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I. INTRODUCTION AND CONCLUSIONS

Objectives and Rationale

The major objectives of the Decline Curve
project were to

1.

Test the decline analysis methods used in
the petroleum industry on geothermal
production data,
Examine and/or develop new analysis
methods,

Develop a standard operating procedure
for 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, geothermal, and hydrological litera-

ture.

2.

The data sets examined include

Wairakei, New Zealand - 141 wells
Cerro Prieto, Mexico - 18 wells

U

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

W oo~ W
P

Arps's equations

Fetkovich type curves

Slider's method for Arps

Gentry's method for Arps

Gentry's & McCray's method

Other type curves

P/z vs. Q method

Coats' influence function method
Bodvarsson's Linearized Free Surface
Green's Function method

Conclusions

The conclusions are

1.

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 mnethods are useful if the
data are not too scattered. They work
well for vapor dominated systems and
poorly for liquid dominated systems.
Coats' influence function method can be
used even with very scattered data.
Bodvarsson's method is still experimental
but it shows much promise as a usceful 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). 1In
this section, we will very briefly review in a
semi-quantitative manner, the relative magnitudes
of the effects listed above.

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

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

ch = psHAp )

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

dqe/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; = p¢ap/pg = $4p/8, (3)
and then the specific release
dqg/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 vaporization of
the liquid and T the temperature in kelvins. The
Clausius—-Clapeyron equation for the liquid is then
approximately

(dp /dT), = p L/T (5)
where pg is the vapor pressure along the saturation
line that is denoted by the subscript v. Hence,

assuming saturation conditions, the lowering of
the pressure by Ap lowers T by

AT = TAp/pSL (6)

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

Ah = prCTAp/pSL 7

*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 vapor
is then

_ _ 2
8q, = 8h/L = p _CTap/p L° (8)
and we can thus define a specific rate per unit
area of a slab of thickness H

2
dqg/dp = p CTH/p_L°. 9)

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

(dqr/dp)/(dqc/dp) = ¢/gpsH (10)

Considering porosities in the range ¢ = 0.01
to 0.2, a thickness of H = 103m and taking that
s =2 x 1071Pa7!, we find that the ratio giveh
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)

_ 2
(dqv/dp)/(dqc/dp) = prCT/pspsL . (11)
Considering the case of T = 200°C = 473 K and
using standard values p, = 2500 kg/m3, C = 103

J/kg*K, s = 2 x 107!1, po = 7 kg/m3 and L = 2 x 105
J/kg, we find a ratio of about 2 x 103. Since Pg
is the main variable in (11) this ratio will
decrease with increasing temperature.

Summing up the results of the present section,
we conclude that in the case of liquid dominated
reservoirs with common porosities and where no
vaporization takes place, the free surface effect
is larger than the compressibility effect by a
factor of 102-103. 1Im 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 rz-
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 borehdles
and the ratio in (11) has then to be reduced b/ a
volume factor that may very roughly be of the »rder
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 mat:er
of course, different characteristics. There i; no
near-surface free liquid surface and ps in equition
(2) has then to be replaced by the product ¢y there

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



(2) Pressure-flow fields in slightly compressible

formations with Darcy type flow

(2.1) Diffusion equation. Let p(t,P) be
the pressure field at time t and at the point P
in a Darcy type domain B with the statiomary
boundary surface . Consider a general setting
where the permeability k is a linear matrix
operator and the kinematic viscosity of the fluid
Vv is also taken to be variable. It is convenient
to introduce the fluid conductivity operator
¢ = k/v and express Darcy's law

N
q = -cyp (12)

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

! V-a = —psatp + £ (13)

we obtain the diffusion equation for the pressure
fieid

psatpﬁ-H(c)p = f (14)

where Ti(c) = -7(ecV) is the generalized Laplacian
operator. Appropriate boundary conditions that
may: be of the Dirichlet, Neumann, mixed or more
complex convolution type, have to be ajoined to
equation (14). The case of a homogeneous/isotro-
pic{/isothermal formation results in the simpli-
catlion M(c) = ¢l = —-cV2 where ¢ is a constant.
Moreover, stationary pressure fields satisfy

the, potential equation

[

N(e)p = £. (15)

(2.ii) Eigenfunctions of the Laplacian.
The; eigenfunctions uy(P) of N(c) in B associated
with (14) satisfy the equations

H(c)un = Anun, n=1, 2, . . . (16)

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

(2.i1ii) 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 = 0+ at the source point Q.
This function satisfies the same boundary
conditions as the eigenfunctions un(P). Solutions
to f14) in the case of a general source density
£(t,P), non-causal initial values and general
boundary conditions can then be expressed in
terhs of integrals over the Green's function
(Duif and Naylor, 1966).

Two fundamental types of expressions for the
Greswn's function are available. First, in the
cast of simple layered domains B with a boundary
Z ctmposed of a few plane faces, G(P,Q,t) can be

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

G, (,q,t) = (8p8)  (rar) /2

exp(—rZPQ/Aat)U+(t) an

and its images. The symbol U4(t) is the causal
unit step function, a = ¢/ps the diffusivity, and
Ipg is the distance from Q to P. Whenever appli-
cable, sums of this type represent the most
elementary local and/or global expressions for
G(P,Q,t).

Second, the Green's function can be expanded
in a series or integral over the eigenfunctions
of N(c). If p and s are constants, then

G(P,Q,t) = (1/ps) i Un(P)un(Q)exp(—Ant/ps). (18)

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

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

From the numerical point of view, the form
given by (17) is more convenient for the compu-
tation of relatively short term field responses,
in particular, in the case of layered half-spaces.
However, long-term responses 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.

A different type of solution of (14) that is
of interest in the present context can be obtained
by operational methods. Limiting ourselves to
the pure initial value problem with p(0,P) = pO(P)
in the case of an infinite domain, we can, since
p, s and II(c) are independent of t, formally
express the solution of the homogeneous form of
(14) as

p = exp(-thi(c)/pslp, (19)

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

exp[-tli(c)/ps] = l—[tH(c)/ps]+(%)[tH(c)/ps]z..(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 M(c) can be admitted in (19) and (20).

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



(3) Nonstationary boundaries: effects of a free
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. The free surface condition
(Lamb, 1932) is then expressed

Dp/Dt]p=0 =0 (21)

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

Bodvarsson (1977) has shown that when §
deviates only little from Z; (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 Z. Moreover, let the amplitude of Q
relative to Z be u and the scale of the undulation
of O be L. Then provided ]u/Ll<<l, the condition
(21) can be replaced by the approximation

(l/w)atp - sz =0 (22)

where w = cg/d 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 amplitude u(t,x,y) = p/pg takes the form

1
(l/w)atu + ng = f/pgc (23)
1

where 15 = (—axx-ayy)

o

is th square root of the

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

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

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

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

z>0 (24)

with the boundary condition (22) combined with a
given initial condition which takes the form

p = pgho, t=0, z=0 23)

where hg(S) 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 I

]

p(P) = (z/2m) Z(l/r;U)po(U)daU, z>0 (27;")

where U = (x',y'), day = dx'dy' and |
1
Tpy T [x)? + (g-y"? + 222 (28)
the solution to the present problem is

p(P,t) = [pg(z+wt)/2n]J[(l/r§Ut)ho(U)daU
Z »

t>0, 220, (2?)
where
P B 2.3 (30)
Toge = [Gex)™ 4 (y-y")" + (z + wt) 7]
The motion of the fluid surface is obtained by
letting z = 0 in (13) and hence,
= 3 ¢
h(s,t) (wt/Zﬂ)jC (l/rSUt)hO\U)daU,
(31
t >0
where now
e oy 2oty 2y ey 273 5
Faye = [Oox) =y ") T+ (we) 7%, 39
(3.1i) Flow fields with sources. To select

a relevant and important case of flow fields with



souices, we will consider the following situation.
Let the fluid at t = O be in static equilibrium
and the fluid surface at t = O therefore coincide
witl I. Consider a concentrated sink of strength
unity at the point Q = (0,0,d) which at t = 0+
sta‘ts withdrawing fluid mass at a constant rate
equil to upnity. In this case we have to solve

p = -¥2p = (-1/c)8(P-Q)U, (t) (33)

where Up(t) is the causal unit step function for
which U4+(0) = 0. The boundary condition on I is
aga:n given by (22) and the initial condition is
p=0att=0.

A simple method of solving this problem has
beer given by Bodvarsson (1977). 1In the present
context, it is of some interest to present a dif-
ferent approach via the combined Laplace-Hankel
transform method.

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

Mp = {-1/(cs))s (P-Q) (34)

and
sﬁ - wazﬁ =0, z =0 (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

k2p - D2p = (-1/2mcs)é(z-d) (36)
and (35) takes the form
sp - whp = O, z =0 (37)

The solutions of (36) for z 3 z' are of the

form exp(*kz) and we thus obtain
p = Aexp(kz) + Bexp(~kz), O<z<z', (38)

and
p = Cexp(-kz), =z>z', (39)

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

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

and our solution has to be continuous at z = d such
that

Aexp (kd) + Bexp{(-kd) = Cexp(-kd), (41)

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

d+

Dﬁld_ = = (1/2ncs) (42)
which yields the relation
-kCexp (-kd)-k[Aexp (kd)-Bexp(-kd) ]=-(1/2ncs) (43)

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

p =(-1/bmncks)exp[-k(d-z)]-[ (s-wk)/ (stwk) ]
exp[-k(z+d)] (44)
which holds for z>0. Using the identity
(s—wk)/s (s+wk)=[2/ (s+wk)]-(1/s), (45)
(44) is easily Hankel-Laplace inverted into (P,t)

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

p(P,t) =
(—1/4nc)[1/rPQ +(l/rPQ,)—(2/rPQ.t)] (46)
where
tpg = Lox) P+ Gy 2+ e ?)E, @n)
rpg= [x)? + )2+ )®)F )
rpqre - LGexD? + oy 4 e o)

The surface elevation h = p/pg is

B(S:8) = (-1/2mpge) [(1/rg0)=(1/rg, )] (50)

where S = (x,y) and

=

[(X-X')2 + (y-y')2 + dz]

[(x—x')2 + (y—y')2 + (wt+d)2}% (52)

(51)

r

5Q
Tsq'e ~

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

o

./Pexp[—(z+wt+d)k]Jo(rk)dk = l/rPQ't’ (53)
o
which we rewrite
./.exp(—wkt)E(r,z,k)dk = l/rPQ't’ (54)
0
where
B(r,z,k) = expl-(z+d)k}J_(r,k), (55)

Equation (46) reveals that the effect of the
free fluid surface on the pressure drawdown due
to the concentrated sink of strength unity starting
at time t = 0 can be represented by the pressure
field due to a stationary image sink of strength

unity located at Q' = (x',y',-d) and a moving image
source of strength 2 located at Q't = [x',y',-
(wt+d)]. At time t = 0+ the image sink and 1/2 of

the image source cancel resulting in an initial
pressure field of

p(P,04+) = —[l/(énc)][l/rPQ] - (/e 0 (56)

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

PO o~ L/ Gre) 1Ty + Oy ), D)



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.iii) 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 o\
(0,0,-d) \S'"k

dewt

Tea't

NP
Si _k)ﬁ(/o,o,d )

FIG. 1a. Intinire halt spuce of lincarized free surface method.

