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I. INTRODUCTION AND CONCLUSIONS -

ijectives and Rationale

The maJor objectives -of  the Decline Curve
prOJect were to" ’

1. Test the decline analy81s methods used in
the petroleum industry on geothermal
production data,,

;- Z;hHExamine and/or: develop new analysis
) methods,' RN S Tt

3. "Develop 'a standard operatingypfocedure
for analyzing geothermal production data.

Various analysis methods have long been avail-
able but : they -have not been :tested on geothermal -
data because of:the lack .of publicly available
data.  The recent release to publication of sub-
stantial -data sets from Wairakei, New Zealand,
Cerro. Prieto, Mexico .and The Geysers, U.S.A. has
made this study possible.  Geothermal reservoirs
are quite different from petroleum reservoirs in
many ways so the analysis methods must be tested
using geothermal data. : : .

Data and Analysis Methods

Data and analysis methods were gathered from
the petroleum, peothermal, :and hydrological litera-
ture, The data sets examined include SRR SRR

1. ,Wairakei, NeW'Zealand emlkl ‘wells ..
2. Cerro Prieto, Mexico - 18 wells

3.
4,
5.
6.

The .Geysers, ‘U.S.A: = 27 .wells " .
Larderello, Italy - 9 wells and groups
Matsukawa and Otake,  Japan .- 8 wells

Olkaria, Kenya - 1 well

The analysis methods tested were

1. ‘Arps's equations

2. Fetkovich type curves:

3. Slider's method for Arps
‘1 4. Gentry's method for Arps

5. Gentry's & McCray's method

6. Other type curves

7. P/z-vs. Q method: v

8. - Coats' influence function: method
: 9: < Bodvarsson's Linearized Free Surface
~o . 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 mot too scattered. ..They work
well for vapor dominated systems and

‘poorly foriliquid .dominated systems.

Coats' influence function method can be
used even ‘with very scattered data..
Bodvarsson's method is still ‘experimental
but: it shows much promise as a useful tool.



II, THEORY OF RESERVOIR DECLINE MODELS#*

(1) Decline 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

Aq_ = psHAp L

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

Aq. = podp/pg = $4p/g, )
and then the specific release
dqc/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 4p 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 Bodvarsson,
Geophysics Group, School of Oceanography, Oregon
State University, Corvallis, Oregon.

‘where p, is the density and C is the heat capaci-
tivity of the wet formation. The release of vapoy
is then S T L.,*

8q, = Ah/L = orCTAp/psL2 s (8

and we can thus define a specific rate per unit
area of a slab of thickness H
' ' 2
dqf/dp prCTH/psL - 9)
The ‘xratio of free surface to compressibility
effect follows from (2) and (4)

(dqudp)/<dq¢/dp) = ¢/gosH (10)

Considering porosities in the range ¢ = 0.01
to' 0.2, a thickness of 'H = .10%m and taking that
s = 2 x 10° 1Pa'l, 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)

(dqv/&p)/(dq /dp) = 6 CT/psp L2 . 1)
Considering the case of: T = 200° C 473 K and
using standard values py = 2500 kg/m = 103
J/kg*K, s = 2 x 10711, oo = 7 kg/m? and L=2x 108
J/kg, we find a ratio of about 2 x 103. Since [

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 .
vaporijzation 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

Yy is the steam compressibility. Usually, there
is a vaporization at a deep liquid surface and
this effect dominates the long term reservoir
behavior.
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‘EiJGreen's function are available.

(2) Pressure-flow fields in slightly compressible o

formations with Darcy type flow

‘(2.1), Diffusion equation. Let p(t,P) 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

Q= =CYP ..

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

V-4 = -psd,p + : S (13)
we obtain theudiffnsion ednetionﬁfor.the:preSSnre
field ' ’

psétpisn(c)pre f (14)

Q2.

where T(c) = ;V(cV)“is thé’géne§é1iiéd laplacian_;;i;

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/1sotro-
pic/isothermal formation results in the simpli-
cation N(c) = cll = -cV? where ¢ is a constant.
Moreover,: stationary pressure fields. satisfy
the potential equation FETEO

| I(e)p %Afff

(2.11) Eigenfunctions of'theﬁlaplscien.
The eigenfunctions un(P).of Ni(c) in B associated v
with (14) satisfy the equations

M(e)u, = Au,n=1,2, ... {16)
where the constants A are the eigenyalues, 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 to
solving equation (14) is the causal impulse
response or Green's function G(P,Q,t) which re-
presents the pressure response of the causal
system to an instantaneous injection of an unit
mass of fluid at 't = O+ at the source point Q
This function satisfies the same boundary
conditions as.the eigenfunctions un(P).
to (14) in the case of a, general source density .
£(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
First, in the

case of simple layered;domains B with a boundary
£ composed of a few plane faces, G(P,Q,t) can be

e

s

Solutions ;-

I

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

G, (P,Q,t) = (8p8) ) (nat) /2

exp(-1%p0/4at)U, (t) an
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-
gle, 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 M(c). If p and s are constants, then

G(P,Q5t) = (1/ps) . u (PYu_ (Qexp(-A t/ps). (18)
. g (P)u, (@)1

The series expansion (18) is of a more
general applicability than solutions of the type
based on the fundamental source function 7).

The formal link between the two ‘types (17)
and (18) is provided by the Poisson summation
formula: (Stakgold, 1967). It is important to
underline that all'solutions of the type a”n
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 in bounded domains
are more effectively computed on the basis of
(18).- This expression is a sum over exponentials -
where the convergence improves with time.

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) = Py (P)
in the case of an infinite domain, we can, since
p, 8 and N{c) are indepéndent of t,’ formally
express the solution of the homogeneous form of

(14) as e

¥

p = exp[ tn(c)/ps]p (19)

where the exponential operator is to be interpreted

~as a Taylor series in the operator Ii(c)

exp[~tn(c)/ps] = 1—[tn(c)/psl+(é)[cn(c)/pslz.;(20)

The series represents an iteration process
where the convergence is limited to (properly :
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 numerital
techriques are available for solving (14). These
include the path-integral technique of the i
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
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 @ 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.
(Lamb, -1932) is then expressed

Dp/Dt|p=o =0 (21)
vhere 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 I; (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 £. Moreover, let the amplitude of Q
relative to I be u and the scale of the undulation
of Q be L. Then provided |u/L|<<1, the condition
(21) can be replaced by the approximation

(llw)atp - azp =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 dominated 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 I plane (Bodvarsson,
1978a), which expressed in terms of the fluid
surface amplltude ‘u(t,x,y) = p/pg takes the form

(l/w)a u + Hiu = f/pge (23)

where n% = (—axx-ayy)% is th square root of the

The free surface condition

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

-v2p = 0, z>0 (24)
with the boundary condition (22) combined with a
given initial condition which takes the form

= pgh , t=0, z=0 (25)
whgre ho(8) is a given initial 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 py(S) on z

p(?) = (z/2m) (l/r u)Pe (U)dau, z>0 (27)
where U = (x',y'), day = dx'dy' and
= [aex? + gyn? 4250 @)
the solution to the present problem is
PE.E) = [og(atue)/2n] | (Udy ), (W)day
?30" z20, (2?)
where ’
2.3 (30)
Thue = {(x-x 2+ -y’ 2+ (z + wt)"] ,
The motion of the fluid surface‘is obtalned by
letting z = 0 in (13) and hence,
h(s,t) = (wt/Zw)./. (l/rSUt)h (U)day, .
~(31)
t>0
where now
rope = [Gox) 2Gy") RCORLS (32)
(3.ii) Flow fields with sources. To select

a relevant and important case of flow fields with

O



sources, we will consider the following situation.
Let the fluid at t = 0'be in static equilibrium
nd the fluid surface at t = 0 therefore coincide
with L. Consider a concentrated sink -of sttength
unity at the point Q = (0,0,d)’ which at t = 0+
‘Btarts withdrawing fluid mass at a‘constant rate’
’equal to unity In this case we have to solve

Tp = w2p = L) (B-QU(e)" (33>

where Ui(t) is the causal unit step function for
‘which U+(0) = 0. 'The boundary condition on I is
again given by (22) and the initial condition is
p= 0 at t = 0. SR

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

itransform method. )

~ Let p(P,s) be the Laplace—transform of p(P t)
" The transform of (33) and (22) are then EE

np,=_(—1/<cs))s(3fQ)A*k»~ > (343

and k i

: sp - W p =0, 'z =0 "‘ff (35)

‘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 S

‘ K25 - D25 = (-1/2mcs)6 (z-d) (36)

and - (35) takes the form

'gp = wDS ;10;1,{2 =0 (37)
The solutions of (36) for z 3z arerof the
form exp(*kz) and we thus obtain »
p =%Aexp(kz) +{Bexp(sz),,b<z<z', ’ (38)
and 7 L A' ‘ k '
. iopo= Cexp(—kz), ~z>z! ;l Ll (39)

where A, B and C are integration constants (with
respect to 2). From (37) we.obtain the relation

A(s - wk) + B(s 4 wk) = (40)

iand our- solution has to. be continuous at z'= d such
that ; i

Aéxp(kdi +'Bexp(-kd) §1Cexp(-kd), (41).

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

‘o R AEE
Dpld*~ cQmesy @)

‘ which yields the relation

—kCexp(-kd)-k[Aexp(kd)—Bexp(-kd)]——(1/2nc3) (43)

: Solving (40), (41) and (43) for A, B and c and
inserting in (38) leads to

p =(-1/4mcks)exp[-k(d-z) ]-[ (s-wk)/ (s+ek)]

B L ewlkEd] @)

which holds for z>0. Using the identity ' :
| (e s (0= [2) (R0 1-Als), (45

(44) is easily Hankel—Laplace inverted into @,t)

space (tables in Duff and Naylor, 1966) and the
result 1s

p(P,t) = ,
(L/4me) [1/xp, +(1/rpq,> Clrpgr ] e
where_’ o » V
g [P r oy e o, @)
PQ' 102 + o) + ol \ “8)
rl,Q.t [ (x-x' ) + -y + (z+wt+d) ] (49)

The surface elevation h = p/pg~is

)] (50)

’ h(S't)-=‘(»1/2npgc)[(1[rSQ)4(1/rSQ,t)
where S = (x,y) ‘and
Fsq © [(x-x ) + (y-y 2+ a ]J‘f ~I"(51)
rege = Lax? + Gyh? + et G2)

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

‘/.exp[-(z+wt+d)k]Jo(rk)dk = I/IPQ't’ (53)
o SRR ;
which‘we rewrite
f exp (~wkt)E(r,z,k)dk = 1/rp0,,, (54)
0 . —
"where ‘ - .
E E(rs‘z9k) = eXP["(ZT"d)k]JO‘(Arsk)’ (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 préssure
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)]. At time t,= O+ the image sink and 1/2 of

“the image source’ cancel resulting in an initial

pressure field of

P(R,0¥) = -[1/(4ne) 1 {1/xpp] = (L/rpp 1. OO
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

PO o™ = M/ Gr) 1 T1/m) + A/rpg))s )




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.

(3.11i) 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

Q\.
(0,0-d) \sink
d’w‘ T \r N
PQt

\

¢ APy

N
sink (0,0,d)

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

DY
=Y/ SIS /)NR
/image of Q [/ /NN

(3.iv) Discussion. Equations (18) and (53)
above show that both compressibility 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 1liquid
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
expl- (t/ty) + ikx] where k = (2n/L) is the wave-
number, into equation (14) gives for compressibility
the time t, = (1/ak?). sSimilarly, we find on the
basis of (23) for the free surface a value
ty = (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 “11pa~1 ye 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. 4 &
(0,0-d) sink
d*wt T \r N
PQt

\

AN e
sunk)A(/O Ofd)

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



(4)  Reservoir simulation by lumping

ﬁii;y 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 reservoir 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 py(0) = O.

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
cj. 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

.q= cl(p1 P, (58)

(A/g)Dp; = c,(0~p;)-q (59)
where g is the acceleration of gravity and D = d/dt.
Since we don't observe py, equation (58) is 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
¢p. Given q(t) and pj(t) for some fixed time
interval starting at t = 0, we are now interested
in deriving values of A and c¢p such’that the model
simulates the given reservoir in the optimal way
during at least a part of the production_time. A

— ANLR

a9 ' coC

-

FIG. 2. Lumped parameter model of simulated reservoir. .

convenient way of 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 pj(t) into a Taylor
series in t starting at t = 0 and that .is truncated
at the second order term,

p1(6) = p1(0)+tDp; (0)+(£2/2)D?p (0), (60)
‘where we have abbreviated Dp1]t=0=Dpl(0) and
D2p, | g = D?P1(0).

