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In the past year a number of studies pertaining to geothermal 
well test’ analysis were conducted. 
of progress on the following six subjects is presented: (1) earth 
tide effects on a closed reservoir, (2) transient pressure analysis 
of multilayered heterogeneous reservoirs, (3) interference testing 
with wellbore storage and skin at the producing well, (4) steam/ 
water relative permeabilities, (5) ,transient rate and pressure 
buildup resulting from constant pressure production, and (6)  tran- 
sient pressure analysis of a parallelepiped reservoir. 

In this paper a brief overview 

Earth Tide Effects 

The gravitational attraction between the sun, moon, and rth 
induces a radial deformation of the earth which results in the 
readily observable oceanic tides. The same mechanism also generates 
a state of stress on the surface of the earth which has been re- 
ferred to as earth tides. Due to the low compressibility of the 
earth colcpared to that of water, the pressure transients caused by 
earth tides are of mall amplitude. However, the pressure changes 
are of sufficient magnitude to cause water level variations in open 
wells and pits, and several investigators have indicated that a 
relationship exists between the amplitude of the response of an open 
well system and the characteristics of the formation and the fluid 
contained therein. 

P.’ Arditty”’ modified the equations solved by Bodvarsson3 for 
an open well in a finite closed reservoir to apply to a shut-in well 
with the borehole completely f:illed with formation fluid. 
phase is flowing in the reservoir, and the reservoir is confined and 
infinite In radial extent. 
an applied tectonic pressure, p,, is given by: 

Only one 

The expression for pressure induced by 

w i t h  : 

-1 88- 



where B = 4k/c pll, n2 = iw/d, w = oscillation frequency, d = diffu- 
sivity k/$pc, a = uellbore radius, and r = radial distance from well. 
The static-pressure p 

is fluid compressibility, an2 cm is matrix compressibility. 
amplitude of the relative response p /p 

f 

= p (4Gmc -Cm)/(3+4G c ), where p I s  an 

The 
applied tectonic pressure, SD & is 6he rock ma?!rix f shear rno&Axi, cf 

is: a SD 

4k/iqallcf 
Re(pa’pSD) = Re ( + 4k ) 

lwpa9.cf 
(3) 

The critical frequency, w for which the response amplitude exhibits 
an abrupt decrease is defined c’ by: 

4k w =-  

f c vallc (4) 

Tides are classified according to length of period, T: long 
period tides (T = 16 days); diurnal tides (T = 1 day), semidiurnal 
tides (T = 1/2 day); and terdiurnal tides (T = 1/3 day). 
then the critical frequency exceeds both the diurnal and semidiurnal 
frequencies, and %/A 
diurnal amplitudes ofshe earth tide effect. If 1 < wC/k < 2, then 
1.25 < %/AsD < 2. If w /21r<< 1, both amplitudes will be small, and 
undetectable. 
limits on the value of w , which in turn gives an approximation for 
k/ucf since a and R are finown. If w 
planation f o r  existence or nonexistence of tidal effects is provided. 

If wC/2n>> 2, 

and AS., are the diurnal and semi- = 1, where 

Thus, the‘ratio of the two amplitudes determines 

is computed from k/ucf, an ex- 
C 

A gsaph of azqlitude versus period for a typical sandstone 
reservoir containing gas is shown in Fig. 1. From these results we 
would expect the diurnal tide amplitude to exceed the semidiurnal 
tide amplitude and both should be detectable. 

Figure 3 shows raw data from a fluid test. Figure 4 shows the 
Spec- data in Fig. 3 modified to show relative pressure variations. 

tral a n a l y s i s  using Fast Fourier Transforms provides the results shown 
i t )  Fig. 5. 
stmidiurnnl tide effects. The reader is seferred to Ref. 1 and Ref; 
2 for more detail.. 

The two small peaks in amplitude are due to diurnal and 

Pl i i l  tilavered ----L-- Systems - 

A mathematical model was derived hy S. Tariq4” to satisfy the 
following conditions f o r  a multilayered reservoir: each layer is 
hoi-izontal and circular, homageneous and isotropic, and bounded by 
iinpermeable formations at the top, bcttom, and at the external drain- 
age radius. Each l a y e r  has c m s t a n t  porosity and permeability, and 
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uniform th ickness ,  b u t  the dra inage r a d i u s  may be  d i f f e r e n t  f o r  d i f-  
f e r e n t  l ayers .  
p r e s s i b i l i t y .  
and ins tan taneous  sandface p ressure  is i d e n t i c a l  f o r  a l l  l a y e r s .  
P r e s s u r e  g r a d i e n t s  are s m a l l  and g r a v i t y  e f f e c t s  n e g l i g i b l e .  
t o t a l  product ion rate, q, is cons tan t ,  b u t  t h e  production rate for 
each l a y e r  may vary  i n  t i m e .  
t h e  fo l lowing equat ions  : 

The f l u i d  i n  each l a y e r  has  small and cons tan t  com- 
I n i t i a l :  r e s e r v o i r  pressu're i s  t h e  same f o r  each l a y e r ;  

The 

The model f o r  n l a y e r s  i s  s p e c i f i e d  by 

= c - -  
d t  

w j  

(9) 

where j = 1, 2,  ..., n; s = s k i n  f a c t o r  f o r  each l a y e r ;  and C = 
w e l l b o r e  s t o r a g e  cons tan t ,  j cc/atm. 