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

The decline or relaxation time is another
parameter of major interest. By definition thij;
is the time t. during which the amplitude of a
stationary wave of wavelength L decreases to (l/e)
of its initial value. Inserting a waveform
exp[-(t/ty) + ikx] where k = (2r/L) is the wave-
number, into equation (14) gives for compressibility
the time t, = (1/ak?). Similarly, we find on tie
basis of (23) for the free surface a value
tr = (1/wk). At the same L, the ratio of the free
surface to compressibility time is (ak/w)=(¢k/psg).
Inserting values of interest for long-term reser-
voir behavior such as, for example, ¢ = 0.1, L =
6 km, s = 3x10 11pa"! we find values of this ratio
of about 300. This indicates quite clearly that
the compressibility phenomena are on a much shorter
time scale and smaller magnitude than the free
surface phenomena. Our approach of neglecting
compressibility in the above analysis is, therefore,
well justified.

Double source
Q't

Q :
(O,Q,—d ) \smk ‘

de+wt

Teq'y

\

N
sinlk)ﬁ(/oyo'd)

=\ STINY/=/)\R

AN
o image o [/ SANEN

FIG. 1b. Reservoir halt space tor linearized tree surface method
with bottom layer.



(4)  Reservoir simulation by lumping

The fact that the principal decline functions
for 1liquid reservoirs are of the negative time
expomential type suggests the use of lumping as
a me.thod of reservoir simulation. Below, we will
brie.fly look onto this possibility.

Consider a liquid geothermal reservoir that
is p.roducing a constant mass flow q from a number
of wells. We assume that the reservoir pressure
is b.eing monitored at a fixed point where a de-
crea sing reference pressure function p(t) is being
obse rved. Moreover, it is being assumed that pro-
duct ion, started at time t = 0 from equilibrium
cond itions where we can take that the reference
pres sure p(0) = 0. The producing holes have a
bott om~hole pressure of py,(t) that is also taken
from. an appropriate reference point as p(t) and
ther efore py(0) = 0.

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

The model consists of a liquid capacitor or
cont:ainer (I) with vertical walls having an area A.
The production q is being extracted from this
capéicitor over a conductor that has a conductance
Ccl. This element represents the contact resistance
of t:he producing holes. Recharge to the container
is <(>btained from a capacitor (II) of an infinite
are:y over another conductor that has a conductance
c2. Reference pressure in the large capacitor
is t:aken to constant and equal to zero. The liquid
leve:1 in (I) is measured by the pressure pj(t).

In ¢iccordance with Darcy type flow conditions we
asstme that both conductors are linear and hence
that: the following system equations hold

4= c; (7P (58)

(8/8)Dp; = ¢, (0-p)-q (59)
wher-e g is the acceleration of gravity and D = d/dt.
Sinc:e 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
co. Given q(t) and pj(t) for some fixed time
intésrval starting at t = 0, we are now interested
in cleriving values of A and cy such that the model
simtilates the given reservoir in the optimal way
duri ng at least a part of the production time. A

— AN

4 ¢

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,

pp(t) = pl(0)+tDpl(0)+(t2/2)D2p1(0) , (60)

where we have abbreviated Dp1|t=0=Dpl(0) and
2 = p2
b Pl|t=0 P P1(0)'
Since pl(O) = (0 this series reduces to
p,(£) = tdpy (0) + (t?/2)p?p (0), (61)

Inserting this expression in equation (59)
results in

(A/g) [Dp1 (0)+tD?p1 (0)] = ¢, [~tDpy (0)~
(t2/2)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, = ~(&/g)D?p; (0)/Dpy (0) =
(A2/qg?)D?p, (0) ., (64)

Since py(t) is a known function, the derivatives
at t = 0 are also known and we can thus derive A
and ¢y 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/A)/ exp[-gc, (t-1)/Alq(1)dt  (65)

o
as a procedure to predict or extend pj(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 py(t) for the above analysis will
then have to be obtained by a deconvolution, that
is by solving an equation

t
pe(t) i/ p; (e=1)Dgq(1)dt, (66)
o
where p_(t) is the reference pressure that is the
output to q(t). There are no problems in solving

(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 Dpl(O) and DZPl(O) 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 /R)] (67)
by the function
2,.2 2,2
£,(t) = ~[(z+d)"/R, ] [1-exp[-wtR,/Rio(z+d) ) ], (68)

where

R - (24 (z+d) 272 (69)

u/d

-08

u/d

1l
(24 (zhwerd) 213 (770)

ool
1]

[2(z+d)?-c?)? (71)

]
1

with r? < 2(z+d)?

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 103m. 1In this case the lumped approxima- i
tion will give good results for a period of a fe}w
years. ’

0O i

| |

0.2 4 q
B

-04  approx (f7)

\J\\§‘

foo- exact(t; )

_06 4 z/d=6
| r/d=3
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o} 2 4 6 8 10
u/d

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



III. REVIEW OF METHODS

Petroleum Reservoirs

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

Production data for fields and individual
wells are usually plotted on a monthly basis so a
year's worth of data might be enough to use with
the standard methods. When fields have been
produced for a number of years, e.g., 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 Brons (1963).

Reserve estimates are calculated from predict-
ed future production. It the predictions are bad,
the estimates are bad. Brons shows an example
using production from two wells, each with constant
but different percentage decline rates. When their
productions are added together and fitted with a
hyperbolic eqn (the best fit) we get a very dif-
ferent reserve estimate from the one obtained by
looking at each well separately. As always, the
reservoir analyst must supply a great deal of
insight.

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

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

Geothermal Reservoir

The decline methods developed for analyzing
0il and gas wells can be used for geothermal wells
but we must recognize that petroleum and geothermal
reservoirs are very different from each other.
These differences can cause production mechanisms
to be drastically different in the two cases. Some
of the more important differences and their conse-
quences are as follows:

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

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

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 complex 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-
thermal work must be examined carefully. We have
done this with the data and methods available but
more work must be done as we produce more geother-
mal fields over time.

1. Arps

Arps's (1945, 1956) work forms the basis for
all the decline curve methods currently in use.
He brought together and codified work on oil
reserve estimation that had been done as early
as 1908, The commonest methods were graphical
in which production q or cumulative production
Q was plotted vs. time t. See Fig. 4 from Arps
(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
b
a = Kq = -dq/dt (72)
q
where a = fractional decline
some authors use D = fractional decline
q = production rate of time t
K = constant
b = constant

The solutions to equation (72) are shown in
Table 1.

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

2. Fetkovich

Fetkovich (1973) showed that log-log type
curves can be used to analyze production data in
an analogous manner to analyzing pressure data.
He presented log-log plots of dimensionless flow
rate, qpg = q(t)/qi, vs. dimensionless time,
tpg = Djt, for O<b<l and D; = 1 (see Fig. 5).

= 0 is the exponential solution while b = 1 is
the harmonic solution.
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FIG. 4. Three types of production decline curves on coordinate, semi-log, and log-log graph paper (from Arps, 1956).

The exponential curve is given by

= exp(—Dit), D, =1 (73)

4pq i

while the hyperbolic curves are given by

-1/b

= (1+bD,£) for 0<b<l . (74)

Ipd
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
exponent can be picked. For tpg<0.3 all the curves
are coincident.

Fetkovich showed that the exponential decline
has a fundamental base by deriving it as a solution

to the constant well pressure case. The equation
for dimensionless flow rate is

dpg = a(t)/a; = expl~(ay)  t/N ] (75)

This equation can be related to (73) by setting

Di = (qi)max/Npi (76)
then th = (qi)maxt a7
N

pi

We define 2 2
N . = H(re - rw)¢cthpi (78)

pi
5.615B

(qi)max = khpi (79)

141.3 UB[ln(re/rw)—%]

Finally we get
q(t) __(80)
kh(p,;-p )

Ipg =

141.3 uB[1n(Te - 3)]

T
w

Fetkovich showed that production decline curve

data could be used to derive values for permeabili-
ty thickness kh which is usually obtained from
pressure data. (see Fig. 7a and 7b). Compare kh
calculations from rate-time data and pressure

time data.

3. Slider's Method

Slider (1968) proposed a simple method of
curve matching to obtain the hyperbolic exponent
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TABLE 1. CLASSIFICATION OF PRODUCTION DECLINE CURVES
PN —
DECUINE  TYPE 1. CONSTANT-PERCENTAGE II. HYPERBOLIC III. HARMONIC
DECLINE DECLINE DECLINE
DECLINE IS PROPORTIONAL
BASIC DECLINE iS CONSTANT TO A FRACTIONAL POWER () DECLINE 1S PROPORTIONAL
CHARACTERISTIC neo OF THE FRODUCTION RATE TO PRODUCTION RATE
oln <1 noz
d dg
D=Kq :-—%’d—" 0- Kq..ﬂ D:K-q'z-T/dt
FOR INITIAL CONDITIONS FOR INITIAL CONDITIONS ©
.0 U
Ko g g
t 9 t q t q
Oi D; dq
Ddt = - et =-) —4 .4t = -
(] q; o q ° LH
not  a_ n Dt v
-Dt = loge 3 q‘“ = qy q; 9 q
I—
RATE - TIME -0t -*
RELATIONSHIP % "9, 9 = 9 (enDit) =q (1+D;0)"
t t
Q(=/ql~dl=/q‘-e'mudl / /(IH\Dt) -dt / /q (teo, 12"
-] 0
q -q, -edt
0 s g o+ gy Lo moen™® ) 0= 5t [rog, 1+ 00|
Substitute From Rote -time Equation: Substitute From Rate - time Equation: Substitute From Rote - time Equotion:
et e L
q; ¢ q, (1 +nD;t) = (ql) (1t « D t) T,
To Find: To Find: To Find:
"
RATE - CUMULATIVE, Q-9 q, n en q q
e Q= (g, - = log, =t
RELATIONSHIP % =5 v s G ) i %75, % 3§
D = Decline as a fraction of production rate q, * Production rate at time t
= [nitial decline Qq = Cumulative oil production ot time t
q, - Initial production rate K = Constant
t = Time n = Exponent
TABLE 2. EXAMPLE OF USE OF EXPONENTIAL EQUATION
(1) (2) (3) (4) (5) (6) (7) (8) (9)
N
D= N p
Yay.~ 4qq/8t P
Go= q Np=Cum, (4)
Time, years 0il prod. rate 89, (A)n—l+(4)n Cav. Hin Eecovery, (8)_
Year Total Ave. bbl./yr. (4)n—1'(4)n 2 (5):(6) bb1. 2
1947 . . 1 0.5 99,200 Coe P Coe 99,200 49,600
1948 . . . 2 1.5 88,210 10,990 93,705 0.117 187,410 143,305
1949 . . 3 2.5 73,240 14,970 80,725 0.185 260,650 224,030
1950 . . 4 3.5 63,990 9,250 68,615 0.135 324,640 292,645
1951 . . 5 4.5 54,910 9,080 59,450 0.153 379,550 352,095
1952 . . 6 5.5 47,400 7,510 51,155 0.147 426,950 403,250
1953 . 7 6.5 41,580 5,820 44,490 0.131 468,530 447,740
0.868
=0.868:6=0.14
Future Performance DaV =0.868:6°0.145
1954 . . . 35,960 5,620 38,770 0.145 504,490  .....
1956 . . . 9 31,099 4,861 33,530 0.145 535,589 ...,
1956 . . . 10 26,895 4,204 28,997 0.145 562,484 ...,
1957 . . . 1N 23,260 3,635 25,078 0.145 585,744 ...,
1958 . . 12 20,116 3,144 21,688 0.145 605,860  .....
1959 . . 13 17,397 2,719 18,757 0.145 623,257 ...
1960 . 14 15,045 2,352 16,221 0.145 638,302 .....
1961 . 15 13,011 2,034 14,028 0.145 651,313 ...,
1962 . 16 11,252 1,759 12,132 0.145 662,55 .....
1963 . . . 17 9,731 1,521 10,492 0.145 672,296 ...
1964 . . 18 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 gqj. To use the
method one needs to construct a set of curves

of q/qi 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 ai. From equations or from a second set of
curves, future production rates q and future cumu-
lative production Q can easily be estimated. This
method is easy to apply but it requires a separate
set of curves for each possible value of b. 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 0 and 1.
(see Figs. 8a and 8b) We can find b from a plot
of Q/tqy vs. log qi/q. With this b we go to a plot
of qjt 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 qi/q vs. Q/qit, cartesian
plots of q/qi vs. Q, and semi-log plots of qji/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
it vs. qi/q for a particular fluid-
permeability system are not affected
by the absolute permeability or size of
the reservoir. The behavior of these
plots is determined by (1) the characteri-
stics of the contained fluid, (2) the
relative permeability characteristics
of the reservoir rock, (3) the reservoir
drive mechanism, (4) reservoir heterogen-—
eity, and (5) manual manipulation of
production.