Since pl(O) = (0 this series reduces to
p,(t) = tDp1(0) + (£2/2)D?p (0), (61)

Inserting this expression in equation (59)
results in

(A/8) [Dp3 (0)+tD?p; (0)] = c,[-tDpy (0)~
(£2/2)D%p; (0)1-q, (62)

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

A = -glq/Dp; (0)] (63)
and _
c, = -(A/g)szl(O)/bpl(O) -
(42/qg2)D%p (0),  (64)

Since pj(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 can
then solve equation (59) for a given variable input
q(t) and obtain .

t.
py(t) = (g(Az/’» exp[-gc, (t-1)/Alq(t)dt  (65)

o
as a procedure to‘bredict.or extend p3(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 pl(t) for the above analysis will
then have to be obtained by a deconvolution, that
is by solving an equation

Pf(t) d/f P (t-1)Dq(t)dt,

where pg(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 q = constant = unity.
Omitting elementary details and irrelevant factors,
the method, in essence, consists in approximating
the function

(0 = ~[1-R /)] 67)
by the function
£5(8) = ~[(z+) /R ] [1-exp[-wtRD/RE(z+d) ) ], (68)
where

R = [P+ )} (69)

approx (fz)
\\Pf/ 2

f A S ——
exact (f,)

-06 + z/d=5
i r/d =3

-0.8 4
- c.

~|0 T T T T T T T T T 1
o] 2 4 8 10

6
u/d

R, = [r24(ztictd)?]? (70)

alo

[2(z+d) 2212

-]
[}

with r2 < 2(z+d)?2

The results of a numerical evaluation are
illustrated in Fig. 3. It 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 ° m/s and d
about 10%m. In this case the lumped approxima-
tion will give good results for a period of a few
years.

exact (f,)
_0.4: approﬁf:)\ == =
f i
-0.6 4 z/d =10
i r/d =9
-08 4

fo ‘
-0.6 1 z/d =10
i r/d =10
-0.8 4
1 ' -
-1.0 T T T T T T T T ™
o} 2 q 6 8 10

u/d

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



III. REVIEW OF METHODS

uetroleum 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., 10, 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 Bromns (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
reservoilr 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 -
a production vs. time graph. ‘ ’ ‘

" Geothermal Reservoir o

- . The decline methods developed for analyzing
oil 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:

‘iig. 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. °

-thermal work must be examined carefully.
. done this with the data and methods available but -

Q was plotted vs. time t.

b. - Temperature is relatively unimportant in pe-
troleum production. It is critical in geo-
“thermal production. Hightemperatures stress
tubing and cement in the wellbore.

y c{; Geothermal 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 COmplek mixture with volatile
components. Geothermal water is essentially
one species.

Fracture size, quantity and distribution are
drastically affected by precipitation, changes in
temperature ‘and seismic activity. Geothermal
reserVoirs seen to be much more complex than
petroleum reservoirs so methods taken into geo-
We have

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

1. Arps

Arps's (1945, 1956) workvforms 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
-See Fig. 4 from Arps
(1956). 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
3 b _
where a = fractional decline

some authors use D = fractional decline
i " 'q ='production rate of time t
‘K = constant
© "B = constant
The - solutions to equation (72) are shown in
Table l N !

* 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
consideréd 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)/qj, vs. dimensionless rime,

tpg = Djt, for 0<b<l and Dy = 1 (see Fig. 5).
b = 0 is the exponential solution vhile 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

g2 2
. ) )3 Npi = ]'I(re - rw)q;cthpi (78)
dpg = exp(-Dst), Dy =1 3 5.615B
while the hyperbolic curves are given by (qi)max - khpi 79
-1/b
dpq = (1+bDit) for 0<b<l, (74) 141.3 uB[ln(re/rw)_gl

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 '
' (80)

exponent can be picked. For tpg<0.3 all the curves q(t)
are coiqc1dent. g = kh(pi-pwf)

Fetkovich showed that the exponential decline 141.3 uB[ln(i_ - 1]
has' a fundamental base by deriving it as a solution : r,

to the constant well pressure case. The equation

for dimensionless flow rate is

Fetkovich showed that production decline curve

Uy = q(t)/q, = exp[-(qi) xt/N i] (75) data could be used to derive values for permeabili-
1 ma 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 | o
Di = (qi)max/Npi (76) time data-. ‘ ’ ;
3. Slider's Method
then to.= (q4) .t~ ; S o
Dd T 'max an Slider (1968) proposed.a simple method of

Npi

curve matching to obtain the hyperbolic exponent



11

TABLE 1. CLASSIFICATION OF bPRODUCTION DECLINE CURVES
. DECLINE ﬁps 1. CONSTANT=-PERCENTAGE +IL.- HYPERBOLIC - - I HARMONIC
DECLINE DECLINE . . DECLINE
OECLINE IS PROPORTIONAL
: 8ASIC . DECLINE IS CONSTANT TO A.FRACTIONAL POWER fn. DL e o A
. CHARACTERISTIC neo LR 2 iy Mol B TO PRODUCTION RATE
: . R X4 ¥4 Ret
S &
Orkg’s - 1‘:1&"‘ - DeKeqte- dq DsKq+-—3 B
’ " FOR WITIAL CONDITIONS: FOR INITIAL CONDITIONS:
. R ’ 3 Ks —Dk s D iy
: 9
' % S rt L1} 4
dq - ] o, ] 4 d
/pdt--/-q?— y, ] -;-:i-dt-- s /-—dt--/;;
o . . 4 ' : o . (N
-pt v’loq. e -q—‘e‘r Q- e q-. q. q|
- RATE - TIME. -t -4 '
. RELATIONSHIP *q;e 9 = q (1enDit) = q (1« 0it)
1 Y
/q‘ 6t -[q o at o -[q,m :/(Ifﬂ_b-"t)’.*gvdt /q‘ ot -/q‘ fep 1)’ -at
-q- .
0+ D' Q, (“ N0, [(Hno.unﬁl l] ,,‘Qg',o—_‘[_lﬂ.“'ni"l
Substitute From Rote-time Eq Substsf From Rate - time Equotm- ' S}‘bstituu From Rote - time Equation:
- qj\n q;
PR Cuenn () wenn
. To Fingd: To Find: . ~: To Find:
RATE - CUMULATIVE Q-9 - . ¢ m enm LT q
. RELATIONSHIP Q* =5— - B R A (E A Qe 5t log, g
D= Dccl;m os o froction of production rote q,* Production rote ot time t
D, » _lmuol decline Q, « Cumulotive oil production ot time 1
q,: Initiol production ' rote ;K 2 ~Constont :
$ = Time ns Euponcr\l"
N , TABLE 2. EXAMPLE OF USE OF EXPONENTIAL EQUATION
) '.1{',"(2) o ",,(3);" ) (4) - (5) - () - o AMy e (8) (9) - -
[ PUE . PRFEEIE S AR .
! i S pe S T
. e - ‘ qoav . AqolAt T S s
" v. . S Q.. - Np Cum i (4) ’
R Time, years Oil prod rate UAQy “’n 1+(4) loav. oﬂ recovery, (8)_"
© Year Total - = - ,Ave. . -bbY./yr.. f“’n-l'“)nf 2 (S) (6) bb1. 2 :
1947 , . .. 1 0,5 199,200 Ce. e 99,200‘ " 49,600 '
01948 [0, 2 S - 88,210 ‘' 10,990 - '93,705 : 0 117 --187,410 143,305
1949, a3 2.5 . - 73,240 14,970 80,725 0,185 © :260,650 - 224,030 -
21950 . o 4 3.5 63,990 9,250 68,615 0.135 = 324,640 292,645
198 . e 4.5 54,910 9,080 59,450 0.153 379,550 .. --352,095
192 .. .. 6 . 5.5 - 47,400 7,510 : 51,156 0.147. 426,950 - 803,250
983 LT 6.5 7 41,580 5,820 44,490 0.131 468,530 487,740
0.868
- .ei’uture P'erformance‘ N a ‘Dav'f0.8(68§’6=0.145‘ : - L
1954 ... S 35,960 5,620 7. - 38,770 . 0.145 504,490
1985 L. 9 0 T, 31,099 4,861 33,530, 0.145 635,589 °  .....
1956 . .10 ) Vi 26,895 4,204 28,997 0.145 562,484 - - .....
1957 .. . 1 . 23,260 3,635 25,078 0.145 - -585,744 - - " .....
1958 . . . 12 . 20,116 3,144 21,688 0.145 605,860 @ .....
1959 ... 130 Ve 017,397 2,19 18,757 0.145 623,257 . . - eeeen
1960, .. 14 . .. 16,045 2,352 16,221 0.145 638,302 - ...
1961 .. . 15 . | e 18, on 2,034 14,028 0.145 651,313  .....
1962 ., 1687 T et ST 11,252 1,759 12,132 " . 0,145 662,565 vehne
21963 .o o W - ol G 9,73] 1,521 10,492 .- - :-0.145 672,296 © reene
1964 . . . 18 .o ‘8,416 1,315 9,074 0.145 680,712 .....
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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/q4 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. TFrom 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. Later
methods eliminate this 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 O and 1.
(see Figs. 8a and 8b) We can find b from a plot
of Q/tqi vs. log qj/q. With this b we go to a plot
of q;t vs. log qi/q and find aj. This gives us all
the factors we need for a reserve analysis.

5. Gentry and McCray

Reservoir analysts have usually assumed that
0<b<l in the solution of Arps's equations. See

Higgins and Lechtenberg (1970) for exceptions.

There is-no mathematical basis for this restriction.
b =0 and b = 1 are special cases, the exponential
and harmonic, respectively, but this does not
restrict 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/q; vs. Q, and semi-log plots of qj/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. ) o

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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FIG. 7a. Type-curve matching example for calculating Kh using decline curve data (after Fetkovich, 1973).
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FIG. 9a. Q/(q;t) vs q/q (after Gentry & McCray, 1978).
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~ as we did with Fetkovich's.
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_ will increase to a maximum value and then
_as the ratio q4/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
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
Np/(a1t) = (a/a)®

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

8. The plotting of production data on the - :.

: Np/(qst) vs. qi/q curve can.be a helpful-
gagnostic 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 timé 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
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-
Jative 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. ‘In 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
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FIGS. 10a-b. Log-log type-curve.
reserves., The efficiency of this technique will

be strongly dependent on the pbrosity if the actual
reServoir contains boiling’liquid." (see Fig. 11.)

’ Pruess et al (l979a, 1979b) ‘have used the
simulator SHAFT78 to- test the use of pk vs. Q plots
for geothermal reservoirs. They conclude that
", . . the standard technique of estimating reserves
by extrapolating 4 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 Gabbro zone at Larderel-

. 16, 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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8. Influence Functions

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

"(s58) - oest

E2R) « g2 (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 py-p(t) = qP(t), the
constant terminal rate case equation. 2) Q(t)

= the "pressure case" influence functions since

a constant pressure py, is specified at the outer
boundary. The constant terminal pressure equation

is q(t) = (po-pp)Q(L).

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

18

by actual field performance, is determined. »
Disadvantages are 1) the resemblance of the backed B
out F(t) to the true function is proportional to g-.i
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:

Intégral form

t
t
= dq(t-t - dF (t-t
= fo Eg_l F(T)d‘l’ -/o‘q(t)?'t—s___ldt

. (82)
Discrete form

Api = pO = pi = jzl(qi-qi_l)Fi_j.HL

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

t t
=fo _QS_lST 2 p(t-t)dr =fo q('r)——lgi(t-r dr (83)

Integral form Ap'= ;/;(T)h(t—r)dt

i

Discrete form p -p, = E h
o i Gt 5
j=1 j i-j+1

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.
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 the results shown in Fig..12.

Linear programming methods such as the: pack-f
age MPOS should be used with the smoothness :

constraints on F or h: PR el
: F'>0,'»t>f0 ?th.>0,t>0
dF oo dh . |
axzo ,3;.5;9
'd2F a?n
@z 0 ar2 0

If the data are not "smooth and regular enough"
the use of simple hand calculations can lead to
:The “F :function
will reproduce the pressure very well, but the
function cannot be extrapolated and is physically
meaningless. - The F cdlculated 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 increases, the rate of pressure
change decreases: 1If the réservoir outerops, both
the pressure drop and the influence function'’
become constant. This 1s 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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LIQUID INFLUENCE FUNCTION —— CERRC PRIETO TOTAL FIELD -- 1972-1978 ~

(Fitness measure p =.100058)

FIG. 12. Liquid influence function ~ Cerro Prieto total field.

