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WELL-BORE EFFECTS IN THE ANALYSIS OF TWO-PHASE GEOTHERMAL,WELL TESTS

C. W. Miller, S. Benson, M. J. O'Sullivan, K. Pruess

Earth Sclences Division, Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

. Falculate the skin value of a well, -

by Garg and Pritchettl, Garg2,
Atkinson®. Pressure build-up npalycls has been
investigated by Sorey et al.3. To analytically solve
‘khe diffusion equation which governs the pressure
‘khange in a two-phase reservoir, it is necessary to
jnake a number of simplifying lssumptions. One assump-

IABSTRACT

A method of designing and analyzxng pressure
transient well tests of two-phase (steam-water) reser-

and the duration of it is estimated. It is shown that

‘Ithe wellbore flow can completely dominate the downhole

[pressure signal such that large changes in the downhole

‘[pressure that might be expected because of changes in

[kinematic mobility are not seen. Changes in the
flowing enthalpy from the reservoir can interact with

Jthe wellbore flow so that a temporary plateau in the

dowhhole transient curve is measured. Application of

‘Ftaphxcal and non-graphical methods to determine reser-
V!

oir parameters from drawdown tests is demonsttated

7

[LNTRODUCTION

 Pressure transient data analysia is the most
common method of obtaining estimates of the in-situ.

_freservoir properties and the wellbore condition,
[conventional graphical analysis techniques require

that for a constant flowrate well test, in an infinite
laquifer, a plot of the downhole pressure vs. log

time yield & straight line after wellbore storage
ffects are over. The slope of that line is inversely
roportional to the transmissxvity (kh/u) of the °
eservoir, The intercept of this line with the time
xis gives the ¢Ceh(re?) factor which is used to

In the preseat -
tudy, the effects of a two-phase steam~water mixture

‘lin the reservoir and/or the wellbore on pressure tran-

ient data have been inveatigated.v

There have been a number of attempts to extend’

‘konventional -testing and analysis techniques to two-

hase geothermal reservoirs 1nc1udxn§ drawdown analysis
Grant- and Moench and

ion is that the' fluid saturation and temperature in
he reservoir is initially uniform and remains uniform
hroughout the test. Using this approach, it can be

voirs is given. Wellbore storsge is taken into account

shown that a sttaight line on a“ptéssute vs. log time
plot will be obtained, the slope being inversely
proportional to the’ tctal kinematic mobility(k/v,).

When conducting a field test it is rarely possible
to maintain the uniform saturation and temperature
distribution in the reservoir which is required for
the above type of analysis to be applicable. In
‘laddition, the very high compressibility of the two-.
phase fluid creates wellbore storage of very long
duration, Since most of the available instrumentation
‘{for hot geothermal wells (>200°C) can only withstand
geothermal environments for limited periods, long
duration wellbore storage further complicates data
analysis. Thus numerical simulation techniques must be:
used to study well tests to determine the best method
of testxng two—phase reservoirs.

A It is the intent of this work to investigate and
|better define the well/reservoir system when the
JJreservoir or wellbore is filled with a two—phase

"1fluid. Four cases are considered: (1) a single-phase

‘thot water reservoir connected to a partially two-phase
wellbore, (2) a hot water reservoir that becomes f
two-phase during the test, (3) a two-phase liquid
dominated resetvoxr, and (h) a two-phase vapor domin-
ated reservoir. State-of-the-art analysis techniques
‘lare applied to pressure transient data obtained after
[wellbore storage effects have ended, In one case
|(case 1) a non-graphical method of analysis is dis-
jcussed vhich is applicable at early times when wellbore
‘|storage effects still dominate the pressure response.

“|APPROACH

. To study the fressure transient response of a
two-phase geothermal well/reservoir system, & transieat

~Jwellbore simulator called WELBORES was coupled to a
-jmodified version of the reservoir eimulator GEOTHNZ/.