2. Reservoir heterogencity 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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(e) Plot observed data using type-curve grid. (f) Slide tracing paper to match a type curve.

(g) Trace the matched curve. (h) Pick a match point

© 1977, SPE-AIME

FIG. 6. Steps in type-curve matching (from Earlougher, 1977).
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FIG. 8a. Decline curve analysis chart relating production rate
to time (after Gentry, 1972).
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FIG. 8b. Decline curve analysis chart relating production rate
to cumulative production (after Gentry, 1972).
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FIG. 9a. Q/(qit) Vs qi/q (after Gentry & McCray, 1978).
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will increase to a maximum value and then
as the ratio qj/q becomes large, b will
decrease and approach its homogeneous
value.

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

4, Manual manipulation of production can and
does cause b values to be greater than
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
ai and q;.

7. The equation o
Np/(qit) = (a/qi)
may better define certain decline curves
than do the Arps equations.

8. The plotting of production data on the
N,/(qit) vs. qi/q curve can be a helpful
diagnostic tool for evaluating the
production history of a well or lease."

6. Other Type Curves

Fetkovich developed log-log type curves using
dimensionless production vs. dimensionless time,
Qp vs. tp, but other variables can be used. We
tried plots of dimensionless cumulative production
vs. dimensionless time and dimensionless production
vs. dimensionless cumulative production, qp Vs.
Qp. The plots were made by using the exponential
equation and the hyperbolic equation for several
values of b. See Figs. 10a and 10b. We had the
same data scatter problem with these type curves
as we did with Fetkovich's. A few data sets plot-
ted very nicely on a particular curve, but most
sets plotted very ambiguously.

7. P/z vs. Q

The natural gas industry has long used de-
cline curves in which pressure divided by gas
deviation factor, p/z, is plotted against cumu-
lative production, Q (Katz, 1959). The straight
line can be extrapolated to the economic limit
of producing pressure quite easily. Brigham and
Morrow (1974) have proposed adapting this method
to steam fields. 1In plotting computer generated
data they found that curve shape was strongly
influence by porosity. Also, the presence of
a boiling interface is critical. "If the wells are
completed in the vapor zone it would be natural to
graph p/z vs. production, as though this were a gas
reservoir, and use an extrapolation of the best
straight line as a predictive method to calculate
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FIGS. 10a-b. Log-log type-curve.

reserves. The efficiency of this technique will

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

Pruess et al. (1979a, 1979b) have used the
simulator SHAFT78 to 'test the use of p/z vs. Q plots
for geothermal reservoirs. They conclude that
". . . the standard technique of estimating reserves
by extrapolating a plot of p/z vs. cumulative
production is not applicable to two-phase geothermal
reservoirs.' and ". in many cases pressure will
be a linear function of cumulative production, with
the slope allowing an estimate of reservoir volume.
Reserve assessment requires knowledge of average
porosity and vapor saturation, which cannot be
obtained from pressure decline curves."

Brigham (1979) applied p/z techniques to a
study of depletion in the Cabbro zone at Larderel-
1o, but he stated that the linearity of p/z with
cunulative 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

H
13  rkdp E)
rar(uar ) = ¢05% (81)

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) = gqP(t), the
constant terminal rate case equation. 2) Q(t)

= the '"'pressure case" influence functions since

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

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

P(t) and Q(t) can be calculated either for
idealized models or from field data. Let F(t) =
Q(t) or P(t). For an idealized F(t) we must
specify "1) model geometry, 2) exterior boundary
conditions (e.g. infinite, closed or constant
pressure), and 3) model parameters." The speci-
fication of reservoir parameters and geometry is
particularly difficult in geothermal reservoirs
so the calculation of F(t) from field data is
more attractive and easier than trying to devise
a thoroughly specified model. The advantages of
the field method are "1) none of the above choices
are required, and 2) an influence function which
reflects unknown (and practically speaking,
indeterminate) aquifer properties, as reflected
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by actual field performance, is determined.
Disadvantages are 1) the resemblance of the backed
out F(t) to the true function is proportional to
the accuracy of field data, and 2) the influence
function is obtained only up to the time of last
available field data; extrapolation is required
for purposes of predicting future water movement."

Coats et al. (1964) recommended the use of
field influence functions for o0il 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 equationms:

Integral form

/ dg(tT F(t)dr /q(t)dF(t 1:)

(82)

Discrete form

4Py = Py - jZl (4795 )F; 54

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
dF (t-1)drt

(83)

t
='/. g%ill'F(t—T)dT q(t)dt
o

t
/.
'/;(T)h(t*T)dT

i

2. 4;h
1

. ji-j+l
j=

It

Integral form Ap

Discrete form - =
p0 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.



Linear programming methods such as the pack-
age MPOS should be used with the smoothness
constraints on F or h:

F>0,t>0 h>0, t>0
dF dh

IR ac =0

d?r < 0 d?h .0

dc? = dt? =

If the data are not "smooth and regular enough"

the use of simple hand calculations can lead to

the results shown in Fig. 12. The F function

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

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

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

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

Hutchinson and Sikora show how to extrapolate
calculated influence functions. If a definite
straight line has developed from the field data
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FIG. 12. Liquid influence function — Cerro Prieto total field.
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it may be extrapolated and the field assumed to

be bounded. If no definite straight line has
developed, the last 3 or 4 values of F should be
examined. If the average AF for these times gives

a good match to past performance the curve may be
extrapolated using the slope of the average F.
The extreme extrapolation assumes an infinite
aquifer. 1In this case

log{ (n+l)/n]

AT = -6t MVoTAJ /M
Mo Togln/(a-1)]

n+1l n

All these extrapolations are included in our MPOS
program.

9. Linearized Free Surface-Green's Function

One of the main vitures of the influence
function method is described above is that it
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

can

(84)

p(R,t) = o (ot - =)

pressure, meters of head

flow rate, kg/s (constant)

rho = (G 2 -y 2 () D)
rpgr= (Gex) oy Gy B
rpgrem (Gox) =y D) M ey By

Bodvarsson (1978) also showed that the impulse
response of a linearized free surface can be
expressed as

-1 24,2
= ———(wt+ +y2+
G(t,5,Q) 2ﬂ¢p(Wt d) (x“+y
(we+d)?) 32U (v)  (85)
where
d = depth from free surface to sink
G = Green's function
S = (x,y) a point on the free surface
¢ = porosity, fraction
p = density, kg/m3
w = kg/(vd) = sinking velocity, m/s
. . . . 2
v = kinematic viscosity, m /s
g = 9.8 m/s2
s 2
k = permeability, m



I

U+(t) unit impulse function

1
(x2+y2)2, radial distance from sink.

o

r

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

(wellbore)
t
h(t) = G(t-t)q(1)dT
)
(86)
t-0.5
o2
v -
r=O.SG(t T)q(t)AT
See Chpt. II for the derivation of these equations.

The impulse response,h,is the drawdown in meters
at the point, P, caused by the instantaneous with-
drawal of one unit fluid mass at point Q. At a
continuous withdrawal the total drawdown at P

would be a summation over all fluid sinks. The
equation is
N
htotal(P) = izin(t-r)qn(r)dr @87

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

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

G = -1 wt+d +
2ngp | [xZHyZ+ (wt+d) 7372

(88)

2H-d+wt
[x2+ y2+(2H-d+wt)2]3/2

More terms can be added as necessary.
The distributed model described above can be

approximated by a lumped parameter model as
described more fully in Chpt. II.



IV. DATA PROCESSING

Data 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. Individual 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 in 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
that production decline was insufficient to make
the semilog plots look very different from the
cartesian plots. 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
Fetkovich's type curves. 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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about 1.0. The exponential and hyperbolic curves
only start 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.

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

Gentry and McCray (1978) proposed the use of
several different graphs, Figs. 9a, 9b, and 9c,
for decline curve analysis. We had difficulty
with the plots involving a; because the data
scatter gave aj a very large uncertainty. We
plotted N_/qi t vs. qj/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
Figs. l4a and b). Brigham (1979) analyzed some
Larderello data using p/z vs. Q, but as mentioned
above he cautions against expecting linearity
after one-third to one-half of the fluid has
been produced (see Figs. 15a and 15b for plots
of the data).
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Statistical 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
computer 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
We used a non-linear least squares

were analyzed.
regression subroutine to analyze the exponential

equation

—-at

q(t)

The program requires initial estimates of q. and
a, and it returns q(t), the predicted value of q,
and best estimates a and ql for the fractional
decline and the initial flow rate. A fit to the
linear equation

q(t) = q; * kt
is also generated. The primary statistic
generated is R? defined as

2 _ SSR _ regression sum of squares
SSTO total sum of squares

SSE residual sum of squares

1 - —_ = -

SSTO total sum of squares

n
SSTO = & (qi—a)2 where § = Iqq
i

n
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SSE = SSTO - SSR

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

For the influence function method, we develop-
ed a fitness measure, p, which is the average
fractional deviation of computed pressure differ-
ences, Ap, from observed pressure difference, Ap =
pi-p(t). For example, if p = 0.1 and Ap = 100, the
true value is between 90.91 and 111.11 becauseap =
ap/ (1+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

1) changes in production schedules
2) bad well completions

3) workovers

4) poor calibration techniques

5) poor data gathering techniques

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

1) averaging the data

2) least squares fitting

3) subtracting our known effects and trends
4) wusing 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 production, Bore 18, Wairakei,
New Zealand.