9.

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 sgood match to past performance ‘the curve may be
extrapolated using the slope of the average F.

The extreme extrapolation assumes an infinite
aquifer. 1In this case

log{ (n+l)/n]

o Tog(a/(a-D)1 .

nt+l n

All these ext;apolationﬁuare included in our MPOS
program., )

Linearized Free Surface—Green s Function

"One of the- main vitures of the influence
function method is 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

P(,t) = 7 (84)

=q
o ¢
p = pressure, meters of head

'q = flow rate, kg/s (constant)

= (xx") 2 gy ) 2t (z-0) D)
2,3

PQ
rPQ
pQ't

= (x") 2 (y-y" ) 2 (24d)

o ((xox") 2 (y-y") 2 (ztutra) ) 2

-Bodvarsson (1978) also showed that the impulse

response of a linearized free surface can be
expressed as :

6(£,5,0) = <wc+d)(x2+y2+
(we+d)2)73/2g (£)  (85)
: d = depth from free surface to sink
G = Gréen's function
§ = (x,y) a point on the free surface
¢-= porosity, fraction
p = density, kg/m3
w = kg/(v¢) = sinking velocity, m/s
v = kinematic viscosity, mZ/s
g = Y.8 m/s2
k = permeability, m2




U+(t) = unit impulse function
r = (x +y )é, radial distance from sink,

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

(wellbore) R .
t

h(t) = J’
o

=0.5

G(t-t)q(t)dT

(86)

n, .
~ T=0.SG(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 E
N -
h ta1®) = i_f (t-1)q, (T)dT 87
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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. lb. With one image
tern the expression is -

~1 +
2nép

wt+d

¢= [[x2+y2+(wc+d> 13/ z

(85)
: < 2H-dtwt :
[xZ+ yZ+(2B-d+we)2)3/2

‘More terms can be added aé neceSsary.

The distributed model described above can be
approximated by a lumped parameter model as
descxibed more fully in Chpt. IL.

o



IV. DATA PROCESSING

B

gbata Sets

The most complete data set is from Wairakei
New Zealand by Pritchett et al. (1978) published,
by Systems, Science and Software for Lawrence
Berkeley Laboratory. 1Individual well monthly
heat and mass flow rates are given from 1953
through 1976 for 141 wells. Furthermore, a fair
amount of pressure and temperature data are pre-
sented.

The authors presented a substantial amount
of data on the geology and subsidence problems.
" at Wairakei.  In addition to this report we

received from Malcolm Grant, DSIR, a set of ‘anno- °

tated individual well production graphs which
indicated when wells were shut im and which steam
lines the wells were connected to. See Fig. 13a
for map.

The data set for Cerro Prieto by Bermejo
et al. (1979) published by Lawrence Berkeley .
Laboratory included graphical production histories
of most of the wells from 1973 to 1978. These
graphs were digitized for analysis. The production
was broken down into liquid and vapor production.
In addition, we received data from Marcelo Lippman,
LBL, which showed individual well total mass
flow rates. The two data sets were treated separa-
tely and then compared. ‘A ‘theoretical pressure
drawdown curve was taken from Sanchez and de:la
Palma (1979). See Fig. 13b for map.
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The last large data set is from The Geysers,
California, courtesy of the California Dept. of
Conservation, Div. of 0il and Gas. The data
include production injection and pressure data
from 27 wells from March 1971 through December
1979. Additional pressure data are from Lipman,
Strobel, and Gulati (1977). See Fig. 13c for map.

The Larderello data were taken from
Sestini (1970). The sparse data for other fields
were from various sources. See Fig. 13d for map.

Graphical Treatment of Data

The first step in the analysis was graphing
all the available production data on cartesian
paper using SPSS. These graphs allowed us to

- "eliminate from further consideration wells with
) severely irregular production such as Bore 11.

Arps (1945, 1956) pointed out that the

‘~exponential equation would graph as a straight

. line on semilog paper.

We tried plotting the

“data for several wells at Wairakei but found

“cartesian plots.

. Fetkovich's type curves.

that production decline was insufficient to make
the semilog plots look very different from the

The log-log plots, however, were
significantly different from the cartesian plots
so most of the data were plotted on log-log plots.
We tried matching the log-log plots against

For the most part the
data scatter rendered the method useless. We
were also hindered by the fact that dimensionless
time for almost all our wells was: fairly short,
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FIG. 13a. Bore locéfioﬁs_iri:main bore ficld (froﬁi Pﬁtchett etal., 1978).
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FIG. 13b. Location of wells in the Cerro Prieto Field.

The exponential and hyperbolic curves
diverging at about tpy = 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.

about 1.0.
only start

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.

. Figs. l4a and b).
. Larderello data using p/z vs. Q, but as mentioned

. 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 a; 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 Geysers
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
‘Brigham (1979) analyzed some .

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 Treatment 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 is available at many
computér centers and it requires a minimum of
data handling. :

We used SPSSPLOT to generate cartesian plots
of the q vs. t data. for 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
jwere ‘analyzed. We used a non-linear least ‘squares
regression subroutine to analyze the exponential
equation

-at
q(t) = g™

The program requires initial estimates of q and
a, "and it returns q(t), the predicted value'of q,
and best estimates a and qi for the fractional
decline and the initial flow rate., A fit to the
linear equation - '

q(t) n'qi + kt'

1s also generated. The primary statistic
generated is R? .defined as

regression sum of squares

R2 -SSR
' SSTO ~ total sum of squares .
:l> 'SSE ;’1 _ residual sum of squares
SSTO total sum of squares
SSTO = & (qi—ﬁ)z where g = Iqq
i=1

n

SSR = E (q-qi)
1=1
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FIG. 15b. p/z vs Q—Larderello data (from Brigham & Neri,
1979).

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 =
pi-p(t). For example, if p = 0.1 and &p = 100, the
true value is between 90,91 and 111.11 becauseAp =
£p/ (L+p).



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.

Production related scatter can be caused by

changes in production schedules
bad well completions :
3) ‘workovers e
poor calibration techniques
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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FIG. 16. Six month average‘b production, Bore 18, Wairakei,
New Zealand. - .

The easiést 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 based 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. Eight of the ten
wells and groups at Larderello had R%'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 wells 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 l7a-g fora fit of the ex-
ponential equation to total Wairakei production
and to several individual wells.

TABLE 3.
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- .0f b can:be picked with confidence.

... We only tested a few wells ugsing the hyper-
bolic equation and got R2's greater than 0.989 in
all cases, - This indicates that the equation is
éither’ nearly perfect or that it is 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-
bolic type curve well over a- long stretch of

“dimensionless time, the curve can be used to

extrapolate production.

Type-Curve Methods

. None of the data sets fit any of the type
curves well, The scatter is so high that no value
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 EXPONENTIAL EQUATION (

, 'j 5 " Range on Individual  # of Wells at
Field D R # of Wells RZs R2>0.65
‘ Wairakei; NZ * "0.0030° - 0.7847 36 0.0016-0.9049 n
total prod. 2
Cerro Prieto o .
B.C., Mexico o -
Liquid prod. 17 0.0066-0.8524 6
Total prod. 19 0.0405-0.9409 -8
The Geysers,  0.01151  0.8103 26 0.0126-0.8127 6
CA., USA , \
Larderello, | 10 0.0416-0.9712 8
Italy . '
Matsukawa, .. . e 3 0.7609:0,8633 3
dapan© T ‘ ’
caan . i’ % » »
Otake, o
Japan )
Liquid .. . 4 0.1528-0.7043 . 1
T Vapor T 4 0.0004-0.7981 - 1
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. Bore 18, Wairakei, New “Zealand.
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FIG. 17g. Larderello, Itily—NclIa Sasso Rosso Nr. 82.

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 the infinite and bounded
aquifer approximations are shown in Table 4 along
.with the actual pressures. The pressure drop is
calculated as
QF

Ap s :
Where Q is cumulative ‘producticn,  F’is the influ-
ence 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.
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FIG. 18a.. Larderello 82 (Nella Sasso Rosso Nr. 82) fit to
Fetkovich type-curve.
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FIG. 18b.. Pozo25, Certo Prieto, fit to Fetkovich type-curve.

In an infinite aquifer the rate dfvpréssure de~
cline decreases with time as is the case for
Wairakei.

Bodvarseon's Linearized Free Surface Method o

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

"' and -stummed to get ‘total-drawdowm.

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

. By adding the term for a bottom as described in

The observed pressures fall within = =

" Chapter III and by adjusting the porosity, ¢, per-

megbility, k, and depth, H, we obtained Curve #3,

Low
=
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FIG.‘ 19. Inﬂuénce fﬁnctidn—Travale 22.
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a plausible fit. This method is difficult to use
because the necessary geologic and production data
are usually lacking or sgparse at best.

oy

TABLE 4. CHECK OF EXTRAPOLABILITY OF COATS' METHOD USING WAIRAKEI DATA

(Values of the influence function are from Fig. 20) c

; Cumulative Producing F p

; Year Prod., Q Time, t, yrs. F, &p p  _bound Ap P _obs
1963 726276 8 -0023 209 542 .002334 212 539 543
1965 *- 10283401 10 .0027 278 473 .002917 300 451 491
1970 1644585 15 .0035 384 367 .004376 480 271 427

1976 2295755 21 L0042 459 292 .006126 670 81 405




STANDARD OPERATING PROCEDURE FOR DATA GATHERr
; ING AND ANALYSTS

VI.

Data Gathering

. The most important step for- the analysis of
data is the proper collection of it. 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. Some steps for '
ensuring good data gathering are

1) Set up regular testing schedules ‘and stick
to them.

2) Set up calibration’ schedules for all’

“* instruments used such as pressure gauges

and temperature bombs. ‘

3) Keep an updated calibration log for each
instrument.

4) Use clear standard forms for recording
data.

A data’ chart for routine measurements should ‘in--
. clude at least the following information i

1) Well name and location )
2) Date and time ' o AR
3) Pressure-well head, tubing, bottom ‘hole,
meter rum, etc. gauge Or absolute }
4) Temperature
5) Flow rate
6) Location of test points
7)  Units for all measured quantities
8) Well status
9) Type of tést being conducted - buildup,
interference, etc.
10) - Zone being tested
11)  Instrument mimbers
12) * Name of tester .

Data‘Analzsis';v

The data can be analyzed by ‘wélls, by groups
of wells and by fields. ) . ) .

k Graphs

) Graphing the data provides an easy way of
examining the data for unusual behavior such as
occasional high,’ “1ow or errdtic’ production.  Such.
data sets can be flagged for special attention.

The data should be plotted and analyzed according
to Arps (1945, 1956) using. cartésian semi-log, i
and log-log plots of production vs. time. ' ‘However,
this provides only a’ "quick look"” and further
analysis should be done. ~If the. data are smooth
enough, log-log’ type curves and’ Gentry s and
McCray's curves can be used to fit current data and
to extrapolate to future behavior. 1 the field is

" vapor dominated, pfz vs. Q plots can be used but
only with great cautionm.
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Al.l. HELLS

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 R?, e.g., greater than 0.65, allows
extrapolation with some degree of confidence.

Ve recommend against using the computer to fit

data to Arps's hyperbolic equation for the reasons
‘described in Chapter V.