The wellbore model does not assume steady state flow in
contrast to the numerous wellbore flow models that have
1been reported in the literaturef-10, A description of
the numerical model is given in reference 6 and a brief
outline of an earlier version that did not include the °
slip between the phases is given in reference 11.
hELBORE solves finite difference approximations for the
following mass, momentum, -and energy balance equations:

‘keferences and illustrations at end of paper.
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¥ 3(pv)

at + X =0 ‘[1] In each of the four cases rum, the calculations
were carried out for a constant rate of mass production

2 at wellhead, and for a constant rate of mass production

9 3 2 2 ﬂ\_ . at the sandface (no well transients considered). The

3t (pv) + 3% (Svpvvv + Szpzvz ) *tog ¥ P (2] pressure transient data was analyzed according to the
analysis method given below. In addition, the calcu-

and lated duration of wellbore storage (derived below) is

3 compared to the time after which simulated downhole

9
-a_t_(pE) "’-a—x—'[ SypyVvEy + SLPR.VQEL]

+ S v

v [3]

u
szvz] Ty (T—Tr) =0

w
The slip between the phases, vy-vy, is calculated
based on a modified version of that given in
Orkiszewski - The %f ction factor is calculated
according to Chisholm For the cases run here,
2onduc§1ve heat loss Erom the wellbore was ignored
J(u=0

The version bf the program GEOTHNZ used here
solves for radial flow only. The equations governing
the mass and energy flow in a geothermal reservoir
are ‘

3 , 1
a e, + 5] - Ty s m0 @)
and
A
ot [(1—¢)prcrr + ¢(S 0 E * szpznz)]
13
[5]

- ' -
T or r[p&ﬂzvz + p H Vo 0

The velocities vy and vy are calculated using Darcy's
law as:

Y

Ve © T w, or’ (6a]
' kktv o

vg " "v Br (6b]

For the calculations of the pressure drawdown, the
relative permeability functions are assumed to have the
form suggested by Corey (1954) where

4

= gF
kg sz {72

g (1 -8% ) 1 - s* ) . [7§]
and
'k = ‘-. - -
St = G, -8, WQ-5, -5 ) (7c)
with S, = 0.3 and S _ = 0.05. Finite difference

ir vr

approximations of the above equations (4-7) are solved
| assuming that capillary pressure is negligible, the
fluid and rock are in local thermal equilibrium, and
conductive heat transfer is negligible.

k 2

) 1 %

3 " T T T +—3 {9}
L t ) r

When t > 25¢pctrw2/(k/vt) the solution to this

equation is approxxmated by

: (k/v, )t A

p(t) = "z‘7“y‘ 1 + ,809 (10]

¢r pc

pressures with and without wellbore effects coincide.

DESIGN AND ANALYSIS OF TWO-PHASE WELL TESTS

The problem with the analysis of pressure
transient data from a two-phase reservoir is that the
diffusion equatton describing the pressure regponse in
the reservoir is hxghly non~linear. When the steam
saturation varies in a porous medium, the relative flow
of the water and steam phase and the compressibility of]
the mixture both change. For a two-phase steam—-water
fluid at 8MPa, the isenthalpic compressibility is
about 5 x 107 ’/Pa for high liquid saturatiom, it is
1 x 10~7/pa for low liquid saturation, but it is only
about 1.3 x 10~9/Pa for single phase compressed
liquid at this pressure. The effective compressibility
of a two-phase fluid can be enhanced by a factor of 10
or more in a porous medium due to the heat inertia of
the rockl#. Also, the change in the "total" kxnematxc
viscosity, V., defined as

1 ( kr!. krv )
v\
t 2 v
can be large, For relative permeability curves of the
Corey type, equations 7a~7c, and at a pressure of

8 MPa, the total kinematic viscosity varies from

1.3 x 1077 at S, = 0 to 1 x 107 at Sy = 0.3,

to 4.6 x 1077 at Sy = 1 (using S, = 0.3, Syr = 0.05).
At higher pressures the variation can be greater.
However, the compressibility and total kinematic
vigcosity are primarily a function of saturation.
Therefore if one can design a test such that the
pressure changes occur over a region where the satur-
ation is relatively constant, a reasonable estimate of
the transmissivity (kh/vy) may be made.