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



V. RESULTS

Arps's Equations

We tested Arps's exponential equation (73) on
all individual well data, total field data and on
several groups of wells. The results are
summarized in Table 3 with complete results in the
Appendix. D is the average 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 Larderellq had R“'s greater
than 0.87, indicating a very good fit to the
equation. Also, all three wells at Matsukawa had
R2'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
quitewell. See Figures 17a-g fora fit of the ex-
ponential equation to total Wairakei production
and to several individual wells.
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We only tested a few wells using the hyper-
bolic equation and got R2's greater than 0.989 in
all cases. This indicates that the equation is
either 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
of b can be picked with confidence. 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

TABLE 3. SUMMARY RESULTS FOR FITS TO EXPONENTIAL EQUATION
2 Range on Individual # of Wells at

Field D R # of Wells R?s R?>0.65
Wairakei, NZ 0.0030 0.7847 36 0.0016-0.9049 11
total prod.
Cerro Prieto
B.C., Mexico

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, 3 0.7609-0.8633 3
Japan
Otake,
Japan

Liquid 4 0.1528-0.7043 1

Vapor 4 0.0004-0.7981 1
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the solution is. We tried the method on Wairakei
and Cerro Prieto total production and on Travale 22
from Larderello. The fitness measure, p for
Travale 22 was 0.038 indicating a very good fit
(see Fig. 19). p was 0.1001 and 0.3366 for

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

Where Q is cumulative production, 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 observed pressures fall within
the fitness measure for the infinite aquifer case.

1,000
»
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P
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10 10 00 1,000
Log time {months)
FIG. 18a. Larderello 82 (Nella Sasso Rosso Nr. 82) fit to

Fetkovich type-curve.
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FIG. 18b. Pozo 25, Cerro Prieto, fit to Fetkovich type-curve.

In an infinite aquifer the rate of pressure de-
cline decreases with time as is the case for
Wairakei.

Bodvarsson's Linearized Free Surface Method

We had enough data to try the linearized free
surface method only with Wairakei. We divided the
field into six regions and then assumed that the
total production from each region was coming from
a virtual well in the "center" of the region. The
production depth for each virtual well was the
production weighted average center of open zone for
the wells in the region. A centroid was chosen for
the entire field and then the pressure drawdown at
the centroid was calculated for each virtual well
and summed to get total drawdown. 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
Chapter III and by adjusting the porosity, ¢, per-—
meability, k, and depth, H, we obtained Curve #3,
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FIG. 19. Influence function—Travale 22.
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a plausible fit.

(Fitness measure p =.336597)

This method is difficult to use
because the necessary geologic and production data

are usually lacking or sparse at best.

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

954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1874 1976 1978 1980 1982

Free surface drawdown (meters)

FIG. 21. Linearized free surface fits to Wairakei data.
Curve 1, @—e: observed pressure drawdown

Curve 2, &—A; LFS fit, 1 term
Curve 3, 0—-0: LFS fit, 2 terms

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

Cumulative Producing
Year Prod., Q Time, t, yrs.
1963 726276 8
1965 10283401 10
1970 1644585 15
1976 2295755 21

E,

.0023

.0027

.0035

.0042

Ap
209
278
384

459

P
542

473

367

292

Thound
.002334
.002917
.004376

.006126

4p
212
300
480

670

539

451

271

81

obs

543

491

427

405



STANDARD OPERATING PROCEDURE FOR DATA GATHER-
ING AND ANALYSIS

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 yood 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

1) Well name and location

2) Date and time

3) Pressure-well head, tubing, bottom hole,
meter run, 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 test being conducted - buildup,
interference, etc.

10) Zone being tested

11) Instrument numbers

12) Name of tester

Data Analysis

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

Graphs

Graphing the data provides an easy way of
examining the data for unusual behavior such as
occasional high, low or erratic production. Such
data sets can be flagged for special attention.

The data should be plotted and analyzed according
to Arps (1945, 1956) using cartesian semi-log,

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. If the field is
vapor dominated, p/z vs. Q plots can be used but
only with great caution.
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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.

We 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

Caiculated
Field Fractional 3 2
Well # Start Date End Date becline,Dx10 R
Wairakei - Total Production
18 1-56 12-76 4.86 0.75
20 4-59 12-76 6.00 0.32
22 12-59 12-76 12.47 0.79
24 1-60 12-66 7.52 0.60
24 5-68 12-76 3.26 0.46
26A 1-63 12-76 5.38 0.52
268 10-62 12-76 5.29 0.68
27 8-58 12-76 2.05 0.20
28 1-64 12-76 1.74 0.19
30 3-57 12-76 4.90 0.72
39 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
43 12-58 12-66 5.04 0.40
44 7-62 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 .40
47 6-68 12-76 0.47 0.01
48 5-62, excl 5-h8-3-69 12-76 .22 0.80
55 5-62 12-76 3.05 0.52
56 8-62 12-76 9.81 0.86
57 9-62 12-76 6.01 0.69
58 8-61 12-76 2.84 0.45
66 5-64 12-76 1.03 0.06
67 8-60 12-76 4.67 0.61
70 1-65 12-76 1.94 0.38
7 5-63 12-76 1.77 0.20
72 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 12-60 5-62 3.99 0.59
82 1-66 12-76 3.40 0.33
83 9-63 12-76 2.54 0.38
88 1-64 12-76 0.45 0.01
108 8-64 12-76 2.87 0.5)
ALL WELLS 1-64 12-76 3.00 0.78



COMPLETE RESULTS FOR FITS TO EXPONENTIAL EQUATION

(Continued)
Calculated
Fractional
Field Well # Start Date End Date Decline,Dx10
5 3-73 7-78 4.72 0.
8 6-73 7-78 14.36 0.
9 3-73 12-77 10.26 0.
1 3-73 7-78 24.22 0.
14 8-76 8-78 4.65 c.
15 8-74 8-78 14.55 0.
19 2-75 7-78 -13.79 0.
20 8-73 7-78 2471 0.
21 9-74 7-78 -15.02 0.
25 12-73 7-78 16.08 0.
26 8-73 7-78 -20.87 0.
27 8-76 7-78 - 2.06 0.
30 12-73 7-78 7.80 0.
3 8-73 7-78 4.08 0.
34 7-73 9-75 22.67 0.
35 3-74 7-78 6.82 0.
Cerro Prieto - Total Production
5 1-73 12-79 8.01 0.
8 1-73 12-79 18.12 0.
9 1-73 12-79 99.09 0.
n 1-73 12-79 19.87 0.
14 1-73 12-79 9.74 0.
15 1-73 12-79 17.31 0.
19 1-73 12-79 - 1.40 0.
20 1-73 12-79 25.31 0.
21 1-73 12-79 4.60 0.
25 1-73 12-79 9.52 0.
26 1-73 12-79 - 8.36 0.
27 1-73 12-79 2.76 0.
29 1-73 12-79 7.55 0.
30 1-73 12-79 6.93 0.
3 1-73 12-79 5.84 0.
34 1-73 12-79 27.20 0.
35 1-73 12-79 8.07 0.
39 1-73 12-79 33.26 0.
42 1-73 12-79 7.18 0.
Calcutated
Field Fractional
Well 4 Start Date End Date Decline,Dx10 R
Geysers - Total Production
DX-2 3-74 11-79 7.98 0.
DX-3 11-72 n-79 8.10 0.
0X-4 8-72 11-79 10.86 0.
DX-5 8-71 1-79 1.16 0.
0X-10 8-71 n-79 5.00 0.
0X-10 3-74 2-78 9.80 0.
SUFBK3 8-71 11-79 11.59 0.
GDC-32A 12-72 11-79 9.94 0.
GOC-53 3-72 11-79 19.01 0.
GDC-66 4-73 11-79 9.56 0.
GDC-77 5-72 11-79 9.85 Q.
GDC-85 5-72 11-79 7.17 0.
GDC-85 5-73 12-74 37.98 0.
GDC-85 2-75 11-76 24 .34 0.
GDC-86 5-73 11-79 7.69 0.
GDC-88 3-72 11-79 11.76 Q.
HAPYJK1 1-71 11-79 16.10 0.
HAPYJK2 11-71 11-79 13.17 0.
HAPYJK7 11-71 11-79 2.45 0.
HAPYJKS 11-71 11-79 10.13 0.
HAPYJK9 11-72 11-79 6.18 0.
0S-1 6-73 11-79 9.66 0.
0s-2 9-72 11-79 6.03 0.
0S-3 9-72 11-79 13.70 0.
05-3 6-75 9-77 25.36 0.
0s-4 11-72 11-79 11.64 0.
0S-5 7-74 11-79 23.99 0.
0S-6 8-72 11-79 9.58 0.
0S-7 11-72 11-79 11.58 0.
0s-8 8-72 11-79 10.80 0.
Geysers Total Field
11-72 11-79 11.51 0.
Olkaria -- -- 10.84 0

.85

Influence Functions

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

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

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

Statistical Package for the Social Sciences SPSS

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

Multiple Purpose Optimization System MPOS

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

i

D X tu -vi=b (1) i=1.2, n
=i i-3%3 i i
.= F, - F,
X i~ Fya
X 20 (2a) i = 1,2, n
Xn_] - Xn >0 (2b) i = 1,2, n
Xi+1 - 2Xi + Xi_]:p (2¢) 1 = 1,2, n

35

n
Objective function Z(ui + Vi) = minimum where
i

uy and v, are slack variables, bi ig the observed

pressure change Ap, and qi_ij is the calculated

MPOS generates a tableau for
the following for

pressure change.
the calculation which looks like

n =4,
X1 X2 X3 X4 ul w2 u3 ud vl v2 v3 v4 b
Objective function | I U R E R S
a4 1 -1 = by
a4 Q] 1 -1 = b2
2

a) Q3 qZ q] 1 -1 = b3
Q4 Q3 q2 q] 1 -1 = b4
2c) 11 >0
1-2 1 >0

2 d)
1-2 1 >0

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

The listing for program INFUNC is given below.
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COMPUTER LISTINGS AND EXAMPLES

SPSS PROGRAMS
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VOLEL BACK COMFUTLING CENTEXK
WOr THRESTERN UNIVERSITY

o F 5 5 = = 5TuTiSTICAL PauKdue FOr THE SOCIAL SCIENCES

VERSIUN 7.0 == JUNE 27 1577

PaGESIZE NUEJECT
RUN NWME NoheaNEAx <EGRESSION -- 30xkE 18
Varia3cE LIST  MUNTHAS 3, AMONTH, YEAR. MASS

INrUT FORMAT FLAZU (JasF5.095X92F540,4F20.2)

AULORDING TU YuUr iNFUT FuxMaT, vARIAdLE> ARE TQ 3€ wEAG AS FOULLOWS

VARIm3LE  FOrHMaT  RELORD COLUMNS
MONTHSS  F 5, § 4 B R e e -
AMONTH F 5.6 1 20~ 2%
YEAR F 5. 0 1 25- 29
MAsS F20. 2 1 30- 49
THE INPUT FORMAT PRuVIUES FOR  « VARLIABLES, 4 WiLlL BE READ
IT PRIVive: FUR 1 RELURDS {FLARDS®) Ph GASEw - A MAXIMUM-—GF - 49 PCOLUMNSE ARE USED-ON- 4 RECORU.