However, if the data fall
very well on a‘particular type curve then one may

_reasonably predict future production ‘using that

curve,

~ COMPLETE RESULTS FOR FITS TO .EXPONENTIAL EQUATION

Calculated
Field Fractional 2
Well # Start Date End Date Decline,Dx10 R
Wairake{ - 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
LN 7 Y60 12-66 7.52 0.60
24 5-68 12-76 3.26 0.46
26A 1-63 12-76 5.38 0.52
T 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 . FJG 4.90 0.72
39 1-64 - 12-76 3.69 0.53
41 1-59 12-66 7.02 0.43
42 1-60 12-66 17.48 0.80
143 12-58 12466 5.04 0.40
.44 co 1-62. . 12-76 5.10 0.78
46 . 12-58 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 6-68 12-76 0.47 ©0.01
48 8- 52 excl 5-68-3~69 12-76 11.22 0.80
55 - §-62 12-76 3.05 0.52
56 8-62 12-76 9.81 0.86
57 S 9-62 12-76 6.01 0.69
58 T 8-61 12-76 . 2.84 0.45
66 5-64 12-76 ,1.03 0.06
267 .. 8-60 12-76 4.67 0.61
770 » 165 12-76 o 1.94 0.38
n 5-63 12-76 1.77 0.20
12 7-62 12-76 5.97 0.90
74 12-63 4-66 2.50 0.27
76 12-62 12-76 5.72 0.59
80 "1-63 12-76 6.81 0.72
81 . 12460 5-62 3.99 0.59
;. B2 1-66 12-76 3.40 0.33
83 9-63 12-76 2.54 0.38
88 - ©1-64 12-76 0.45 0.0
8-64 i 12-76 2.87 0.51
o 1-64 - 12-76 3.00 0.78
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COMPLETE -RESULTS FOR FITS .TO EXPONENTIAL EQUATION
(Continued) ' )

Calculated
Fractional 3 2
Field Well # -Start Date End Date Decline,Dx10 - R
Cerro Prieto - Liquid Production
5 ~ 3-73 7-78 4.72 .0.55
8 - 6-73 7-78 14.36 0.64
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 7-78 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 8-76 7-78 - 2.06 0.01
30 12-73 7-78 7.80 0.47
3 8-73 7-78 4.08 0.58
34 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
11 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 1-73 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 0.3
27 1-73 12-79 2.76 0.04
29 1-73 12-719 7.55 0.22
30 1-73 12-79 6.93 0.68
31 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 3 2
Well # Start Date End Date Decline,Dx10 R
Geysers - Total Production
DX-2 3-74 11-79 7.98 0.44
DX-3 11-72 11-79 8.10 0.54
DX-4 8-72 1n-79 10.86 0.69
DX-5 8- 11-79 1.16 0.0
DX-10 8-7 11-79 5.00 0.16
BXx-10 3-74 2-78 9.80 0.35
SUFBK3 8-71 1-79 11.59 0.49
GDC-32A 12-72 11-79 9.94 0.54
GDC-53 3-72 11-79 19.01 0.32
GDC-66 4-73 1-79 9.56 0.54
GDC-77 5-72 11-79 9.85 0.31
GDC-85 5-72 1-79 7.17 0.38
GDC-85 5-73 12-74 37.98 0.82
GDC-85 2-75 11-76 24.34 0.89
GDC-86 5-73 1-79 7.69 0.42
GDC-88 3-72 11-79 11.76 0.61
HAPYJK1 11-71 11-79 16.10 0.61
HAPYJK2 11-1 11-79 13.17 0.60
HAPYJK7 11-N1 11-79 2.45 0.15
HAPYJK8 1-71 11-79 10.13 0.48
HAPYJK9 1n-72 11-79 6.18 0.22
0s-1 6-73 11-79 9.66 0.59
05-2 9-72 11-79 6.03 0.23
0S-3 9-72 1-79 13.70 0.46
0S-3 6-75 9-77 25.36 0.89
0s-4 1n-72 1-79 11.64 0.54
0s-5 7-74 1-79 23.99 0.63
05-6 8-72 1-79 9.58 0.59
0s-7 1-72 1-79 11.58 0.69
0s-8 8-72 1-79 10.80 0.81
Geysers Total field
n-72 1-79 11.51 0.81
Olkaria - -- 10.84 0.85

Influence Functions

If adequate production and pressure data are \.;j
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

‘ jStatistical 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 ie given in Nie, 1975. . e ’

Multiple Purpose Optimizafion‘Systeﬁ'Méo§'

MPOS 1is 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.

i .
R X R LU
=F «F

Xy=Fy-Fug
Xz 0 () 1=1,2, . .n
Xpy = %y 20 () 1=1,2, . .n
Xy =2y + Xy 20 () 4212, . . n

35

n

Objective function E(ui
i

are slack variables, bi is the observed

+ vi) = minimum where

u, and vy

pressure change ‘Ap, and qi—jxj 1s the calculated

pressuré change. MPOS generates a tableau for
the calculation which looks like the following for
n=4,

X1 X2 X3 X4 ul w2 u3 ud:. vl v2 v3 v4 b
Objective fﬁnction LI DU N R V) R E S
(P A = b
Y dz“h R = = b,
2Ny Sl = by
1% % %9 I
2¢) 14 >0
vé&) ve2 1 >0
>0

120
Values for u, and v, are given in the.output so

that the fitdess me sures, p, can be calculated
directly as :

n
1 1
I ;t-ﬂ;(uj vy

The listing for program INFUNC is given below.
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VOLELBACK COMFUTING CENTER
wOF THNESTEKN unxvee"rv
TSP 5.5 f - oTnT;STIbAL PuuKdoe FOR THE SOCIAL SCIENCES
A lERS;ON‘7.u --’JUNE‘27 15/7
PAGESIZE - NUEJECT: : - -
R CUN NAME C - NUNLCANEAKR tEbKES;ION == 30xE 16
VARIAILE LIST. “HUNTHE 34 AMONTH, YEARS MASS
CINPUT FORMAT  FLAEU (9A+F5.095X92F5.00F20.2)

- g 4 et e b e
e . 1 i

ACCORDING T YUK iNFUT FORMATs VARIASLES ARE TO 32 xEAL AS FOLLOWS

VARIWILE  F0nHﬁT' RECGORO " "COLUMNS

HONTHS3  F 5w 8 - 4o dfmntds - O -
AMUNTH . F 64 § 1 720 24 A
YEAR ~ F 5e 3 1 25- 29

2

MASS | PF20. 2 130 49

THE INPJUT FOAﬂAT Pruvl DE) FJR @ YARLIABLES. T & HILL BE READ : )
IT PRQU;U:& FbR 1 REUONO: "G&&Qo‘)-Pck-GASEv-a«N&*4NU&—&F—~—48—!GO&UANS£—#nE—USED ON--A—RECORG- - - -

WARNING ~ & nunea;c VarEA3LE- HAS A WIGTH! c«earea TNAN 14. SMALL Rouuaxndrtauucntzou ERRORS MAY OCCUR.

w GF_UASES Y283
if ; (YEak LT 1950)MASS=0 : . ~
© GOMPUTE . - - HONTHR=AINTHSS=37—— i i e e e < oo+ L
. ASSIGN AISSING MUNTHK(=1) :
- REJECT- IF " (MASS EQ 0

REAY IN?UT JAT A
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NONLINEAR nesxsssxo» - 30Nc 1 A A 79707725, = 08.23.54. PAGE 2
. NONLINEAR ©  © VARLABLES=4ASS WITH MOATHR,NB=2 = - _ R
L L T2 100000023 (LI EARA3 (212 0000LBMONTHRY——

JERLVATZ S 6(L)=EXPL3(2)* . 00001*NONTHR 1 *13(0000 .

o GUl2I=L10*HONTHR®*I (L)% ELP (3(2)* . 00001 MONTIR )

PakANETERS . 4019 =185.615892

e, ST 342)==hot.18
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§sds duisq suof:etnaleg a1duexy’

| Finisw -
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06661400 CM NEEOED FOx NONLINEAR

OPTICN - ) .
IGHURE MiS3ING VALUE imOIGATORS - - - . i e e e e e . .
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NONL INEAR KEGRESSION -~ BORE 18

T9/07/25.

FILE NONAME (CREATION DATE = 79/07/25.)

08.28.540

PAGE

3

252  GASES

1 UEPENDENT VARI ABLE(S) . © e e e o e e st e

2 PARAMETERS

e FERATION—CENET

C

METHOO = MARQUARDT

TOLL =  1,5000000E-08 RELe CHANGE “IN A PARANETER-—-- - - - - -
T0L2 = 0 REL. CHANGE IN SUM OF SQUARES
ToL3 = X RATIO TO INITIAL SUM OF SOUARES —~ o oo
TOL =  1.0000000€-0c PIVOT TOLERANCE
PARAMETERS
NO. NAME . INITIAL VALUE
S TR ¥ £+35615496402
2 82 -4.6713000E+02
0 OERIVATIVE ERRORS WERE OETECTED
SETUP TIME = - — +4Zo—SECONDS
THE LAST ITERATIGN
ITERATION NG. 5 BASE POLNT TEST FOINT
SUM OF SQUARES 1.2714952E417 1.2714952€417
L 0 , 8
LAMBDA 0 0
GAMMA e 3 G- 0050 B4 00 1.00000006+008 —
ANGLE IN LEGREES - 87176 8.7257
MAX. PIVOI REOULTION 3.9411999€-01 3.9411999E-01
PAR. 1 81 5 1.95100626602 S 1.95106626402
2 82 ~0e8533609E402  =+.3583609E 402
CUNULATIVE NOe UF FUNCTION CALLS = 6
ITERATLOw TINE = 262 SEGONDS
CUMULATIVE TIME = te( @ SECONDS

0%




ITERATION TERMINATES
MAXs - RELATIVE
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C

e

FILE  NOWAME  (CREATION DATE = 79/67/25.)

U FINAL PARAWETER VALUES

-—PAGE- -

. FINAL VALUE
1.9516662E+082

| . _SUM OF- SQUARE

52 1,27149526447
- Q= 1800

=44 8583609E402
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FILE NONAME  (CREATION OATE = 79/07/25.)
FINAL FUNGTI

AN

(]

N

VALYUES ANO RESIODUVUALS

ROOT HEAN SQUARE RESIDUAL = 2.2552119€+07

PAGE 5

D.Fe = 250
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CASE VAR PKEOICTION. . " 0BSERVATION ~ RESIDUAL ) " GRAPH OF RESIOUAL
= - ~NOw NG 2 -q ', PP X .
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e e e 4 OB R R At v 8 300G OB G P 4 22BN e BARB vy e
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20 1 1:7750280E+08 291 2000-00E408— - —3v4 0972006407 —- B L Rt Sttt L Rt
21 1 1477 04058E+08 © '2.0500000E+08 2. 7959420E 407 haSA it d g dd
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FILE

CASE

NPT S
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1.7363329€+03 2.1200000€+08 3.8306743E+087 Sss8 2008 nss0s000s
1.7279176E+08 1.9200000E+08 1.9208241E407 sxsasrnens
e PR SN I ES v S A E Iyt 95 I E T SAALALARALLAALLASESS.
1,7112092E+08 1.8400000€¢08 1.2873079E+07 snsssne .
1.7 029157€+08 1.1000090E¢08 =6e 0291570E¢07 Al il A LI Ll I Ll et ad s :
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(CKEATION OATE = 79/077254)
FINAL FUNSTIO VALUES AN
PREDICTION 03SERVATION RES{OUAL 6RAPH OF KESIJUAL
. 0 +1 2
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e L TTRA LA A 4 52000 00EA08 9. 2378862E406— - - - sraa
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NONLINEAR REGRESSION -= 30KE ‘18 03¢23+54. PAGE 11

RUN COMPLETED
( NUMSER OF CuNTROL CixUs REWD 13

79707725,
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ESTINATING FIELD INFLUENCE FUNCTIONS -- FROGRAN USEAGE

;- The linear: prograsning technique of ~Coats, - Rapoport, McCord and
Drews (JPT, Dec.,1964), .1 ‘used- to "determine :the aquifer influemce’
functions from field data. Several programs have been written to take
raw data and convert it into a tableau used by:the M.P.0.5 linear
prograaning package, then extract the results and refornat it. The
procedure is as. fullnus: : S v g :

1. INPUT BATA
The 1nput data must follow the following arrangement:
Card No. Infornatlon .

1 Header Card -
Input Format. Fields are integer-real-real for
tine-pressure-volune
3 N = nunber of data cards to follow
4 First Data Card (contains data for tinme, pressure,
.+ and volume) -
N+4 - Last Data Card
repeat for nore data sets

2. GENERATING THE INFLUENCE FUNCTIDN
The procedure to do this is simplys

GET,INFUNC. or BET,INFUNC/UN=BKOGSC.
INFUNC, IN. :

where IN is the file containing the input data as described above.