The system of equat ions  i s  transforroed i n t o  and solved i n  Laplace 
The r e s u l t i n g  gcllution i s  then numerical ly  i n v e r t e d  us ing t h e  space. 

al.gorithm by S t e h f e s t .  

A thorough a n a l y s i s  of dra\idoi+q1 d a t a  generated f o r  d i f f e r e n t  
t y p e s  of 1ayere.d systems 'was ccnrlucted. 
c luded layers having tlif f e r e n t  p e r m e a b i l i t i e s ,  th icknesses ,  r a d i i ,  
arid s k i n  effect:s .  
s y s t e m s  w e r e  tlevelopctd, and techniques  f o r  analyzing two-layered s y s-  
rems us ing  semilog graphs of pressure v s  t i r n e  were descr ibed.  
r e a d e r  i s  r e f e r r e d  t o  bf. 4 and Ref. 5 f o r  more d e t a i l .  

T h e  cases I n v e s t i g a t e d  in-  

Log--l.ug t y p e  c u r v e s  for- a n a l y s i s  of mul t i layered 

The 
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Interference Testing 

A s  more sensitive pressure gauges have become available, inter- 
ference testing, that is, observation of the pressure changes at a 
shut-in well resulting from a nearby producing well, has become feasible. 
Interference 'testing has the advantage of investigating more reservoir vol- 
ume than a single-well test. 
bore storage and skin effects, the combined effects of the storage and 
skin is to prolong the time it takes for the sandface 
equal to the surface flow rate. Since the sandface flow rate is not con- 
stant during this time period, conventional interference testing, which 
assumes a constant rate, is not valid. 

. 
For a producing well with considerable well- 

flow rate to become 

The mathematical model used in this study by H. Sandal 798 as- 
sumes the flow is radial, the medium is infinite, homogeneous, and 
isotropic with constant porosity and permeability, the single-phase 
fluid is slightly compressible with constant viscosity, pressure 
gradients are small, and wellbore storage and skin are constant. 
equations which represent this system are the following: 

The 

1.i.m p (r t 1 = 0 ; t > 0 1> D' I) D 

where p , r , til, and C 
I j i n e ,  a!d :;?orage, respectively, p 
w e l l b o r e ,  mcl S is the wdlbore s lc i r i  factor. 

are dimrnsionless pressure drop, radius, 
1) is the pressure drop inside the 

VI) 

T h e  ecpatioris are transformed into and solved in Laplace space. 
The  resulting Laplace space s o l u t i o n  i s  numerically inverted using the 
S t e1ifr.s t 6 algorithm. 
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Re ults were compared with the study by Garcia-Rivera and 
Raghavan 
source solutions combined with sandfac flow rates obtained for a 
finite adius well (Ramey and Agarwal, and Ramey, Agarwal, and 
Martin ). 
effective wellbore radius, C e , the Garcia-Rivera and Raghavan 
study may be in error. Figure 5 shows th? close agreement between 
the two solutions for large values of CDe 
example of discrepancies between the two solutions. The reader is 
referred to Ref. 7 and Ref. 8 for more detail. 

which was based on the superposition of a series of,line 

f0 
li The comparison ind cated that for low values of the _ _  3s  

D 
S . Figure 6 shows an 

Steam/Water Relative Permeabilities 

Using 15oduction data from the Wairakei field, R. Hornel’ and 
K. Shinohara demonstrated that steam/water relative permeability 
curves can be gener 
suggested by Grant, but improvements were made on the production 
data. Specifically, assuming negligible wellbore heat loss, steam 
and water discharges at the wellbase were back calculated from the 
surface values. The wellbore heat loss was less than 1% in the wells 
tested because they have been flowing for a long period of time. 
Total discharge values were divided by the wellhead pressure in order 
to filter out changes in discharge due only to pressure depletion in 
the reservoir. Thus, changes in discharge due to relative permeability 
effects were isolated. 
determine fluid densities, viscosities, and enthalpies. Finally, 
flowing water saturation was determined from the back-calculated 
wellbase steam and water discharges. 
the immobile fluid in the reservoir. 

ed from field data. The method of analysis was ?E 

The actual downhole temperature was used to 

They did not take into account 

Relative permeabilities were computed from equations for Darcy’s 
law and the flowing enthalpy given below: 

k 
qs = - p ---.F (S ) A p’ 

s u s  s w 

vhere (1 is the discharge rate ,  p is one-phase fluid density, is 
vj:xc)s.ity, A is flow area, p is the p‘essure gradient, F is the 
fractional flow, S is t h e  flowing w a t  tr saturation, and subscripts 

W 
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s and w refer t o  the steam and water phases. 
sulting permeability curves. 