RARNING = ~ WUMERLC YARIA3LE HAS 4 WIUTH GREATER THAN 14 SHALL ROUNJING/TRUNCATION ERRORS MAY OCCUR.

tv CF CASES 233

if (YEak LT 1450)MAS5S=

CUMPUTE Mo T HR=AGNTRS FaI L o e e e ——— e
ASSIGN AISEINLG MUNTHR(=-1)

REJECT LF (MASS EQ O)

REAU INPUT Cal4

-e _m m m . m m .M _m  WM_m. W M. W R % _M_* w. w

79/07/25. 08.28.54, PAGE |

- = e = -

NONLINEA®R KREGXELSIOM == 3CxE 18 79/,07/25. 08.23.54. PAGE 2
NUNCLNEAR VAKLABLES=4ASS WITH MONTHR.NB=2
T V-V Y0 Y ‘ S —
JERIVATI ’ GIL)=EXP(3(2)*.00001*NONTHR)*1 000008
G2V =10*HONTHR*3 (1) EAP (3(2)*.00001*HONTHR)
Puk AMETERS 3(1)=1485.615892
3{2)z=~4ol.18
STATISTICS g
FLIN{SH - —_—

SP3S RELOWLED

06001400 CM NEEOED FOm NONL INEAR

OFTLICHh =~ 1
IGinurE MuaSsING VALUEZ InJivaTIRS

§sds Sutsq suoIjeIndje) alduexjy

6¢€
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NONLINEAR KEGRESSION -~ BORE 18

FILE NOWAME (CREATION DATE = 793/07/25+)

N- O —tN— R PR OB A e ok
L SN * S | BN SN JRNSA D SN L S o LaShan L W * SN~ SNt "N ~R B J a g

2
Rl

a
a3

79707725,

08.28.54.

PAGE

ot

252 CASES
1 VEPENDENT VARIABLE(S)
2 PARAMETERS

L TR & J. VOIS JVE &
TTERATIUN—LTrE T

METHOU = MARQUARDT

TOLL =  1.50600800E-08 REL. CHANGE IN A PARAMETER - - -
ToL2 = a REL. CHANGE IN SUM OF SQUARES
ToL3 = 0 RATIO TO INITIAL SUM OF SQUARES
TOL& =  1.0000000&-0c PIVOT TOLERANCE
PARAMETER S
NU. NWHE INITIAL VALUE

1 Bt - i $564569E442

2 B2 ~4.6718000E+02

0 OERIVATIVE ERRORS WERE OETECTED

SETLUP Tide = - wi T —SECUNDS

ITERATICOUN

T HE LAST
ITERATION NU 5 BASE PULNT TEST FOINT
SUM OF SQUARES 1.2714352E+17 1.2714952E+17
" g , 8
LAMBOA g 0

GA HMA B
ANGLE IN LEGREES
MAXe PIVGI REOULTION

8.7178
3494 11999E~01

S 1.3510E62E+02
~+.3583609E+02

PARS 1 81 3 1+49510062E¢02
2 82 ~4.0533609c+32
CUMULATIVE NOe OF FUNCTION CALLS = 6

ITERAT L0« TINME
CUMULATIVE TIME

«202 SECONDS
1e{ ° SECONDD

e 4v Q0006006406 1.00000006800 — .
3.7257
3.9411999E-01

oy



ITERATION TERMINATES
HAX . RELAFIVE CHANGE TH A—PARAMEFER —t T+ FOL e+ 540009 8E-08— ——— - ——

NONLINEAR -REGRESSEON——80REA—————— GG PS8 v BB TS — —PAGE &

FILE NONAME  (CREATION DATE = 79/87/25.)

FINAL PARAMETER VALUES
FINAL VALUE SUM OF SQUARES = 1.2714352E+17
b”
PAR. 1 31 1.9510662E+82 L= .18061
2 82 ~4 85836096402
NCHLINEAR KEGRESSION ==- 30KkE 13 79707725, s

08¢28454s PAGE

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

FINARGL FUNGCTION V ALUYUES A N O RESIOY ALS

ROOT MEAN SQUARE wESIOUAL = 2.2552119E+07 J.F. = 254

THIS IS ThE SCALE UNIT IN THE GRAPH OF THE RESICGUALS.

CASE VAKX PKEOICTIOUN 0BSERVATION RESIDUAL GRAPH OF RESIQUAL
NG - NG — - -g S +1 «2
1 1 1.9510662E+08 1.8200000E+08 -1.3106622E¢07 rerzane
2 1 1.9416102E+68 1.7100880E+08 -2+ 31610823E+07 TREEISARENS
3 1 1.9322001E+08 1.8200000E+08 ~1.1220006E+07 sesnas
4 1 1.9228355£+08 1+7900000E+08 ~1+3283558E+07 trasnes
5 1 1.9135103€+08 1.3700000E+08 -4 3516331E+06 e
& B e 24 Y'Y
7 1 1.6950133E+03 1.9200000E+038 2.4986735C+06 .
8 1 1.8850299E+08 1+9500030€+08 6. 4171065E+06 ‘raa
3 1 1.8766891€E+08 1.9100000E+08 3.3310882€+06 e
10 1 1.8675936E+04 2.0000000€E+08 1. 3240640407 AR
11 1 1. 8535422E+08 1.9600000E+08 1.0145784E¢07 saves
12 i - 128495340 E4+08 -~ — e 2e- 0 QYL e LS A A S Sl
13 1 1.8405707€E+038 2.0800000E+08 2.3942933E£+07 +5ss300s0800
14 1 1.8310502E+4048 1.906893000E+08 6834 CS7I5E+06 ressy
15 1 1.8227730E+08 147200000E+08 ~1.0277297€+ 07 sensve
16 1 1.,8139388E+404 2+0500000E+08 2+ 3606124E407 sanvEpuLBRS
17 1 1.8051476E+08 2.1200000€+408 3. 1485264E+07 FesrFrsINIIRSS
S o S ¢ EYUYVYYYY VY V-
19 1 1.75676922E+08 2.1200000€E+98 3. 3230781E+07 5243304088300
20 1 1.7750260£+08 2+1200000E+038 3+.4097200£407 FrEXBIRINIAFLNLS
21 1 1.7704058€E+08 2.0500000€E+G8 2.79593420€E+07 AR AL LS s
22 1 1.7618254£+08 2.1200000E4+08 - 3+5812461E407-- FasssepNIBsNLARS
23 1 1.7532866E4038 2.0500000€+08 20 3671304E¢07 FEarsrsrrnBNS

v



24 1 1.7447891E+08 2.1200000E+08 3.7521088E+407 $rrssIeVERRLLNIRLS
25 1 1.7363329€+G3 2.1200600€+08 3.8306713E+87 Serrs2883008084000s
26 1 1.7279176E¢08 1.920Q000E+08 1.3208241E+07 At
B e 1% 719543t £+ 08— pE— VI YT VYTV VY VEFLVY VYV SN
28 i 1.7412092E+08 1.8400000€E+08 1.2873079E+07 trevine
23 1 1.7029157€+0C8 1.,1G00000E+08 -5, 0291570€+07 FIRERRBL40252508 04080003508
39 1 l.694b624E+00 7.3000000E¢07 ~3.6466238E+07 FLEARVFLLERARINIINS 2002
31 1 1.6864491E+DY 1.3000000€+08 2.1355093E+G7 222438230
32 1 1.0782756E4+08 1.8800000E+03 2. 0172444E+Q7 AR b
33 1 “teo7 GietPE+Ge - o 2 BT RHEE eI 3+ 93959336487 —— B42043432300033040
34 1 1.0020472E+08 2+1100000E+08 4.4795280E+07 #rI2200230 042028330000
35 1 1.6539920€+08 2.7000800E+07 ~1.3839920€E+038 SrLLXBBELBVS418 2220400040
35 1 1.6459753E+C3 1.6000000E+08 ~44353975754E+06 hhad
37 1 10379904 E+33 ¢.07000600€+28 4. 3200100E+07 AR d b b dhs
33 1 1.€300597E+Co 1.3600000E+06 24 2994028E+407 At i
33 1 1.6221595€+08 1+3780006E+88 3+ 47 34850E+07 FrIrrLeRINN ALY
“d 1 lec142376E+08 5+1000000E+G7 ~1.1042376E+08 $EIRLERINLIsARLsssssnrnRR
41 1 l.6004738E+03 1.39900000€+04 3.3352624E+07 PesrEssLTEsLININLS
“2 1 1.£38b0079E+08 1.3100000E+04 3.1131214E+07 erreESIaLLRRINY
43 1 1.53343372+048 1.9500000E+00 3.6906030€+07 SEErrIEETRELNREES
“+4 i 1.58322915+C8 1.3500000E+038 3.8077032E+u7 b S Sl s
o 1 15755556 E+04d 1.82000906+43 25 TowiewlobE+ &7 srIXBIEEIRINS
“o 1 1.5079198E+04 1.970J000E+038 3.0208022E+07 bt e
NONLINEAR REGRESSION == 30RE 13 73707725, 08e23e5u. PauT ©
FICE NOWAME (CREATION JATE = 749/07/25.)
FINARSC fFUNSTIUN Yy AL U ES AN J RESLOTGUJUALCS
CASE VAK PREDICTION 03SERVATION RES{0JAL GRAPH JF KESIJUAL

NQ e Nue -2 -1 0 +1 +2

[

+7 1 1.5003207E+43 1.6139000€+038 4s 307 9262E+ L6 hehihe
43 1 1.5527535€+03 1.5300000E+00 =2.27585228+ (o bl
“3 1 1:5452335€E+538 145363808E+38 ~1+5232356€ + 00 hihd
54 1 1.5377w39E+(3 1.+300000€E+38 =1, 0774335E+07 At chahd
51 1 1.5302911€+C3 1.5306000€+03 ~24310€781E+ G4 he
52 1 1.522¢7+4E+C3 1.4300000E+J8 =4+ 2474333E+ 06 Ao
S3 1 1.51544937€+0G3 1.53000030€+08 1.4506337E+G6 hihe
54 1 1.5081437E473 1.430J000E+J8 ~2.31448704E+06 hhe
33 i 1. 54003593¢c+488 1+ 5390080 E4+08- - - -2« 3 100656E+06 hihd
So 1 1.4335654E+08 1.5300000E+33 3.6434592E+ 00 s
57 1 1.4303267E+00 1.4900000€¢G8 «5+3267269€+05 *
58 1 1.4791231E+08 1.5300000E+G8 5.0876872E¢06 A
53 1 lew7igo44E+08 1.4300000€+08 8., 0455577E+(5 +
60 b le4o40205E+G4 1.5303000E+93 5e51795008E+ G0 b
&t t - a2t E4 G o i B2 00000 E408 5. 25788676405 rrEs
62 1 1.4506502E+03 1.3700000€E+33 ~8.0656174E+066 A
63 1 1.4436255€E+08 1.5200000€+08 7.0374543E+06 b
o4 1 1.4306288E+08 1.4700000E+03 3.3371189E+06 A
65 1 1.42360b1E408 1.2890069€+08 -1.4966608E+(7 b s
66 1 1.4227371E+08 1.2700000E+08 ~1.5273709€E+07 A ddd
B e ey 4 ST R — 432000008458 =3+ 5841 68 3E4 06 - - - rrevy
68 1 1.4039737E+303 1.2700000E+08 -1.3897970E+47 A
69 i 1.4021510E+08 1.0100800E+88 -3.9215036E407 MRS AL AR ARl S bl b
70 1 1.39(’ 53E+04 1.1300000E+08 -2.6535( BE+07 bl At bbb
74 1 1.38805326E+08 1.0300000E€+08 =2, 3859<03E+07 FEEIIFLNE NN