The results uill‘be found in file OUT'and,are;arranged as follows:

1) header card , '
2) card containing nuaber of data puints and f!tness value RKO
in {I5,5X,F17.0) field , '
3) N data cards in the format (I5,5X,4F17. 7) in order of
tine, F, delta- F Fy Q.
4) E-O-F nmark : ‘
3) repetltlon of 1) to 3) for eath data setl -

These results should be saved for future plotting. There is also a
file named RESULTS generated which contains output from the H.P.0.5.
package which should be sent to the line printer with carriuge control,

—— S
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3. PLOTTING THE INFLUENCE FUNCTION

To plot the influence functions generated above, it is necessary to
use the INFPLOT progran. 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 program should be
run  from a graphics terminal. Output can be sent to the GERBEK plotter
or plotted on a 4462 plotter. The program will prompt the user for the
necessary infornmation. S :

Karch 13,
1980



49

‘ i ... Influence Function Programs
« PROC s INFUNC » 1Ny OUT ,RESULTS o+ - .
o% THIS PROCEQURE WILL TAKE RANW TIME /PRESSURESVILUNE DATA KND ,
°% CALL THE PRGPER PROGRAMS TO PRCDUCE AM aNFLJENSE FYNC TGN LSING
o* THE LuNEAR PROGRAMMING ALGORITHM RHIETE s R T
Z: CALLING SEQUENCES ~ BEGINyINFUNCsJPRGCsINe OUT,RISULTS,
Z: WHERE ¢
es N. LE RITH OAT4 SETS. In PROPER FoRnar.
o Jr 5 ACH WILL CONTA ot TInEy o NoLJENCE FUNGTION, DtLTA-Fo
“f: CURESULT r?LE gféﬂ th Rt [ A ¥ otrba?'?aﬁq‘w. P.b. ;'.xnzan FROGRAMMING
.' ..‘...‘..-.-.-..-...--..-....-..‘.--.-....-.--.----..-..........-.
<¥CGPY, INFs, OUTFUT .
S*REVERT. -
TF(FILE (JLIB .NOT.AS))G:T,JLISIUN-AEYISVo
§IBRAEg= :ELEB/JLI 7GompLat. "
3 R R A S A I T AN e T T
REWIND, IN.
SETTL, 100,
© RETURN'y ZTABS
TASGEN(IN,2TAB)
COPY¢INFie
HPOS{ZTABSRESULTS)
EOPYLINE. K -
GIN, REFOF My JPEOC, RESULTS I
IFCFILE (Z12327AS) JFEVERT .  ERROR ENGOUNTERED.
gopy  INES,
ETURN INF1oINF2oINF3.
REVERT 4 " PRLC/ZINFUNC,
<DATA, INF1 o
LePs FABLEAU GENERATED ZIN N LocAL Flie <ers>
EET;RING_ HeFPeDeSe. —_— -
[ A A'INF‘Q - -
HaPsOLS. RN coOMPLETE. RESULTS AKE Zin LOGAL FILE €RESULTS>
BEGIN'DAT. REFORMATIING.
REFORNAT CCMPLETE. INFLUENCE FUNGTZON PLUS ORIGINAL DATA AKE NOW
SIN LOCAL FILE <GUI>. DATA SETS ARE SEPARATED 8Y £0-F MARKS.
USE_<APPENC) JINFUNC,0UT> TO AD0 T0 PREVIOLS 9E5UuTSy
OsliﬁuiﬁF“séA!E10UT=NEHNAAE?“[0 SAVE. THE QUTAUT..
]
PRUGRENS WRE NOT WOKKING TEMPGRARILYs CALL JEFF
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$TABGEN . ‘
"“PROGRAM TABGEN(INFUT,OUTPUT, TAPES=LNPUT, TAPES=0UTPUT)

DIMENSION P (300), 0(300)9 BUFF(8), FORMI(3)

"6ﬁ't“‘1./3“tﬂﬁﬁ7=z;/. K/LHRS s VZ7iHV/
DATA UliHUI. EQIiHGI' DASH/1H=~/ : =

41IS_PROGRAM_READS IN PRESSURE AND PRO C I
@EATES INPUT FOR USE "IN LINEAR PROGRAMMING

ER AMND INPUT AND QUTPUT FGRMATS.

READ(S,%) N
R i
EADI Fbpux) IDUM, P(I), G(I)
5 CONTIND ‘
" SETUP INDEXES

NI = R=1 - -
NZ = N1%2

N3z Nie2
Nk = 28N1i-1

uarte«e.znj
201 FORMAT¥TITLERS
WRETE(6,101) HOR
; —
P e e
BRENT {81212U1 10 UzoNi-
PRINT (6,%)2V1 TQ Vz,N1
WRITE(6,203) 2%Ni-1 i
~---203 FORMAT (#PACKED2/ #M ININIZEZ/2CON STRAINTS2,I5)
5 NRITE(6 23) (EQo I=1,N1)s (DKSH, I=1,N3)
5 ) -

_WWREEREEGWDAKQWQ§&}NPDFVTO‘H.P.O.S- IN TA3.ZAJ TORMAT

TION

111 FORMAT(2I5,F20+5)
T MRITE(B9111) (ZEROINL0NEI=1,N2)

WRITE SECOND GRODER CONSTRAINTS

- c
882 i) (uika0tu-Ke2) s KeLe W
‘-—-'*——wn}{zts%ftrr-J:ﬁI%U*UNE"—~L Bhee e
NR }5(5.1 1) Jy ONEG
o EL6 1) 4 )

N2
F4 09P¢J*1!

DO 22 J=N3,N&
K. = g=N3 .
WR{TE(G,lIi) Je K*+ils ONE
WRITE(B)111) Uy Ke2, THOM

o ARITE (6 31110 o K ¢35 ONE

22 CONTINUE
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ZERO,y ZEKO» ZERO
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quTPUT,TAP51C=&.tAPES=INFUT,

PUTY : ; N : E.,;

PLOTS THE INFLUENCE FUNCTLQN FOR GEOTHEQHQL FIELD

c .
E TIME AND VALUE OF THE FUNCTION AS_GENERAYTZIOD dv PRCGRAM <LF%> “ARE READ
c AND PLOGTTED ON TEKTRONIX 4662 PLOTTER

®INFPLO -
PROGRAM INFPLOT(QUT,EXTRAP
® TAPEB=OUT 4TAPET=EXT R o7

L UNITS FOR INPUT/QUTPUTS ST
¢ LUN 6  REACS INFLUENGE FUNCTION AS GENERATEQ 31 PROCEDURE <REFO
& FORFAT IS QN HEADER CARU FucLQWEQ 3Y TINE AND FUNCTION ALUE CaR0S
IN_(F5.0 5XoF17.6) FORMATe SEPARATE GECKS SEPARATED 3Y =<€0F=-.
EFAULT DATA FILE NAME 1S°<OUT>. _
CELUN & NRITES WESSAGES To OPERATOR ON FI.E <qurpul>
EON WRI 1ES CONPUTED EXTRAPOLATIONS ON OEFAULT EILE <EXTSAP)
UN 5 ASSIGNEG TO FILE <INPUF> FOR REGEIVING_ GPERATOR INSTRUCTIONS

—INTEGER-EXL 8814EXLAB2(3) 4EXLABS (3)4EXLASH 4
BYRERSTON HOBLRS 2 Tea01) RN A8 burr 2y, FooT(8)
\ DATA YES /2YES?
DATA MARK/D/ -
AlA YLAB/2PRESSURE RESPONSE PER UNIT VOLUNE 2/
ATA EXLABL J#FIELD DATAZ/ TR
——Batt n»ﬁhﬁ%ﬁmrtmmvmﬁ”
DATA EXLASS /ZASSUMES INFINITE AQUireRzs
. BATA EXLABG 72A3SUMES IMMEOIATELY BOUNOZD AQJIFER%/
o DATA FOOT /#(F>ITNESS MEASURE aG<v = #/
== DETERMINE WHIGH, IF ANY, EXFIAPOLATIGNS ARE REQUIRED
¢
il LL_ALPHAS
¥¥#r5 +#00 YOU WiSH TO PLOT UN THE GERBER+?
=
'~*-'~trtn §S(51:EQ.E) LTvP=
RINT ,ZENTEK NUMSER OF TIME PERLODS FOR EXTRAPOLATIONZ
EAD (5:%) NEXT .
ELEOF (5T EQ « 1) NEXV=U
FANEXTEQ. @) GO TO 1
MRITE(e,108) EXLARZ
104 FQ gu&t:;gg;§ 2iYES#z IF YOU DESIKE EXTRAPOLATION WHICH #,5A1C)
o WRITE(Er104) EXLASS
U3 2 NOVE
3 VexiaBe

FTYTYTEIY YT YYTYTCL PR R LYY YT Y YRR R LRSI R L L LR 2 covescccavenes

READ HEADER FOR X-LABEL

[T Y T YT P Y2 TP Y PRSP PR LY LR LR R IR R LR R R R LA L A L A Lk L L2 2

" 1 READ (8;101) HOR

____1]_ﬁ£i;g£131 €9.10 e
READ(8,107) RHO

. raaTiisl) 8y0,

187 F Fi ) .
IF(nARK.EQ.O) G0 TO 15
CALL TEKPAUS

101 FORMAT (8A L0 -

L1424

~REAU DATR -
15 N : N ,
RE fe21) TN, FON
102 FORHATtﬁgzn X %5.6)
F(N.GE.301) G 20
2 _2_.. e

..;.A§. EITIITYTYTITITYXTITTITYYTYIYEISY R L PR Y R 0 L L LR R L L ELA R R YL R LR R AL R LN B LE L0 R KL L 13

PLOTTING SECTION

PT T Y P PP YT Y PR R LY L L LR L Dl Tl ] Seeocecesescccccnecoecemoeweveewee

€ PHYSICAL PROPERTIES SETUP
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éHARK-Eﬂol) GU TO 3

tt"if?i%%ﬁé%I%Fl“'““"”7”“"”'*f“”'[”“”” e
CALt SIZE(KIDTHe1 .0 4HEIGHT¢+1.0)

--o----—-..-o---.----—---------.-..-----------.---.---- -----.------

RANGING

sesesesseccsccsananns cossececaca ‘--‘-----‘---------.----- ceoeccssscene

‘Nﬂ“§
R

.

nnhiz:n

Rerboeeduiedireiradwdrdrbadnadudvdimtvnivedrdnded --‘-----------o-----c-.-------.------c---------

LIN Z7USERUNIY)

coaee --.---Q---o-----------.-- ----—----------.-..---b-- --.-.-----o-

AX - X
H-X

N'
HY =Y .

X0 | . e
X IXOELT T
cﬁf séuf§ §£64%§é§i§9§g&15:2ﬂ1k;vnxnr"*

GRID GENERATION AND DIMENSIONING

---------------------------.-..----.--.-o-o-- eoscas .-----------.---

CALL ERASE

:XFAE

YFA
Esleley DISP)

N ?oXHINvt XHRX‘#!XH&XQ!
FYAIN X=Z 3 Y HAXS £
NEIAW L IR R

IN.XfIOoYNAX1¥HIM’YTIG.RF&GTf

mxm—.u- ™

!

b=

gt
—HEX

H
7:%)2 I
72 ) 2YMIN
xIs(xmMIN 9)
XiLABL :
AXyXH
“AXLABL

S Lol
o o P ZN

:’:”A—u

AKJXN

e

i

QOO0 ooodov

€000

oo

-d-.-----o----o------.---&.--------------..----------o- .----------.

" WRITE AKIS LABELS

PP RVOBRND CPDOO OBOE - -----o.------..-‘----.--.-------------- CL X T 2

(1]
1%
-
~N
m

HDRvi 60
(C3IZE INBHARS s HURIZXFACT

FACTy0.y *sxze.nuHARs,noaa'f
ﬂﬁé*GUFF,NCdAR) o

ZeNCHAR o
icsxzé.ao.rootf 7 KFACT

Y87 YFACT U+ 3CSTZE; BT;FO0TI ot

O

L
70

i P

Y1 ﬂ:oxam nIOV
o> H#

z

[w]

< 0

]

‘-u-

i

*N

>
lonxc

P e
r
s L o
0nowe »x

g8
HHUnx HREer

iH
N20
7Y
H
1
0

MmMOOZ =<i-m . #
Zrecc. Xz N

i

--mmx -
-0

i
i

RecxZ L CINOOO n#xz'
-orrr
bex
|03vﬂ°
¢ WesTe

>
(7]

IRt

o SYHHID(CSIZE.NCHARS'ILAB)IYFACT

\-ilu .

XFACY HNIN
CALL SYHBEL(X:Y’90-yCSIZE.NCHAR>tYLlB)

..----.--o-----o---------o----cb-------------------------------.---v

PLOY THE VALUES

c---.-------.--------o-o-o-----—------.--—0-.----------.--‘p.-----.

CALL LINE(TsFei7eN)

.p.-d----------------t—---.----n.ah-------.---.-..o.-..h-.--.n---..