(8l

For a reservoir that is produced at a constant
mass flow rate and assuming small changes in satur-
ationi the pressure response of the system has been
shown‘ to be governed by the following linearized
diffusion equation

The linearization of the non-linear diffusion equation
to give equation (9) depends on the assumption that the
variations in (k/vt), in p and in Cp are small. As
stated above, these quantities have large variations
vhen the stéam saturat1on changes. When the mass
flowrate from the reservoir is increased, the satur-
ation around the bore does change if the fluid is two
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] changes in saturction do not start until t/r

Iby using Figure 1 and scaling t/r2 by k

phase. Howevet, after & cettain amount’ of time,
depending on the initial saturation around the well,
the in-place saturation will steady out. It is pos-
sible to treat the initial change in steam saturation
in the same manner as wellbore storage is treated;
namely, one needs to determine the duration for which
these variation persist and to make sure all of the
ddta analysis is perfotmed after the changes no '
longer effect the data. " In the case where such changes
do not take place until long after the test has begunm,
pressure data prior to these. changes can be nnalyzed
The problem is to determine at what times 3S,/3r ~ 0.
Then, equation (10) can be applied and from the slope
of the straight line on the p vs. log (t) plot, -
kh/ve can be determined, :

Using sthe similarity vatiable, n = ¢/Yt, it has

| been shown o135 thar » L
*limRBRg/dn=0 - o {11]
0 : o : ‘

kogHy/Vy + kB /O,

where H, = T “ [11b}
£ krl’vl * krv,vv .

This implies that at late times in place saturation.
will approach & constant value because: the flowing
enthalpy is primarily a function of the relative .
permeability curves which are in turn a function of

|8y. No rigorous derivation has been done to deter-

mine when He can be assumed to be constant. However,
0'Sullivanl calculated Sy as a function of t/r g
for a number of' cases, An example of one of his
calculations is given in Figure 1, where the liquid.

| saturation is plotted as a function of n. For this -

case, ¢ = 0,2, k= 1 x 10~13n2, p' = 8,6 MPa,
w=0,14 Kg/a.n, or ™ 2650 Kg/m> and Cp = 1,0
KJ/kg K. The compressibility of the rock was ignored.
For §y'< 0.5 (or:Sg'> 0.5; liquid saturation is-
plotted in the figure) the saturation changes are over'
when t/r2 ~ 103, For high vapor saturations, the
2-105
and are not over until t/rzr' 107. A similar. plot
was obtained by 0'Sullivan for the case where pj =
3.0 MPa, k * 2,4 x 10”1352 and the other parameters
approxtma:ely the same as above.

1t ‘is possible to estimate when S will be -
approximately constant by using .the example plotted in
Figure 1. . The parameter t/r? scales approximately. as:
k/¢vepCr. However, pCp is primarily 2 function

{of Sy and this variation is already taken into

account in the solution.  The parsmeter y is:-a
function of the relative permeability curves used and:

|the pressure. Corey relative permeability curves

were used in this calculation. Therefore, assuming
that these relative permeability curves approximately
describe the stelm/watet flow, then it is, possible to .
assume’ ‘that one obtains the time when ‘Hi = constant
i As kh

will not be known until after the ptessure analysis is
done, one must estimate h and calculating k, , check to
make sure the snalysis was-done for.the time when -

k/p=5=x 10‘13 and & reservoir pressure of 8 MPa,

the changes in enthalpy were over at about 10s for

8, < 0.5, while for Sy > 0.5, the changes occurred
from 103 to 105 5. For a k/¢ less than 5 x 10'13. the
time of these changes will be greater, and for-k/§ . -

|greater than 5 x 10‘13. the changes‘wxll be more

‘ tapxd' Wellbore storage effeétb, though, can be

greater or less than this time for 38,/3r = 0 to
hold true.

One method of testing a geothermal reservoir is
to first flow the well at a slow steady rate until the
saturation around the bore.is approximately constant,
The initial flowing of the well must be long enough so
that pressure changes in the reservoir that occur
during the test will penetrate only the region where -
the enthalpy is approximately constant, {(Pritchett
has defined a radius of investigation as 2VDt where

D =k/¢C.Pv,.) The flow should then be increased

"|Cor decreaséd) to a second constant value. By having

the well flowing for a time before the test is begun,
it is possible to decrease both the effect of temper-
ature changes in the well during the test, the oscil-

-.{lations that occur when a well is 1n1t1;11y opened, and

to insure that 28,/3r = 0 around the bore. Now, it
is possible to do a buildup .test where the well is
completely shut in. However, as pointed out by Sorey
et al.s, the region around the bore becomes saturated
with liquid so Sy around the well will not be
uniform, and a2 question arises as to how such data
should be analyzed.