1 XXX R RS L RN

1.3518627E+038

1.1200000€E+08

~2.618€271E+07



T3 1 1.37. ,54E+08 1.1200000€+08 ~2.5516 JE+(7
T4 1 1.3685006€E+08 1.01000G60€+08 -3.58500856E+467
75 1 1.30138680E+08 1.1100000E+03 -2.5186801E+07
76 1 1s 3552676€E+64 - - 87808886468 — -—— =2+ 8526761E4+ 87
77 1 1.3486992E+08 1.1000000E+(38 -2.486%920E¢+07
738 1 1.3421626E+C8 1.0600000E+08 -2.8216263E+487
73 1 1+33505/77E+403 1.0900000€+08 =2, 4565773€E+07
a0 1 1.3291000E403 1.03980000E+08 ~2.3918436E+87
31 1 1.3227424E408 9.3000000E+0Q7 ~3.3274236E+0G7
82 b3 103163316€E+688 - tvE2688888E8498-- - =563 31538E+66
83 1 1.3099519€E+08 1.3400000E+08 3.0048114E+06
84w 1 1.3036031€E+08 1.1200009€+038 ~1.8300310E+07
85 1 1.2372851E+08 1.1600000E+08 =1.3723503E+(7
36 1 1. 2903977E+08 1.0300000E+08 ~2.6093703E+07
87 1 1.2047403E+08 1.1400000E+38 ~1e4474077E+G7
84 + 1427851426488 12000006488 =4+ 58514186457 — -
33 1 1.2723178E+08 1+2400000E+4G8 =3.2317757E+06
31 1 1.2061516E+08 142000000E+08 1.3848631E+06
91 1 1.2000149E+38 1.3500000E+04 8.3985132E+ 06
32 1 1.2539081E+6G8 1.1600000E+08 -9, 3908187€+ 06
33 1 1.2478309E+08 1,3000000€+08 5.21693057€E+ 06
Ju P b LTIV S— ‘
35 1 1.2357643E404 3.3000000E+¢0Q7 ~2.4576483E+07
o0 1 1,22937756€E+38 1.0300000€E+438 -1.3977500E¢57
NONLINEAR REGRESSION ~= 30RE 13
FILE NUwAME (CREATION OaTE = 79/37425+)
FINAC FUNGCTIUN VAL UES A
GASE ViR PREDICTION 035EXAVATIunN RESIDUAL
NQ. NG
97 1 1.2238154E404 1.2400000E+008 1.6184601E+06
93 i 1024788446453 1+3403033E+03 1.2211532E437
93 1 1.2119815E+8038 1.4400000E+08 2.2801843E+g7
103 b 1.2301075E+33 1.2500000€+08 5. 3832451E+06
101 1 1.2002021E+08 1.4100000E+G3 2. 0373735€+¢07
102 1 la 1944443E+08 1.3503000£4+038 1.5555511E407
103 1 1.1386553E+03 1.3700000E+38 1.8134408€+(7
104 i 1v1824950E408 - . .—. 4 . 28950008400 . ..
105 1 1.1771620€+038 9.3000000E+07 ~1.8716201E+07
108 1 1.1714558E+08 1.0200000£E+08 -1.5145681E407
107 1 1.1657732E+403 1.3000000€E+08 =8.57732648E+06
108 1 1.1001292E+08 1.0600000£403 -1.0012321E¢07
109 1 1.,1545000E+0 8 9.6000000E+07 =1.9450655€E+07
119 1 lel449111E408 - ...  7.00J0000E+07 . =3,3891114E2+57
111 1 1.1433429E¢03 1.1200000€E+9038 ~2.334285T7E+C6
112 1 1.1378016E+00 1.0700000E+08 ~6.7801556E+06
113 1 1.1322871E+403 1.2100000€+08 7.7712888E+06
114 1 1.1207994E+08 1.0300020€E+08 ~3.6739394E+06
115 1 1.1213383E+03 1.0130000E+08 -1.1133827E+4G7
118 1 1.1159036E+338 1+04300400E+08 -=214.0590362E407
117 1 1.11304953E+63 1.0100000€E+08 ~1.00493531E+07
114 1 1.,1051132E404 1.0300003€E+G0 -7.5113203E+06
119 1 1. 0997572c+04 1.0100000E+08 -8.9757185E+06
123 1 1 0944271E+00 1.0500000€408 ~4e4427126E+06
121 1 Le0841229E+03 1+2100000E+08 1.20387710€E+07

79707725,
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-7.4998375€E+06

122 1 1.0838usuEe 03 1.0200000€+08 ~6.3844380E+ 06 sens
123 1 1. 07859164E+08 1.0800000E+04 1. 4085564E+05 .
124 1 1.0733640E+08 $.7000000E+07 -1.0336397E+07 warares
125 1 1 GET Lot E+ 8 —— v B 0 GG Er e 8 B 6 LR IEE6— - ——asssa
125 1 1.0024843E+04 3.4000000E+07 -1, 2298489E+07 vensse
127 1 1. 0578331E+08 9.4000000€+67 ~1.1783395€+07 sansxs
124 1 1.0527052E+03 9.3000000E+07 -1.2270618E+07 srenns
129 1 104700426403 9.3000000€+07 ~1.1760416E+87 rasans
130 1 1.0425269E+08 9.7000000E407 -7.252€865E+ 06 sees
131 1 T B3P RE 6 ST 2B BRI E BT A AN ———— —— o e o AAAARAL
132 1 1.0324400E+08 9.7000000E+07 ~5.2645978E +06 srss
133 1 1.0274421E408 549354285€407 -4 3299930E+07 Srassssssssssasssnes
134 1 1.0224020E+ 038 7.3428571E407 -2.3817686E+07 sersssasenes
135 1 1.0175071E+08 9.5534285€+07 ~6. 2164279E+ 06 ress
136 1 1.0125757E408 9.50816427E407 ~5.1761426E+06 ees
137 1 “ 1 G AT eI R eI 93 —_—————— A
138 1 1.0027344E+03 3.5059994E+07 ~1.5218445E07 sarazaas
134 1 9.9792435€+07 9.33398569E¢07 -6.3338663E+86 sens
140 1 9.9308743€+407 9.0221427E+07 -9.0873505E+06 seass
141 1 3.8827476E407 8.6813570€+07 ~1.2008906E+07 sssana
142 1 3.8348501E407 8.5194234E+07 -1, 315421 7E+07 srsenas
t%3 AT GOy 35 IR E 4 35t B ——— AARALAA o
14 1 3.7357503E407 8.1637141E+07 ~1.5760362E+07 seseaens
145 1 9.8925459E407 9.1932855€407 ~4.9926038E+8¢ wxe
146 1 9.6455702E407 6.5801428E+37 ~2.965427TH4E+07 sreesrsssensss
NONLINEAR KEGRESSiON -~ 30RE 18 79/07/25. 08.28+54. PAGE 8
FILE  NONAAE  (CREATION DATE = 79/37/25.)
FINAL FUNCTION VALUES AND RESIODUALS
CASE Ak PREDICTION 03SERVATION RESIDUAL GRAPH OF RESIDUAL
NO. NC. -2 0 1 +2
197 1 - B 5 et L
148 1 9.5523007 €407 1.2439143E408 2.8868421E+07 ssarsressvares
149 1 3.5060048E+07 fo1044143E488 2.3381378E+67 srrsrsennne
150 1 J.4599332€407 9.7515712E+07 2,916 2803E406 5
151 1 3.6140899E407 140432143E+08 1.0180578E407 *osses
152 1 3.3686588E407 1.0043286E+08 1.2808268€4+07 srrsves
153 1 Gr3RIBSIGEHBT G ST IPHIEI G — eGP s
154 1 9.2778689E+07 1.0769143E408 1.4912738E407 ssrasses
155 1 3.2329030€+07 1.0516857E+08 1.28395406407 srasess
156 1 3.1881550€407 1.0072714E+08 8.8455911E+06 xraex
157 1 3.1436239E407 9.9011427E+87 7.5751882E¢ 06 sray
158 1 3.0993086E407 et 111428E407 ~2.6881658E407 sressssssaens
159 L - 3+ 4552081 €402 46 1T S
160 1 9.0113213€407 1.0449428E+08 1.4381071E407 resenes
161 1 8.9676472E407 1.16875716+08 2. 7199240€ 407 shersarseasse
162 1 8.9241848E407 1.1583000E+08 2.6648149E407 A i
163 1 8,8809331E407 1016634286408 2.7824953€407 *rreseresasas
164 1 8.8378909E+07 1.1997000€+08 3.1591089E+07 srssressrassnas
£65 g e e
166 1 8.7524315E407 1.2435000E+08 3.6825684E407 srrsrssssaasrasas
167 1 3.7108121E407 1.33095716+408 - 4+5995591E407 rrrsrRrsrsIssrrasenny
168 1 8.661 BUED7 1.1828000E+08 3.1602( BE+07 ssrsusr “wssaes
163 1 3.625/892E+07 1+ 18662856468 - 3.2 UL — — servene.dngrass
170 1 8.5833836E407 7.8339999E407 seex

wY



8454,

07E+G?