CHECK . IF_EXTRAPOLATVION WAS &EQMGSIEO 8Y USER

PR e Y T escscsccsnenas ...-.---------.-.o.o-.--------.------

Ergﬁexr.gs.on Gg T0 1
cALL'cASH<1¢.ns..03..07..u5)

.--‘.Q--..-..---------‘---.----c..ﬁ.-h.-..’.c‘.-.o.-i....-.--‘.----.

XFA
22YFA

IN.XIIG:YHAX;YHIN:YTIQ:XFAb[JVFACT1§SIZE,1;1-gXDISP)_

e, P Ve B P 1 o =

C1
cT
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¢ PERFOKM FIRST EXTRAPOLATION =- ASSUME S50UNDE0 AQUIFER.
C ALGORITHMS AVERAGE LAST THREE INTERVALS.

“g LALCORITWNY RVERAGE LAST THREE INTERwALS. '

;%

RT IR~ =
N) o F (N) 40,0)
b " 0
“NEX
Ine

«

)

3 -NEXT 82
Featoos EXTRAPOLATION z.unxn»

LR,

2
Xe 7.1.19)

Lt b i e 2 L L L e kit 2l Ll T Rl L ettt ettt ntat

.= T TUUIFER -
HUTCHINSON A SIKORAs 1959+ P 172, EQN. 16

FIFPT T YIRS R RS R XL R 2L R 2 R LY 22X 3

62 IF(L3. n.g) 6ot052 . .
ALL PLOT (T th)oF (N) o caa e
I [ﬂ§ Néxrfeinlgs : N D

Y= FlNl N
0 50 zti:N%§t
(N} ¢+ 1 * TINCE
e X
: (XXe1) ¢/ xx

= ROy T T

+
- NRITE
CAL p x.?‘l.z7n
CONTINUE

_IMMEQIAVELY BOUNDED AGQUIFER

52 [F(L4.EQ.8) GO TO
OELT = ircnn-rcu-1)) / (TIN)=TUN=1D)
U

A ASHE '
Eﬂt; %bigiich!rcg)in‘a» e
.. 9l RS - .

62 CONTINUE

WRITE LABELS

_‘E_m'mm"'“m'_'"""""' hdadafint st bbbttt
__QAEL‘%&*MM W)
«ﬂ,_._ﬁéigifuéffﬁis.m,“m“, B o

SLLE=.87

Aff sxnaefiff B 13514 .1o.£xLA31)
(T R I VY 4

X = WID H/3.

Me2
CALL HNIRK(X._;F%
CALL DASHES

1E3236EXLABZi
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" PROCIREFURMs IN,DATAISUT . , - Lo

_____ P
:: fH S PRDCEDURE HILL E:;OREAT THE ObTPLT FQCHRHéP.CoS. L*NEAh FRObnAHM L6

NA k IJAYO\. YHE FINACL .
"W k < Tn

..
o® FILESE-. o .
. IN  CONTAINS OUTPUT FROH H.P.0.S

S PATACONTAINS "ORIGINAL DATr USED 1O GENERATE M.P.0.5¢ TABLEAU.
-' OUT FILE WHICH WILL CONTA;N THE OUTPUT USED TO CALL <INFPLOT>

*-.----.-------------‘---‘-----‘----Q----- LR P R P R L L L L X

RETURN, OUT, EDUNP, UL, 212320
TisL=EQUMP ¢NH,.
Ez! EHE1E8], TROTRS 1 B

f NUL o I5EDIV2 ¢ L=EDUMP,N
NIRRT
; sEOITZ,BADAT.
EVERFs = PROC/REFORM. <OUT> CONVERTED.
NDIF(8
8 o
URN ¢

)
DAt |
ETURN, BADAT, EDIT1,EDIT2,

EyeRle —erob/kerokn, Edror Founo. L
0BELLS

o ‘
UL L13NT7350PY NUL /SLACK/3L/03Jee eN/ 3=

=zt
o

. OR-
HE LINEAR PROGRAMMING PACKAGE
[HE SINEAR PRRSEANIANC RGN SES 1s wor FEasIaLE:
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Linearized Free Surface Programs
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.-----------------.-o-----.----- -------o--.-------d.---------.-----

~CALL- FNOWRD (42 ITEST,1,60,IFORH,LEN, IRET)
%E?fa EreLEr o) 63010 b6 R
NSKIF =' Piﬁls.xresr.i,se.xger; Qe ;fia- D
ESIG SR T ,,: p . I -
ALC-FCLOSEAT) =« .. -<

"CALL UGET(74NAME) - - :
IF(NSKIP.LE0) 50 TO 16 :

~DO0 a5 T=1yNSKIP o :
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o
-y

ON THE INPUT UNI T
ORMAT» ALL DATA FOR TIME, FOssOdED 81 ALL - DATA

___n_zn_gggg5§1;*m{%1f§a551*3.gtgzm_1n111,1=;xul«-HU<MMM,h
60 T0 1- *

ED
F

““g CHECK FOR_ ro;uEifﬁE’53?56&?['63§6§?°""""""""""""""'

.-------------Q-------.--------.-—------—-q-------------------.---o

885 gcneEn:x

<LINES> CARD

su e d“‘-....-..--‘.-‘----c‘-‘o.-.--...--.-------------

llSﬂt%NES z XPAR(ZtEYEST 1'60vIR£T)

Pryepiprpeeppepepspessprasrer e TR YT T P T 2 Y L L L L R DL L LA L DL L Rl A d et bbbt dnd

<MULT> AND <MULTEND> CARD

’ a.r- YT YY Y YT P P LY L L L L L L L L L X g --f- - Eddind

4; tEOHPARl7HNULTENDvltlTEST9117).EQ.G) IHULT 2

<CONVERT> CARD
898 CALL FNDWRD(2,ITEST 1720, JGONY;LENSTIBEG)
»55‘1856ﬁ503°'g§1 10+ *ons 1,1 éFIND NAMEF,IRET)
Er&fae* SRR rore ! '

c

<

—37"
3 5ITEST§118591RET)

.1 1] PZERO ‘XPASCZngESTaiaGOoIRET)

IRETLE.0)
Eo 55

RET
RO.LE.O) GO TO 980

RY <END> CARO.  STARY "ANALYSIS.

Cr 1 Y YT T Y Y T Y R P R R R PR L L L L L L X

--882 ;F(IAE;{V.EQ.Q) 6o 0 997

oLTo8) GO VO 1

GALCULATE SQUARE OF RADIUS

.------------------.-------.----------—-----Q-.------—---_--o-----.

“‘“’E NNCEQLET GO T0 390
22 RSS5kB Oz 8 M ra0s * RezRAD)

.--------.-----------.-—--c------c-------'------------------------.

CALCULATE SINKING VELOCITY, -W. :
IF(HU.EQ-G.OR.PHI.EQ.O) GO TO 994
e M B_ (K 8 _GRAVITY * RHO) /7 (KU % PH]D)

.-----.--------‘---.--..-------------0---------o.o----'-----------.

__CALCULATE GREENS FUNCTION FOR VALUES OF REAL TIME T ANO ALL RAOII.
xr«ano.en.u» G0 TO 994 o
(TWOPI * PHI * RHO)
..".."‘. ..‘..l .‘.""“‘.O“".“‘O“..‘Q.‘. & “'6 L2 ) U 0‘00‘0"“4‘0

LOOP OVER ALL TIME PERIODS
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15) NTIMELI), TPRIHE, (GREENS (IRADI)+IRAD=1,M)
By F13,1,8(PL1E13.3 :

TE
KA
N§i¥£ 12) DA
:_T_IPLM._.-,*--- e

------.‘-.---oo--.-----—----.-------------.---- P T T T T T

NRITE -HEADER FOR TIME SERIES DATA

NP PR OV ADRBNOBOBRR® O®®® D ceces cecvmcccccersemrenacsseneese

gLt HR&TE(GoiiG)‘

}RAD*lvH)
S0, 2(METERS OF HEAD) 2)

T Bt e
HRITE(G.iiZD DASH

L .- o I 0w @ M @ W - T T P

CALCULATE TIME SERIES FIELD PRESSURE FOR ALL RADII

P T Y A PR PP Y Y 2L PR LT Y L L Y LY DR L LR Y Y L ettt adadatated

"""'.'.'."’OO'.'G’.i"”""".06"'0“.“6"GGl‘.'l.‘.CQOOCC‘C‘O

LOOP OVER TINE PERIOOD

DO &3 1RK=1,m

Rt 4 | FP(IRAO) = i
c P AN i 4 T 4 L S T T Y T Y T Ty TPy T e ees

LOOP OVER GREENS FUNCTION VALLES UP TO CURRENT TIME PERIOD

DO &6 _J=i
= I-J!l

3333333333533 3353353333353333333333533 3533333333333 233333533323>3>>
- LOOP OVER RADII

Nﬁﬁnqg

DO &3 IRAD= ‘
I 3(%&&6: 7R3N IRAD) - GREENSUIRAGSKK) * 2(d) * arse

&3
8 :);)»):)»:)»:»):):);>>>>>>):>>’>»>>;£3g>231>>3?>)»)g?>)>>>>)>>»>>>>

&6 GONT INU
.smttitt!*!tiiiiii**ttt’ti00§§§tfi’90090*04*0*00*000&&000§t§0§+000§000

EIY I P L P ER Y PY e PE Y P PR PR PR LYY Y R TE Y YR R PR LY L R RS L A DR R R L Y B L]

“"E“‘"P!IﬂT“RESUth‘FOR'THIS TIME PERIOD

P Y P YT T T TP PP P TR T ¥ 2

— A o RO B

187 FORMAT(I10,9F13.3
€  CALCULATE ACTUAL FIELD PRESSURE BASED ON DRAWDIHWNS
TFCPZERQ.LE. 0201 GO TO 43
-~ -0 4T IRAD=1¢M
ELD(I 1

F RAD,I} = PZERO - FP(IRAD) * CF1 '
WRITE(B2122) éni‘rxn o : ,
.. R IJIIIIIIITIYIYY YIS ST RIS YIS SRS IS TSI RS2 2SS R L Y X R Y 12 2] )

PRINT RESULTS FOR ACTUAL FIELD PRESSURE

LT LR LT YL PR R Y PR Y P2 LI PP R YR LR AR P R PR Y 2 %

—gm%z,vm e oo 0 e

NEED = NEED +
CALL- PEJECT INE DOLINES,G)
unk#ec..jie» HDR
WRITE(B6s112) DASH
MRITE(60106) FLO,FPHEAD
WRETE(64136)
136 EQRAAT { [y PAKG(SEC)#,T50,# (POUNDS PER SQUARE INGH)2)
NRTTE (6, i%g QQ(IRAD) IRAD=1,M)
> 9 d
sgf{ﬁ(;:. 12) OASH ' ’
21
NRIFE (52187 NTIME(D)+QUI) s (FLELDUIRADSI) +IRAD=1, M)
60 CONTINUE
HRITE(6,112) DASH



567
WRITE(6,122) ODAT, TIM

. P o e Cn P e TP e P P P RPN N e P e BN e P I PR Er P e SRR PRt E® ePeme e

PRINf RESULTS OF CENTRAL -POINT ORAMOOHN IF-IMULT > 1. T
E ST Cma e Rl

IMULT = 2 IMPLIES FINISH SUMMA ION FRINT ¥ ;ULTS ANO RESET CUUN?ERS

IMULT = 3 IMPLIES E=-O-F ENGOUNTERED. PRIN ESULTS ANC €

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

&6 IF(IHUL?.EQ.GD GO 10 5¢ , .
RE{1)

WRETE (o ‘ N
— 119 EQRMAT L&lﬁtlllﬂ .N"Ux§t£¥n§_1%a§§L{BALweoxux_m£;£13421n_.,;”...m_.mM_

"'IC’

D=
kgnULT'Eﬁoil G0 YO S8
]

H |
1
it NMULT ¢ 8
Jscr(useo 1 nss.s)

)
v

i
H
4
)
]
MNXOOE MO LR JOMmMX
OQXMOMNM bmzm

‘O‘H
§£§!~
g{go“,~
S
e
l
|
!
!
4
|
i

- [
~n (]
(7] ']
ENTENE
20020020
00 Pt et AP
F Samas 3ol
MiE2 A ndt ipdl]
0 O g, gy, G gy
NNV OV
e @ wge @
St abe L

%
&

- .