Figure 7 shows the re- 

Future improvements on this method will include incorporation 
of wellbore heat loss in the back calculation of fractional flow, 
and use of irreducible water saturations estimated from results of 
experimental studies in the Stanford Geothermal Program. 

Constant Pressure Production 

Conventional well test analysis has been developed primarily 
for constant rate production. Since there are a number of common 
reservoir production conditions which result in constant pressure 
production, there is a need for a more thorough treatment of trans- 
ient rate analysis and pressure buildup after constant pressure pro- 
duction. 

In this work by C. Ehlig-Economides, the following assumptions 
are needed: f l o w  is strictly radial, 
is homogeneous and isotropic, with constant thickness h, porosity 4,  
and permeability k. The fluid viscosity is constant, and the total 
compressibility of the fluid and the porous medium is small in mag- 
nitude and constant. The equations to be solved are the following: 

and the porous.medium 

lim pI)(rD,tD) = 0 ; (t,, > 0) for unbounded reservoir (21) 
r -  D 

a p 1: 

r (R,t )= 0 ; (t > 0 )  for closed b o ~ n d e d  reservoirs, R = -- (22) D 

W 
D u ar, 

p ( R , t  ) = 0 ; (tD > 0 )  f o r  constant pressure bounded reservoir (23) 1) 1) 



where: 

- kt - 
2 

$lJcrw 
tD 1: = r/rw, D 

5 is wellbore skin factor. 

Transient rate solutions have been tabulated in the literature. 
In this work, the numerical Laplace inverter by Stehfest6 is used to 
generate solutions for the transient wellbore rate, the radial pres- 
sure distribution, and cumulative production including boundary and 
skin effects. 

Pressure buildup after constant pressure production has not 
been properly handled in the literature. 
following equation exactly represents pressure buildup after con- 
stant production under the conditions mentioned at the beginning of 
this section. 

It can be shown that the 

J 
tDf 

tDf where p is the dimensionless shut-in pressure at the wellbore, 
is the p!?owing time before shut-in, At D is dimensionless rate, defined above, and p is the shut -in, 
dimensionless wellbore pressure drop for constant rate production, 
defined by: 

is the elapsed time after 

qn Dw 

This work is nearing completion. The author may be consulted 
for more information. 

T h e  para1 l e l e p j  ped model has been proposed as a reasonable 
approximation f o r  b o t h  The Geysers and the Italian geothermal reser- 
v o i r s .  Through use of source functions, Green's functions, and the 
tJt?umann product method described by Gr irigarten, 15 solutions are readily 
avail i iblt? f o r  a number of relat cxl problems. The model assumes three- 
(limens ioiial f low in a resprvoir houndlxl by impermeable and/or con- 
static p r e s s u r e  boundaric*s with a well located at any point which may be 
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fully or partially penetrated and which may intersect a horizon- 
tal or a vertical fracture. 
sums and integrals wIiich must be integrated by computer. 
are being developed which will shed new light on the behavior of 
geothermal reservoirs. 
may be possible in a dry steam reservoir bounded at its base by 
boiling water. 
the reservoir is isothermal. 

Solutions are in the form of infinite 
Type-curves 

In particular, detection of a boiling front 

This constitutes a constant pressure boundary if 
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FIG. 1: RESPONSE (palpsD ) OF A CLOSED-WELL E S E R V O I R  SYSTEM FOR A 

SANDSTONE CONTAINING GAS 
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FIG. 2 : INITIAL DATA FOR TEE "A" FIELD 
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TIME (total length =17 days) 

FIG. 3: MODIFIED DATA FOR THE "A" FIELD 

FREQUENCY (unit =16 periods per erperirnenl) 

FIG. 4 ;  SPECTRUM ANiU,YSIS BY FFT FOR "A" FIELD 
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-TI0 0IMENSK)NLESS  TIME TO DIMENSIONLESS DISTANCE 30UARED.Io h: 

FIG. 5: COMPARISON OF RESULTS OF THIS STUDY WITH THE GARCIA-RIVERA 
A S D  RAGWdAN STUDY 
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I m '  

RATlO OF CIMENSLONLESS TIME TO DIMENSIONLESS DISTANCE SWARED,tD I,: 

I.'IC. 6: COMF'ARISON OF RESULTS OF THIS STUDY WITH THE GARCIA-RIVERA 
AND RAGHAVAN STUDY 
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FIG. 7: STEAM-WATER RELATIVE PERMEABILITIES FROM WAIRAKEI WELL DATA 
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