢ 146:976
1974 66 0901 440157 1,003 7.216 133:213 85.085 130 93¢ asiazy
1975 6664569 w3e71 198.097 48.132 8:984 <56k 130:7 145,06
1976 610195 141,337 185,496 *8.818 127.226 <329 126.90¢ 142.633

T e L Y T P Y P LT Y P LTI DL DL L ol d o cow L2 -

REFERENCE DATE ANC TIME? ag/7 057114, 17+ 164512,
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This report was donc with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author{s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Encrgy to the exclusion of others that
may be suitable.
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