1.3305423E+G8

1.8230 3£407

488080

1
172 1 8.5009794c+07 9. 7342856457 Loa774631E407 sassases
173 1 deu537737E+07 Ye 33357 12E+37 1.5387925E+(7 b A
tPe BeRUITFPPECEF— Lt BPGT b E Y — — R IIEIEHE P - sassssssrasea
175 1 8437737056407 1413397 14E+38 3. 01173876467 L it
175 1 8.3373710€447 1.1357429E¢08 3.0200575E+07 ssssssssrsoras
177 1 8.2963632E+07 1.0843714€408 2.54067508E+07 sversarranas
178 1 3.2567514€+07 1.1157039€+95 2.9082485E+07 ssesssssrraras
179 1 3.21073ubE+07 1.2013000€E+03 4.5962653€ ¢07 sEsssereaanaarsnnasny
18— -t BitFR9tLIERT— - trttodRIoEete— i394 ITNIEFET - - - - sssssssnnsasss
181 1 8.1372813E+97 7.7159949€+37 -4.2128139E+ 56 sae
182 1 3.0973433E407 Y4 0835706407 1431181378+ 07 srssann
183 1 3.0585965E4C7 1.0074571E+u8 2.0159747E407 M
184 1 8.0195393E+97 J.00u3712E447 1.664503135467 srascsen
185 1 7.9806725E+07 1.0002425E+08 2.0217558€+07 sessssanss
186 1 7494199 30E+67 433455 FLERIS- - - 2e3FBSERoE+ 67 srxsssesvans
187 1 7.90350212407 9.33371+2E437 1.4302121E+07 srresas
148 1 7.8051972E+07 7410499995407 ~7.5519720E+66 sses
189 1 7.8270779E+07 0e43dE713E407 © B.1149344E456 sees
130 1 7.7531433E407 5e3351027E+87 5045939386406 see
191 1 7.7513926E¢07 7.532714264G7 -2.1867843E406 .
- 192 t PP 332AFEHET Pt IR RHEHET - - ~Sv R 1o 82t BEGE - ses
193 1 7.6704392E407 7.7012850€407 1. 04846356+ 06 .
1394 1 7.6392348E407 3.3102857E+07 ~4e 32894316+ 07 ssssssersnssresrrsns
195 1 7.€022106E+(7 7.8944286E407 2.92217776 406 *-
136 1 7.5053E59E+07 7.0382855E+07 2.7291958E +6o ..
NONLINEAR REGRESSIGN -- BORE 18 79/07/25. 03.28.54. PAGE 9:
CFELE - NONAME - AGRERTFON -GATE—a—F I GEA 2D} e m e
FINAL FUNGTION VALUES AND RESIOUALS
CASE VAR PREDICTION 03SERVAT ION RESIOUAL GRAPH OF RESIDUAL
B N — =2 -1 s . *2
137 1 7.5236998E407 7.5297142E¢57 1. 0144161E+ Ca .
198 1 7.4922114E407 7.5715712E+407 7.9359848E405 *
199 1 7.4558998E407 7o 4uuu2BLE+DT7 -1.16471364E+35 .
200 1 Te197662E407 6476028556407 ~5.5G47866E+06 rees
201 1 7.3838037€407 843151427E407 -5.5866100E406 saxn
———pgp— ’ 5 —— e S YYYY)
203 1 7.3124048E407 6e3es1428E+07 -9.682€197E406 sasss
204 1 7.276904bE+87 6.33948570E407 -2.3210763E¢06 3]
205 1 7.2416963E407 5.2595714€+407 -1.9821249E 407 rrssssares
206 1 7.2065988E407 642952856€407 -9.1131321€+06 raeen
207 1 7.1716715€+07 64754 §570E+07 -4, 1681446E+ 06 ses
244 1 743694 34 E+ 07 e t332457E407 ~7+3362724E4606 S X X
209 1 7.1023238E407 6.9948570€+07 -1.0746679E+06 .
210 1 7.0679018E407 6.7148570E407 -3.5304482E+06 ssa
211 1 7.0336467E+07 0e9945713E+07 -3.9075380E+05 s
212 1 6+9995576E407 7.4034284E407 4.0387084E406 nse
213 1 0+9656337E407 7.1838571E+407 2.1822344E+06 v
2:1‘4' 1 ='el%e?%£Aﬂ? ‘Z 2611%3‘;&&"7 3 21753&!:‘05 ey N X I _ _
215 1 6.8982783E+07 7.2359999€+07 3.8772168E+06 srs
216 1 6e8548453E407 6494657 13E407 8.1726045E4305 .
217 1 648315742E407 6+8988570E+07 5.7 282754E 405 *
218 1 6.7984645E407 6+2398571E407 ~5.5860744E+06 ses
219 1 647655152E407 5.9085714E+07 1.4305620E+06 s

gy



220 1 6.7327256E407 6e3991427E+07 -3.3358230E+06 hehd
22t 1 64 7T008349ELET7 6vw13857LESGT - - ~2.8023T8TE+IE bt
222 1 6. 6676224E+07 bel 272857 E4D7 -2.4033668E+06 A
226 1 6.6031487E+07 6.4804285E+07 =1,2272025E+06 hhs
225 i 6.57411460E+87 62657t 43IEHOT ~3.0543177E+ 06 A
226 1 6.5392984E+07 beklB88571E+07 ~9.04413467E+05 .
227 1 645 076052E+87 0+ 0364286E4+07 ~is 111 7668E+ 86 s
228 1 6.4760656E+07 6.2565713E+07 -2, 1949431E+ 06 A
I * ¥ S F Y Y R T X F YR ¥ )
230 1 el 136442E407 5.7982857E+07 ~641515851E+06 ssss
231 1 6.3823610€+07 6.4855713E+87 1. 0321035€+86 *
232 1 0+3514283E+07 6e1041428E+07 ~2.4T728559€E+ 06 bl
233 t *6.3206456E+87 6.2651928E+87 ~545502846E¢+ 85 *
234 1 5.2900121€407 6.090G000€+07 -2.0001219€E+06 b
———2 3t v 255 T E T RIS T B ————— 1 8 G4 —— — - —— - -2
236 i 6.2291898E+07 643324285E407 1.0323368E+ 06 hd
237 1 641989996E+07 642392850E+07 3.1286036E+05 he
238 1 5.1089556E+07 6e4124285E+07 2. 4347287€+06 Ak
239 1 6+1330573€E+07 6+11857 14E+07 ~2.84859082E+485 *
240 1 6. 1093039E+07 6¢3297142E+07 2.20641027€+06 e
gt e B B FHEO AR v 3G E G, — 2. 4530510 o ‘e
242 1 6.0502289E+07 5¢3364235E407 ~1.1380045E+00b A
243 1 6.0203000E+07 6+3074285€+87 2.8652241E+00 bt
244 1 5.9917252E+07 6+1322856E+07 1. 40356030E+06 bl
245 1 5. 9026859E+67 0432757 14E+G7 3.6488547€E+C6 A
246 1 249337873€+07 6+09457 14E+07 1.6078409E+06 b
NCNLINEAR REGRESSIOGN =-- 30RE 18 PAGE

79707725, 08e28454.

FILE NONAME (CREATIUN DATE = 79/07/725.)

FINAC FUNSTIUN vVALUES AN O RESIOJIACS
C-GASE - AR - e RREBIE TR ON—————BSERV AT IO N — R EST B e - - -
NGO« NG =2 -1
247 1 3.9050207E+07 6.3037143E+07 4+ 33035556+ 36
248 1 3.8704045E407 643228570E+07 we48+4743E+ 00
243 1 3e8479290E407 0e 07071426437 2.2873517E+06
250 1 5.8135806E+07 0e1383571E407 3.6527051E+00
e 25 -1 5?31 BRLEELGT— - - - v BRI AREAIT 2406332696 406 —
252 1 3.7033131E407 5.0193572E+(07 -7.4345597E+ 06
TIME SINCe END OF THE LAST ITERATION = 1.533 SECUNGS
TOTaL TinME = 34368 SEGUNGS
NONLINEAR REGRESSION -- 30RE 138 79s07/25. 03.23.56.

RUN CUMPLETED

NUA3ER uF CuNTARGL Cw<Uo REAJ 13

LRAPH JF RESLIODUAL

3

sxa
ran
s
L X Y
Ly
LT X ¥

PAGE

BT S

+1

11

+2

9%
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ESTIMATING FIELD INFLUENCE FUNCTIONS -- FROGRAM USEAGE

The linear programming technique of Coats, Rapoport, MNcCord and
Drews (JPT, Dec.,1964), 1is wused to determine the aquifer influence
functions from field data. Several prograns have been written to take
raw data and convert it into a tableau used by the M.P.0.S linear
progranning package, then extract the results and reformat it. The
procedure is as follows:

1. INPUT DATA

The input data must follow the following arrangement:

Card No. Information

1 Header Card

2 Input Forsat. Fields are integer-real-real for
tine-pressure-volune

3 N = number of data cards to follow

4 First Data Card {contains data for time, pressure,
and volune)

N+4 Last Data Card

repeat for more data sets

2. OGENERATING THE INFLUENCE FUNCTION
The procedure to do this is simply:

GET,INFUNC. or GET,INFUNC/UN=EKOQSC.
INFUNC, IN.

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

The results will be found in file OUT and are arranged as follows:

) header card
2) card containing number of data points and fitness value RHO
in (15,5X,F17.0) field
J3) N data cards in the format (I5,5X,4F17.7) in order of
timne, F, delta-F, F, Q.
4) E-0-F mark
3) repetition of 1) to 3) for each data set
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.
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3. PLOTTING THE INFLUENCE FUNCTION

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

INFPLOT,0UT

where OUT is the file generated in step 2) above. The progran should be
run from a graphics terminal. Output can be sent to the GERRER plotter
or plotted on a 44662 plotter. The program will prompt the user for the
necessary information,

March 13,
1980
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*TABGEN . »
PROGRAM TABGENCINPUT,0UTPUT, TAPESSINPJUT, TAPEG=0UTFUT)

DIMENSION P(3%g1, Q(300), 3UFF(8), FORMI(3)
“""“'“"“8*?% 3&8%75/, ONE7Z71./7, ONEG/ =147y THOM/I =24/ A/ 10X/, V/1HV/

DATA U/1HU/, EQr1HO/, DASH/1H-/
8 T41IS PROGRAM READS IN PRESSURE ANU PRODUGCTION LATA AQC
[ CREATES INPUT FOR USE IN LINEAR PROGRAMMING QO TINE MeFed.S.

_ﬁ__._REAQ_tiEADERA AN _INPUT AND QUTPUT FQGRMATS

1 READ(5:101) HOR
LE(EOQF (5)
2 READ(5 101) 1 Erm1
ELE FORMAT {8A
READ NUMBER OF SATA POINTS X
. 0 _OQUMMY VARIABLE IN TIME FIE.D, READ PRESSURE AND PKODUCTICN DATA
READ(5,%) N
00 5 I=1,N
READ(5, FERM I IOUM, P(I), Q(I)
c ° CONTIND
€ SETUP INDEXES
NI = N=1 B -
N2 = Ni1¥2
N3 = Nie2
Nk = 2¥N1-1

c
E COMPUTE DELTA-P

—*§~'IU‘391*131;§§§FTlT“TT”FTTTT’“”_"—“‘M’_

FRINT M.P.0.5. CONTROL CARDS

HRITE(S:ZDI)
201 FORN T(* TITLE
WR (6,101) HOR

L]
: SEDF /¥ GARTASLES#T

PRINT (6,%)#X1 TO X?#

PRINT (B1e12us 19 BEiNi

PRINT (8,%)2vi TO VZsN1

WRITE(6,203) 28Ni-1
203 Fo§nnrt:pncxeozr:nxnxﬂxze: £CONSTRAINTS%,15)
o MRETE (4080 (EQ, I=1,N1), (0ASH, 151, N3)

206 FORNAT(!FORPAT:/#(2I5,F20 5) #/¥READZ)

c REWRITE DATA A3 INPUT TO MeP.0.Se IN TA3.ZAJ “ORAAT

_WRITE QBJECTIWE FUNCTION .

111 FORMAT(2I5,F20, )
R E 8212102 28R0, 14Nt ONESI=1 N 2)

E WRITE SECOND CROER CONSTRAINTS

Dg 20 J=1
1 (J=K*2) g K=1y J)
sONE~

+ONEG
+PLUel)

A Me e e
OLQD

i

I
Hmmmgmgg
e = » wu~

OXXLEZTXO
oB/MO O
Z -ty N
—ya et PO
Z - |
CG‘O‘O‘Z‘..

~N
n
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«PROCYREFLRMy IN,DATA,CUT.

A e R R L L L EEEE LR Rl it bt
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*®* THIS PROCEDURE WILL REFORMAT THE OUTPLT FIOM M.P.CeS. LINSAHN FROGRAMMILG
. MEE T WITH JHE TIME VALUES FROY THE ORIGINAL 0ATde THE FINAL
.. FrJ0 T <INFPLU7>.
1:. FILES:
.. IN  COUNTAINS OUTPUT FROM M.P.0eS.