O
YOI

X EMO

I s am)

-4t fND X

who

SO
Ry
XKHe

N
v

g U
EWIND 8

RETURN YO BEGINNING AND SEE.IF ANOTHER DATA SET IS AVAILABLE

i d A LA DLl L A AL L L LA X AL DX LA L L Al LI LRI 2RI Y RS Y Py ey Yy ey

50 60 TO 1

”g ceecccscccnsssacscasncssetstreenres et entense e er et s raeseensnen

. NORMAL EXIT-

-------------------6----.---.0.---------.-.---.---- -----0.-----¢.--

99T IF(IHU +EQ.8) TO TO 941 , ==

99 CgU bt °CPUOSECOND(DUH)
RITEL6,109) CPU
ngHATCIIIIIt LoFoSo PROGR&H UTILIZEBt,FG.S't SECONDS CPu TINMEZ)

OP. #END LFS¢#

ecvessas o ----------.-.-----‘--‘.-.-.-.-C--’-----.‘...---

!IIDR“EE{TS ;-__~__-:r“_“"-uﬁww-_t.; TEmAASIIRanTIIIY TR
S92 PRINT 3 xes0 3T PRENATORE END-OF FILE ENCOUNTERED ON CATA FILEF.
993 PRINT ¢ FOREEs 2£2END22 CARD NOT FOUNO. RUN ABORTEDZ

6§~-0'- VALUE FOR RHOy MUy OR PHI IS ZQUAL TO ZERG.2

995 BRINY- 4 Hvwve pRENATURE END-UF -FILE “ENCOUNTERED ON INPUT UNITE -

acxky

60.T0

Aees-ggtgg S LTttt ERROR IN #20ATAZ2 CARD.

997 FRINT ¥, zevsse ERROR. ##BEGINZZ AND £2END## CARDS OUT OF ORDER?

998 PAIN ' JEL¥et® ERROR IN £2CONVERT#Z CARD. &

80 BRINS gﬂ"" INITIAL PRESSURE SPECIFICATION IS ABSENT, ZERO OR#
BRINT : o ANINTEGER. "FiELD PRESSURES CANNOT JE CALCULATEO.?
o rg 1 °° : o

381 BRINE pevens ERKOR. IN ::g NYERTEE CARD. NO DEZIMAL. PCINT IN#

" OPRINE &2 FACTOR SPECTFICATION, %

=
P .
H00-ERadls ~SETS WAVE DIFFERENT NUNBER DF TTHE STEPSE "~~~




982 PRINT ;6,.....

.68

o ops PRI 2 ennnn £ ROR IN PARAMETER LIST.x

00--
g8e3ss UN ABORTEDZ

_QQNIRD.L._QARD.S.J. B i ,
FeS¥8S NUMBER OF OATA POIN'I'S EXCEEDS HA&IHUH CF 100#

NO ##BEGIN#2 CARD, OR OUT OF PLASE.#

i :
TSRO EREANALYSIS ON- TNIS OATA SET ‘ASORTED. 2
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1953 T0 1976 -

T Sulbes

eccmcecaes FIELD POINT PRESSURES nzrn_;xuénnzzso FREE SURFACE CONDITION ======em==
FOK WAIRAKEI GKOUP 1 '

TIME ANO FLOW DATA READ FRUH'FILE £WLFSGL 2. WITH FORMATS(I10415X,F15.2)

LeFeSe

69
Example Calculations Using LFS

i
|
i
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_

1
i
!
i
!

I

i
;
i
{
|
)
j
H
i
! i
190 4 ODML N S D
Y od 39~1099 O AP AN
DB r i Srarivigivg
LA E N N ] . L ]
jumsoCeNmY
i

LA ] LR
G OROPANT 0G0

1312.00:
.
.

'1.~377929ue;62‘

- -
-

e0ses90sserassrbovene

1312.00
1588.00

-

1588, 00

» e e vevve .'.‘. A LBl
UM F OO0 HIM 2 LG O OO DD

ECIFIED CISTANCE FROM BOREHOLE

S OF HEAD)

1540.00

coases
Secccscocean e

35460.00

2

8

938 . .
99 . .

2 R

5

2

&

.11“0095‘113306
et AT v o)

HHANLIMONP QAN .3 33
R _ vttt et rivt o vt ol i ot

26

-

9
2

1

5
-3
|

.f.:ag;f-f.---.----.,--....-

" 1692.00

ettt b Al L T T T R e

364779
S 57e38

1692.00

“aee
-——ew

0 DA £ O ONA NN UMN NN 2 S OP O™
YR O O LMD IS T DNYINMNOON
FRNONGONN LM T ONONOMD OO
v.......v.'l.'..v...‘l
AN PO SVONRNA N AN G

") TO KG/SEC BY. THE MULTIPLIGATIVE FACTOR

[ 4

S
TE

(o]

A
M

PN OO F N0 ™ SN N O TN
[QOMH IO FNL OO NN IS
$ O R D ON A MO OVt N EP M OOV
NS RAEREIEERENE NN X
g 3“5565:1; PUMON SNV L 1O T HNOY
0§ 0 OO AN ON 76651. NI M N0\

9.00"
hl:

" FIELC DFAWOOWN
L 5.488
3

184

SO

.6935857353?&M%h&mam92

eseeveehoesoneoporoceq
.357“.1w654.2“55666: GVDW?-JP,

«253 "
‘0692 -
ﬂ

£

©990+00 "

PEIONOVOO § 0 DO wd-F PN MDY
pnciasn. 563339%95&5“5759
Ao Ou oy )
-o.oonc.-o..oco-clnoc-
WO TG O™ O g UV DO
QO OO e 0a? 51“8“ merou
NI 2 3 MM MRS O I O O IO,

?O

FLOW "
{KG/SEC)

o A b b e

ONAD NS vl b567590£23$55
] ridr b I it

b ol ol wnd el b ded det vl ol b oed vd-
o) ol ot ed. el

o
1984 -
{

FLOW DATA:WERE CONVERTED FRCH TYPE 3" {10£6 POUNCS/YEAR

L.F.S. FOk WAIRAKEI GROUP 1 , 1953 T0 1976

INPUT PARAMETERSE &
R
I
T
)
I

--METERS

17+ 1636

REFERENCE DATE AND TIHEI 8gs0s/11.




FIELD POIMY PRESSURES MITH LIMEARIZEQ FREE SURFACE CONOITION sesscccses
R aRa, COR HAIRAKET GROUP 2 o 1953 TO 1978 .

FLON DATA WERE CONVERTED FROWM TYPE B (10E6 POUNOS/VEAR

) 70 KG/SEC BY THE MULTIPLICATIVE FATTOR 103 7792 S0E-92
INPUT PARANETERS? .
a——— o p —tm—'..‘.A-v.-« e e z,t et o e 8 = - - s .
Do e ACTags X POINTS Jogpeeear seconos
;L "sl'ﬁ.'" “(%\.u . ::.‘o : £ MEIERS . . .
HHIM T 8a3uqEe82 kG/CUs METERS
—_— w1 P , 3 o SQuME e e
QYNANES VESCOSTTY (HuD ¢ S§39E-44  KETNETER-SECOND
e R TNE RNBCE TV AWyt - - - BeeNSESRE WEFER7SED
. P'RADIUS SPECTFICATIONS! 211500 0h50 "/ 557700 . 1017.00 734,00  709.08  398.08

LeFoSe: FOR WAIRAKEI GROUP 2 y 1953 70 1976

TINE ELON FIELO DRAMDOWN AT SPECIFIEQ OISTANCE FROM BOREHOLE -
(‘G"§EC, & TE L LT ETE _“‘..“".“‘_SEE.IE EEQQF‘"EAQ con - oe eces - -
NETERS 211,00 0.00 941,00 1017 .00 735,00 709.00 396,08
T g8y 63,637 5,332  8.238 T 576 .89 Ty .97 2,630 ’ .3
R Rt g ol ol ol gl B
. . . ] .
N * 1| SR ! 730 .8 N;: %3 3.3 3:'637 1,288 'Zg;o. 1 2575
29 . 325.3 v3.437 39,212 8. 325 7oadh 11.897 20479 1383
1360 . 350 . .;zn.}' £1318 114472 192024 16 .}; 0 336 437
; ~ ) L ] L ] L] . L] L ] £ @ "W L]
gef  sasit i aablsl  dug  HNE 0 wun TR S
96k ‘814508 87.975 11245¢ 23.051 0.736 1.647 2991 59042
(96 130826 342306 106.64 2he59 2.246 3.136 oo iblbi 25
98 1 24693 8. .gi.‘ 240 8¢ 352666 2. }33 3.928 :
1967 >87.113 r6.26 e 83 zg. e 5.:91 362 8338 993
1968 22 20827 732660 . - _ ATs2 25,593 30231 2.759 §§-018 4049
1369 2584010 71.883 82430 25854 -1 +318 <850 <637
7 2530136 P1.672 8. 264 064 384091 2.890 33,923 +489
74 dig 82 84— 493 b3l - . 260238 - --24e293 - 2948 . -..33.938 . 268
72 4. o 70« oo & 864387 2643 > i4o 35 2.931 33.911 <907
4 5334597 9375 84.835 6. 60508 32.827 <786 324
L9 Th 231.000 8. 2 13.7‘3 26,37 &e 3 24 %Z _06 2 U.O_
75 330724 8.037 43,21 26439 30584 2,627 32553 0.556
1976 333,634 . 68.072 83.279 26,040 24652 124621 33561  56.kek .

REFERENCE OATE AND TIME?D 80/05711s  17.16.38.




' R T o

+e-eww==e= FIELD POINT PRESSUKES WITH LINEARIZED FREE SURFACE CONDITION =cececcccae

FoS. FOR WAIRAKEI GROUP 3 , 1953 TO 1976 ‘ “
R R AN e R P st T T Y et

TIME AND FLOW DATA READ FR0M FILE #WLFSG3 # WITH FORMATI(I18,15X,F15.2)

FLOW DATA WERE CONVERTED FROM TYPE & (10E6 POUNDS/VEA® ¥ TO0 KG/SEC: BY. THE MULTIPLICATIVE FACTOR - 1.43779290€E-02
INPUT PARAMETERSE - N A L
NUMBER_OF DATA POINTS (N)?t . 24 b Lo
DELTA-TAUS = . "« D Jo15EE+Q7 SECONDS )
FLUID oEVEL : 5.270E#02 METERS -
POROS*TV P " 4600 05‘0% : ‘
DENSITY (RH 3414 (E+D G/ , ’
———PEINEASILTITY- 3w -
DYNAMIC V 1.
PeZe THIC Co ,
SINKING -V : T :
7 RADIUS 1017.00 360.60:. - 533.80 r27.00
LeFoSs FOR WAIRAKEYI GROUP 3 4 1953 70:1976 i S . ‘.
TINE FLOW: " 'FIELG ORAWOONWN AT SPECIFIED DISTANCE 'FROM BOREHOLE
L (KG{SEC, Sidan .~ {METERS OF HEAD) LT - i moa i
METERS S R 82700 0.04 1695: a0 1017.89 360.00 533,00 ?27.00
L 23 < e " «08¢C e Q. e W Qe con - 0e00 0.000 . I s B 0.000 : ‘06 08 ~
- 5l «000- Qe . © 008 0.000 0.0 0. 000 ‘0«000 Lo
w006 Gv 8+ o -4 008 - - G800 m o - B 0B - -3 008 - 8900
L > . 3. Qe 0. 00 0.000 0.000 0. 000 8.088
-3 4 . 0. L7 O 0.00 0.60D - ‘O ] 0.000 0.0040
-3 o Qe a. 3. 2.0 2.000 s.‘ 9 - 0000 8- 00
.1 3 PR 7 Qs v Qe 0.00 4.000 <008 0.000 000
L960 o Rl . De 0.00 0.000 8.000 Ge000 0.900
1961 © hele . 200 - 01 «037 . el3b 0094 <063
1962, T 8 e00 20487 e B .o «015 «036 . «098 o 077 «057
1-Ewle -238— v ; -~ 07 R TIRL T : 5 st 570 12 «28k e e e
L 1; . ‘124365 «364 ~1. 091 . .% o271 «793 «597 oh29
1965 . 1124036 70 1.270: - «157 «357 2955 «7H0 «Sh7
1966 - 13:518 ¢ eS80 - 1477 9203 114 1.129 « 888 «669
T4 :11e8 o054 1546 e 2il 512 1. ? +970 o7h?
1.5 ~11e2 o712 “ 12596 276 ¢566 1. 1.031 <807
59 10.838" 75 196897 « 307 «610 1.308 1.076 «854
~1979 - G753 «78 . 146186, »332 o640 1.314 1094 87
1 Dy v 1-+59 35 +664--- 346 3-+097F e 3 s o e i 4
72 8e884 . o811 1574 o374 +676 1.301 1.099 .
‘1973 B T1.YA-] «821 1.551 « 385 +686 1.289 1096 . «90
1976 - Qe 2P o829 - 14833 397 'Ggg 14279 - ' 1.595 «90
1975 1.927 +826 1,509 e 607 ] . 10!:“, 1-_ 8 - «90
- 1926 ... : . Ta233 - (0019 12465 " altlly +696 -14235 - 1 U6k i 0894 ..