The state-of-the-art analysis technique for
two-phase well tests has been reviewed by Pritchettl$,
He suggests that a drawdown, a buildup, and an injec-
tion test are needed. From the drawdown test the slope
of the straight line on the plot of p vs. log(t) is
measured, and from the buildup test, the slope of the

-|straight line on the p vs. log [(t+AtIAt)] is deter-
‘Imined. The transmissivity of the reservoir is cal-

culated from the average of these two slopes (p*)
kh o “Alw)
.;: e

[12]

The total kinematic viscosity depends on the -saturation
around the bore.” ‘Pritchett does not give a method of
determining the saturation. 'Instead he suggests that
kh be measured independently by an’injection test.

Then given kh; the relative permeabilities can be
determined from the flowing enthalpy by using

HV = Hf ‘v\’z ; i
= S —— ettt
Ky H - H_ |&np* (13a]
and " : :
Kk o g

v,

We ftnd tha: there ate sevetal difftcultxes w1th this

approach. .  First, many times it is neither possible or
desirable to actually run an injection-test. Secondly,
a straight line may be seen on the semilog plot while:

“{wellbore storage is still important. For a we11.2000 m

deep with a radius of .09 m; a kh = 6 x 10~12
and with two-phase flow throughout -the well, wellbore
storage can last on the order of 5-hours.’ (This

. |neglects any storage effects of fractures. ) Lastly, "
fasy/9r = 0. .For a well of :radius 0,09 m, and for.a .. .
" imagnitude different between -a buildup and -a:drawdown

the duration-of wellbore storage may be ‘orders of .

because,-in & -buildup, the fluid in:the well separates
out into 4'1liquid and gas phase. The compressibility
of a two-phase mixture is usually larger than the
compressibility of each phase separately.

A
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Assuming that an injection test cannot be done,
the following testing and analysis technique wag
followed in the examples. A drawdown test was simu-
lated in all cases because it is possible to establish
a region where 3S,/3r = 0 around the bore. Both the
downhole pressure and the flowing enthalpy must be
| measured as a function of time. The downhole pressure
}is plotted as a function of log (t), and the transmis-
sivity of the reservoir is determined from the slope of
the straight line that is plotted in.this graph.
the value of kh/vy, the duration of wéllbore storage
(ignoring fractures) is calculated to determine whether
the data used in the analysis were affected by wellbore
storage. An estimate of wellbore storage will be given
below. Once the proper kh/vt has been found, the kh
permeability ‘will be determlned by calculatxng vr.

The crucial assumption made in this part of,the
analysis is that we know the relative permeabilities as
a function of S,. The flowing‘enchalpy permits
us to determine the ratio of relatlve permeabxlxtxes
for water and steam .

k Vo(H =-H)-
., A2 v £ (14
kfv vv( Hf - Hl)f"

In writing down equation 14 it was assumed that

kpy, # 0 . If the pressure is known, Vg, Hy,

vv, Hy will be known. -If keg ‘and kpy are given

as a function of Sy, then, knowlng Hf, the saturation
can be determined. Figure 2 is a plot of Hg vs. Sy
for p = 4.5 MPa using kg and k., as given by .
equations 7a-7c. Since krg and kpy are known, Vg

can be calculated’ as well as the absolute permeabxlxty
thickness, kh,

1f the relative permeability functions are not
known, two lower estimates for kh can be made. Using
equations 13a, 13b, khkyp and khky, can be
computed, both of whlch will be smaller than kh,
However, usually not both krp and kpy.will be much
less than one so that the larger of the.two quantities
khkygy and khk,, will provide an estimate for kh
itself.