3 DATA CONTAINS ORIGINAL DATA USED TO GENERATE M.P.0.5. TABLEAU.
.* OUT FILE WHICH WILL CONTAIN THEZ OUTPUT USED TO GALL <INFPLOTS

LTI I I L T T I I T I I T I I I O e R R
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Example Calculations Using INFUNC
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DAVA IS LOCATED ON THE INPUT UNIT.
READ*LIN FREE FORMAT, ALL DATA FOR TIME, FOu._OWAED BY ALL DATA

G FOR

__“.:Ii:igéé;é;;;té%f%éigél,5.é;gilfzifilli-z-ﬁf . ‘‘ °° ------ T T
G0 TO
k "EEEEQ'F5E°F5IEEGEEE'55?5553['535557"""' """ TTTTTTTTTTTTT 0T
g B B R D W W W @ D WD - PP S PP S P S
__<GREEN> TARD T T
885 égagéuf1 o T o

<LINES> CARD

806 LINES ='ipnn?z?ft€§r’§,50?z§er»' TTTTTTTTTTTITTTTT e
@ LINES=3L’ 7T

g "2§uEFI'Z§5’IEB[?E§5;'EE&S"""""'""""’ """"""""""
887 ImuLl=
LEdIcoN ONPAR(THﬂULTENO,l ITEST, 1,70 £Q.0) INULT=2
~§ <CONVERT> CARD T - o B
898 CALL FNDWRO(2,ITEST,1 JGONV,LEN, I3EG)
T SIS S R T LT
%% *nac«xconv,io.Jcouv »1s 10 IFIND yNAMEF,IRET)
REF.GT. 17 co 10358
—**M*ﬂ% FENNaREt &
FACTOR = XPAR(3,ITEST 1.80,1&67»
TECIREF.LECD) © e3116°83s
37 DO 36 1=1,N
36 a(r) = a(ly » Facror
60 TO 1
E. == £HEEW) ,Ei_nu. pedindosibudoutiniindieiiotasivbesbuistiudingdindetvuiubediedieatn ittt ittt
809 PZERD = XPAK(2,I1TEST 80, IRET)
TFOTRET.CE o) 2bT50T 388
IF(P2ZRO-LE.0) GO TO 988
60 T0 1

T RRRGRTaRT <ENDS BARD. START ANALWIS. LTI
a82 }F(IACTEV.EQ.D) GG TO 997
F(IQST_VaLT.OD 60 YO0 1

& "TCALCULATE SQUARE OF RADIUS CTTTTTTTTTT T

e oo s TTTTmesemTTeemssssoosssooosece

RSa{ERkD)
22 RSQ(IR D) = ﬁ(IRAD) . R(IRAD)

G CALCU;ATE SINKING VELOCITY,‘ .
IF(HU.EQ 0« OR.PHILEQ.0) GO TO 994
W = (K * GRAVITY * RHO) v/ (HU * PHD)

8 CALCULATE GREENS FUNCTION FOR VALUES OF REAL TIHE T ANU ALL RADII.
I1F(kHO.EQ. 0) 6O _T0 994
1 = <1, / (TWQ?I * PHI * RHO)
[ PHIPSLBIIVUEBBBEFILVISSIGHBUTLUPROBIINRNIIIBIBILENSEIIB L0828 000880

c LOOP OVER ALL TIMEZ PERICOS
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PRINT INITIAL TIME AND HEADER

INTERNAL LOOP OVER RADII
399 CA
NEE

CERIRE d3eha AT
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:
:
c
s
s

Xl
-0 LI S B A

Lae

(=]

~t

WO~ ONONIM N
* AU AAD At v

REEN

O LD VO OW D~
W |} (L~ -t e et e B
[SUIVE[VELVS FORFTR- £
=3 dieb=tebeje b T L
U it b OO OY
XudrErreo 0o
XTZOXEXEXXTX XU W

IF(IG

WRITE GREENS FUNCTION RESULTS
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- Y - = . BT E G W W P W e -

WRITE HEADER FOR TIME SERIES DATA

- D T D D D W T T T T T A W W T W B W @R B W W EE W e ..o w

L3} HRéIE(69116)

€0 N
CALL PEJECT(NEED,LINESo6)

HRITE(S-liZ)

0,735,7A14)

A0) 4 IR M)
{ gEC ¢1T50,¢(ﬂ TERS OF HEAQ)#)

12,T26,8F13.2)
DASH

P Y P Y P Py e Y e P Y R PP Y P PR R R P R P L R P R R R R L PR R R R E R R L R R

CALCULATE TIME SERIES FIELD PRESSURE FOR ALL RQOII

P L L L L T T T T T R A L

.’.’.....'.."”'G’..‘.G"‘...'i...;&&.‘."’..’GOCC’OG‘"!'4"‘.6‘0

LOOP OVER TIME PERIOO

Do
9 FP(IRAD) =

RAD

R

=14+M

0000#0000000000}0#0#000000#}00000000+00+00§’4000000#+f#tf#iibiftf&f

LOOP OVER GREENS FUNCTION VALLES UP TO CURRENT TIME PERIGD

00 k& J=i
K = _I-J+

E PIIPIIPIPIPIIIIPIIPIPIIIIIIIPIPIIPIIIPIIPIIIIIIIIIIIIIPIIIIIIIIIIIIID>

I

LOOP OVER RADII

DO 43 IRAD=1
P(IRAB) = ﬁ(IRAD) - GREENS(IRAD,KK) * Q2(4) * OTEE

NTINUE

43
)))))))))))))))))))’>>>>?))))??>>))))))))))))))))))))>)>>)>>>))))>)

CONT INUE
8 0244442442 2444444444t 44 8344042204444 4 4444 EAEEEEELELEESS

e

&

B R L L L D L L R R R R R R Pk L N L e e

PRINT RESULTS FOR THIS TIME PERIOD

D D D L .S B B D T D D Y = D D ) T T T B W e w e w W . "

14 R S L 2

%#D).ESAD =1,4)

107 FORMAT(I10,9F13.3

CILCULATE ACTUAL FItLD PRESSURE BASED ON DRAWOJINWNS
IF(PZERD.LEL0.0) GO TO 45
D0 &7 IRAD=1,M
47 FIELD(IRAD,I) = PZERO - FP(IRAD) * CF1
Y o
NRITE(B6:122) DAT,TIN
c 5..!!."I....'.G.‘.'“""‘.“..‘Ob&i‘!"‘55“0..UC.‘....‘..“Q.".
PRINT RESULTS FOR ACTUAL FIELD PRtSSURE
e Qe E 0. 0) 60 TO &6
FEd ROt EE T
NEED = NEE?
CA%# PE (NEED»LINESvS)
WRITE(By118) HOR
WRITE(B,112) DASH
NR{TE(B,lG&) FLO,FPHEAD
135}2R tE‘?figs,(KG/SEC)t T58,2(POUNDS PER 35QUARE )
i3 f 117, 7 91 'Y N SQU NCH) 2)
TR ey BksA
NRITE (65 113) (R(IRAD),IRAD=1,H)
WRITE(E:112) DASH
00 60 I=1,N
HRI!E(b,iE?) NYIME(I) sQUI) o (FLELO(IRKADyI) +IRAD=1M)
60 CONTINUE
WRITE(6,112) DASH



WRITE(6,122) DAT, TIM
PRINF RESULTS OF CENTRAL POINT ﬁéAhaaHN-I;‘I;a:; > I: °°°°°°°°
. - “U .; - . N . U L i o n o e - - -

THUCT = 2 IMPLIES FINISH. SUMMATION: FRINT RESJLTS ANG RESET CUUNTERS
IMULT = 3 IMPCIES €-0-F ENGCOUNTERED. PRINT RESULTS ANC END.

46 IF(INMULT.EQ.G) GO TO 58

NMULT = NMULT ¢
119 FORNAT I8 bl %, Sottiance To cEMRAL PQINT 2:F13.2)
2 . D L PQINT_=#,)| rY<
gg(gsLo R L A X ALy TACE 195550
YPtIRDLT EQ.1) GO TO 58
51 REWIND 8
NRITE(6,116)
NEED = NEED ¢ N ¢ NMULT ¢ 8
CALL PEJECT(NEED LINES,6)
—_——— e . .. | L ] .
‘1353.59' bk PR YR Strs WAVE DIFFERENT NUNBER OF TIWE STEPSE
DO 48 I=1.NMULT
READ(8,120) HBUF
WRITE(Sy121) H3UF
120 FORNAT(i3a1g)
121 FORMAT (4X,13A10)
R D -
WRITE(64139) CHEAD
139 FO}HAt(f? Z21IMEZ 4T 21, 7AL0)
WRITE(6,112) DASH
WRITE(65g123) (NTIME(I),CENTER(I)oI=1,N)
123 FORMAT(F10,10x,F13.3)
WRITE(6s115) DASH
122 EERERYG LR AYE “ANO TIWETE,K10, 3K, 8T03
IFCIMULT.EQ.3) GO TO 991
00 49 KK=1,N
«9 CENTER(KK)'= 0.0
INULT=0
NMULT =0
REWIND 8

- - - " " - - - - - . . . ... --————

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

NORMAL EXIT

EE TR R T T R TN e P Y L L L P W o

- D S . - - D T T D T YD T W AR s W AP -

990 IF(IMULT.EQ.B) GO TO 991
MULT=3

0 710 51
991 CPU = -GPU+SECOND(DUM)
HRITE(6,109) CPU
109 FORMAT(///77/% L.F.S.
STOP #END LFS2

PROGRAM UTILIZED#,F6.3,% SECONOS CPU TIME®)

RUN A30RTED#

OR PHI I3 ZQUAL TO ZERO.r

£#BEGIN£® AND #z2END#2 CARDS OUT OF ORDER®?

P

N IS ABSENT, ZERO OR%#
CANNOT 3E CALCULATED.?Z

NO OczZIMAL PCINT IN#

“ERROR EXITS
992 PRINI * gesesr PRENATURE ENO- GF -FILE ENCOUNTERED ON CATA FILEZ
993 PRINT %, #%%%es zsENDZ2 CARD NOT FGUND.
g 10 941
99% ERINT *,f=s*ss VALUE FOR RHO, MU,
995 E§I¥§ ;659"" PREMATURE END~OF-FILE ENCOUNTERED ON INPUT UNIT#
996 PRINT *, z®®ssv ERROR IN #20DATAxx CARD. 2
Go o 1da0
997 poIk? 1% snse ErRoR.
60 1o 999
998 PRINT *yssssr ERROR IN #2CONVEKT#2 CARD.
980 BRINE ¥ 3%uuns INITTAL PRESSURE SPECIFICATIO
PRINT *,7 AN INTEGER. FiELD PRESSURES
PZERO = G.0
GO T0 1 ,
981 PRINI *,z*®eex :RROR IN 27CONVERT#Z CARU.
PRINT 12 FACTOR SPECIFICATION. #
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g %98 %% NO £#BEGIN#zz CARDy, OR QUT OF PLACE.Z
983 ERI‘FT ’ ’2%"’"" ERROR IN PARAMETER LIST.z
g OR_IN CONTROL CARODS . %
985 ERI? ; :""' NUMBER OF DATA POINTS EXCEEODS MAXIMUN CF 1002
999 ESI#? . f""" RUN ABORTEDZ2
1000 P} 'N?g:"lz"”’ ANALYSIS ON THIS DATA SET AQORTED.:#
01
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TIME AND FLOW DATA READ FPOM FILE #WLFSGL 2 WITH FORMATI(I10,15X,F15.2)
FLOW DATA WERE CONVERTED FRCM TYPZ 3

INPUT PARAMETERS?:
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Example Calculations Using LFS
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FOR W

U
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FLO
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