REFERENCE DATE AND TINET 80705711, . 17, 16.h1.




sSeee

Seae

EFREE SURFACE CONOITION ==eecseeee

ke eRe EOR M IRARET GROUP & 4 1953 To {a7e. .

FLOW DATA WERE CONVERTED FROW TYPE 8 (i0E6 POUNOS/TEAR 1 TO KG/SEC 8Y THE WULYTPUTCATIVE FACTOR ~  1.43779200€-92
INPUT PARANETERSS : '
OF DATA POTNTS ERY T == mmms i oo o [
ELTA-TAU - g  meee87 SECONDS
v e e Ba AR E A2 HEFERS
POROSITY I 4. 000E-
DENSITY (BMOTtL S 00 xerou, merens
oY iif Histo: .tn (e §439E~ 2 KG/ ME TER=SECOND ’ '
Pels THICKNESS e PegBOELRE. ,,1%;5;‘ SOND . "
RADIUS T’g pcngzonsc ‘ 5762«0 T80 fsEE%.on, 734,00  360.00 194,00 38s.00
LoFoS. FOR WAIRAKEL GROUP & , 1953 T0. 1976 . , 2 Lo
TINE . FLOW FIELD ORAWOOWN AT SPECIFIED OISTANCE FROH aoacuous ‘
METERS? i 578.00 0. eo 1540408 734.00 360,00 194400 388.00
=2 znns Siomomendmuses e emssans ess o emene- : -
95k I3 2388 . .00 9:83 Hi : :3;3 .§Z 2
55 8 ¢ v 008 3+00 000 - — 300 i e
1966 30,939 o703 e23% o117 o465 1.406 . 388 1.280
1957 >4e3 10"; 70307 « 331 F.‘4E73 lo% 1 3 25 3. %3
- < ] - - ) I Je e r > 616 « 266 - ? o762 Se J
y 1959 118. 4 5331 - 4T+ 633 1.06 o777 9,2 13.918 8.575
0 . . 10z.362 . £a96B 20,837 104S MY 11.451 164551 10.743
L % «859. '709 é “ . :‘Dg o8 Sel il 11.83 16.23¢ 11.
L 962 ~3§ so&. * go 5‘ : cCechB 'E __-ho 4 o }'.“0 L * og? 12.6Th N
196k 2324333 16,681 oie 674 3.6 10,98 23.457 33.68: 22,017
(965 2194709 17.625 7334 4532 13.208 27.569 38. 665 25,968
| 366 ¢ 21 8,911 20053 - 564" 5.361 15, 30,831 22,09 28,951
1967 | 1894461 31,396 50, 292 605 16604 3.6 8243 30,67
968 142,395 24337 . 54929 6.518 164958 J0.476 39.512 29, 09;
L1964 211.2 22,894 1.386 7:381 18,190 32.881 83,865 3134
2y 3353 32432 o4 R 1 B H L S 1) ¢ - S| | QR 341+
| ]’2 1964196 25.907 35 e ;70 8¢ 841 20.890 I6.411 474299 be
& 186,059 36,335 ko755 . 268 21.381 36,583 47410 0
L34 189,273 6.7 80 5,111 +67 214842 38. 974 PSALL 482
197 18646 liv 27.130 554198 10.03 2!.4 9 37« 240 4762 35.6 3
oo Aaza - 1A2.958 7.375 §.038 10,34 22.522 L3357 ‘#7458 54821

REFERENCE DATE AND TIME: 80/05/14.

176 16447




1.43779290€-02

) TO KG/SEC BY THE MULTIPLICATIVE FACTOR =

1953 T0 1976
17+ 46v43¢

fite -

IRAKEI GROUP 5
E ANGC TIMEL sasds

eseeescesa FIELD POINT PRESSUKES "WITH LIﬂEAkIZED FREE SURFAGE CONCITION <~eve<ce=-
A
733

TIME AND FLOW DATA READ FROM FILE ZNLFSGS # WITH FORMATE(I10418XsF15.2)

FLOW DATA WERE CONVERTED FROM TYPE ' (10E6 POUNDS/YEAR

- L7 15.59.1‘

0. ! :
[} ] :
[ !
¢ 0 § ]
3
i
i !
i * -
4 .
s ' [ i o ]
i . “ ! L)
9§ OO +HOSMANO OINININID LSINN O WD
a VN OMNOINIM ONNO RN S 2
e © OO0 P DOy
vl eobesvcoosidnncovecstoeceose
3 " § OOP AL OO SINOMDING LMLONMNONRM G
e 3. Ce Rl Lol 25 6 2 P - 3
3 _ ’ i
i ¢ b
! : [ . _ (]
i i e 4
N © 1 DOPHYVONONN 017371021.76353
: ) co e ot o ”6 P ©
4. . s [ ﬂ MOMO N OHOMPBIM PO
B ¥ b K 4 ooo-o-o (XX XXX XXX X)
L - L 188 NOR DO RRIME $ NG O SRS
; , s -t Tt Y M) SN VMDA A SN
. i m i
: t
: ~ o [ ]
: : B ] [ ] ]
; 3 [
; Lo Q) DO SO =N LOGM HND
: - : o A OO OINA SOV ine O
. Y8 ce o DN O eiis SIS
i . .17 M seposrsceesecdrocssosoodbococe
¢ [ = IMIOeg . NMNO0O L ONOTT M & MmN
boel . o ne : - V) MM )
h , 2 p =4 ]
' < w [ ] =
: . . o R
" 10 ' _
m [} H
" ]
. |
: o D100 NP 0 0 & SN 1N
o K 19 IODPADND: NOD N N0 O D0
: n ) 2 DOIOOVIOVNNT ITMLOODNNT I I™M
; [ B 9..--.0...-00.0.0.0 [ R ]
L~ W o | o v WRAOO O
R R o ~E S 41112222 NN
f o z 1 .
: [ -« ¢ :
~ [ 4
v ¢ i [
=t 0 P <y
o [I-I- IS ; . ) ¥
x ¥t ¥ E I
L O (=3 - 0101 00 Om O+ OM RO L UG HINO Y
- 0 O fWwrto A 0 OO AN SN POV
STV EERTY RS- Y 3 ) 3§ OQGHIMOOINC QHNOOIYYLLND
7 1) Ll osProscevesdtoenceaco®dondos
T - ST ] {010 loog M PO MM O @ v iedvd ¢
O Uy 1O e o : Helwivdried §
i [ sl (A Wt . : : L]
OUN - eldiminS, foore ’ i L]
o SFwen (17 0L I R [ Py
ow O  Twu LRSS R BT { "8
O N PN €3 Qomiab § (] 2 Y
wul  FOuWe faxt - terel : R, 1]
NT .. YAXTF ¢ | : (e i . s 1]
e > Z 1921 OVPIAN HD I RNYN VO MO OO -HINGD §
e < 1X. 1ol aocspMNOVND DNB HONNV DO §
CAPNERIVR STV SRR P~ v BOPNMN O HM DNO0 NN ST §
BODOWNOSBO . w n.bo-oao.o-o-ooco'oo.onocb
2N IR WSO 3~ Rt G FOHP F RS SN PUND
s M W . ] ‘12221b556566€66555
i NI, W e | O U e s
MNOOCIPND o 5 : - )
I BHADIN GO o :
EREXEERIEXREN] - { .
N FRMIOUNN ~) . “ b
. -] olw . vy :
"} =X b 3 H
e e e 9 0006699“56#0768070?01626.
NP 108 40100 PHIQLIAnPNOMNNLRSIMAOND ) ¢
AN 1 2 1 QOFOHCHN ITMHOMOMMODIM FHOVT O
o . o A o IR EEE RN [ A AE EEEER
: DI - A1 OO NMIMNONNOOM A
H Y 1O . . AN NN MMM
L S - [} H : : :
§ -~ [ ¢t H
i z e in ¢ ¢ : K ]
- - n | R ; [
-z ad.. ey i ! 1
(%] D e DY I S : ]
R A O ! F '
- 4 X . W O Lo 1598505 AP DA 0+l $ D 92927.
g - mwe D LZW QOGN OM At FINM DO N NOOM 1
. E= w>=T DT QUL 1 OODMEHINANM D HON.FINGMN SO §
TR - 90 P ol 2R 50 [ N IR E N NE) AR EEEEREXEEYL]
> amee g U WA LD OPRNUINA WO PN OMING N OOOIN |
e o el WS i MIODNOINCDONINMOOTQLINN IMOOWON |
B I R D4 4 o B = & SR R | i Croed el 2222222 NN rdvivt )
& < TO>»OWOW « . [ R B 14
W -0 A THNZ.J0 - ] i - : ]
- o0 Ll = Q01 X LS < ' “
W wOd> w Jgou> x ]
T OqU» i 40 [ . N R L ]
B L Lag ods S8 SU -1 1 4 .| e + . o L 3
O 60 i Z O W 3“56769012 “5670901&23“56 [ ]
g WIQUIyT =0 W T 8 MNIAINDDID YOO DO OROOONNMNANN |
Qe DI ONT L o XL Y T BODNTROPROIRNOCNNOCOIOICG )
. E D0 ZaZINZY o8- .).111111111111111111111111.
= DWW AOWUII S [Z X ] o [ ]
D ZouosoaDau (3] W o . ]
a Fu - ! ¢
& L4 w i |
(o] 1 1t .8

Rcfsafpce DATE ANO TIMES pn(usltz




wecccceees FIELD. POINT ..ERESSU&ESJJI&L.U&E‘RIZER_.EREL..WARE;&W semessaces

. k.F ago FgK “AERAKEI,

20UP 6 3 1933 TO 1976

LM a4 ar T

TIME AND FLOW OATA READ FROM FILE ZHLFSGE # WITH FORNATTIILI0,15X5F15:32)

24
e

Y wIOY

FLOW DATA WERE CONVERTED FRON TYPE B "(ipé5"'F6W0§7V€ﬁ'"'M"'):““i'b'_o("ﬁ'ﬁff 8Y THE '"@LTfFCi?in”E”“_ﬁfﬁﬁ"'7 S TR S PPO2 G0 E=02
INPUT PARAMETERSS
NUMBER_OF OATA PGINTS (N)3 24 :
DELTA<TAUS 3.156E¢07 SEZONDS
FLUI0 pEVEL (B) .. 3.380E¢82 . METERS , .
POROSITY (PHI}E 4e00(E=01
S S e SedgdEtis K5/CHs HRIERS
DYNAMIC VISCOSITY (MU 1:099E-04 x-,mstea-!gecouo
N INC VELBEITY N8 - 3. 8%820€ NEMER7secono ' o SR
FINALY0s Y Shett HciTdonse 318.00 0.0 1312.00 398.00 727.00 388,00 311.00
LeFeS. FOR WAIFAKEI GROUP 6 , 1953 TO 1976 -
- TIME - FLOMW FIELD DRAWDOWN AT SPECIFIED OISTANCE FROM BORENOLE
{KG/SEC) i CUMETERS OF HEADD "~ o eecesatemes .
METERSS 318,00 0.00 1312.00 398.00 727.00 388.00 311,00
RS e cecccccccciacocomao ot icccccecatcscsccacasonnns - LA S -4 ceeceancesssensn
1953 424192 «606 10%21 +065 1‘}7? «19¢ YT o6 g E
1328 49:898 Z.u34 J4e332 ¥t 3943 ). 333 L
1956 102,676 10,168 16314 Mt 2 8,38 9t 8.59 10337 ‘
1957 £ 9 ;o 136 16.6438 264 867 éo 3746 T Be 1 6077 6+92%
. {958 18 20255 20.891- §3: 056 3.52 joa 3854 - 7931 38431
- 1959 194 . 634 24 0k 36496k P 331 11.034 51.3.‘ 23.9 %
1960 436,642 39,611 624675 6. 8¢ «059 16472f §3.816 494236
1361 37 €e163 W7ei10 71.09% 8,837 9.926 $o01 4.§,9P R B
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