For all of the cases calculated here, the Corey
relative permeability curves were used. In one case
(case 3) the effect of using other.permeability
curves was invéstigated. It is recognized that re-
lative - permeabxlxty curves for steam-water mixtures are
not well known. It is also recognized that they
may be dependent on the rock type in which a geothermal
resource occurs. -Our point is that if these relative
permeability curves were bettet known, & plau81b1e
methodology for obtauung the in situ reservoir para-
| meters is- dvailable. It is stressed that more work is

- | necessary to obtain these curves.

DURATION OF WELLBORE STORAGE

: "As ‘stated above, wellbore storage phenomena in
two-phase geothermal well/reservoir systems can last

"for several hours. The duration of wellbore storage is
proportional to both (8plap Jn and (kh/v~ 1,

| Because the transmissivity of geothermal reservoirs is’

| usually greater ‘than the transmlssivzty of o0il/gas

formatxons, wellbore storage in liquid filled:reser-
voirs .tends to be shorter than in hydrocarbon reser—
voirs. However, for two-phase geothermal reservoirs,

Given|’

_{the wellbore.

|be ignored although it -can be important.

. st

the compressibility effects of the steam—water mixture
in the wellbore .are an order of magnitude larger than |
oil and gas systems because of phase transition ef-
fects, In addition, wellbore storage calculations. in
the petroleum literature neglect energy changes in the
well. We will define both an isenthalpic and an
isobaric wellbore storage term. The wellbore storage .
phenomenon persists until both of the above wellbore
storage contributions have,become negligibly small.

Wellbore storage is over when the sandface flow-
rate is approximately equal to_the surface flowrate.
For an isothermal well, Ramey!/ determined that
when tp > 60 Cp, the effects of wellbore storage
can be neglected. We will assume a similar formulation
to estimate the isenthalpic wellbore storage time
by defining an average isenthalpic compressibility in
The isobaric wellbore storage term will
be determined by calculating when energy changes in the
well are over. However, heat loss. out of the bore will

‘For a change in mass flowrate at wellhead, the
sandface mass flowrate can be calculated by using the
continuity equation and by 1ntegrat1ng it over the
length of the well.

L - o L
; : +w
P *./ﬁ 3 Vg sf
fﬁdxl-- -5-;(pv) dx = —p
o °
or
L .
. ‘ p
Vg ™ W+ A ﬁ-dx f15]
o

Changes in density in the well:are a function of
pressure and energy. !ewrxtlng /9t in terms of p and
E, equation (15) is written as

L
ap
wsf-ws+A/cEatdx+Ajp
o [+

wh C e dBg = 1f% The 4 i
ere Cp = o35 ) g = 8 o\38 ) p* e duration

of energy and pressure changes will be estimated
separately.

9E

B Jcdx [16)

The difference in wellhead and ‘the downhole
mass flowrate due to pressure changes only is

L
]
Veg = Vg * Afch ae 9%
o

where Cg and p are functions of x.  However, as
wellbore  storage dies out, dp/dt will be a very weak
function of x and it is p0531b1e to rewrite equation
(17) )

[17]

L

Af pCrdx. - :

]

dp

a [18)

w_ o+
8
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If the wellbore storage eoefficient is -defined
L

&8 .
1 [ 1 [ (%
L [ e%¥ = 1 J\apje
i [+ .

then equation (18) can be written as in the petroleum
literature. . .

T "

[19)

)

dpP
Ve = Vg + VC a - [20]»
Ve . - ,kt
Defining Cp - 2 Ch 2 and ty =
Peglmd Cihry PeftC Rtw

and essuﬁing that the effects of wellbore stornge on
the .downhole pressure changes will be over when tp >
60Cp, then . : . .

\

T 0 @) iy,

" {21)

The factor kh/vt is measured directly from the slope
of the p vs. log (t) plot and given the steady state
initial conditions in the well, the average value of
(3p/9p) y in it can be determined.  Note it is. .. .. .
(3p/ap)g and not (1/9)(39/39); which is averaged in i
the bore. .

There may be some question as to whether one;should
use (3p/3p)g or (3p/aply or something else. ~Garg
and Pritchettl have shown that (3p/3p)y/p and g
(3p/.3p) /P can vary by a factor of 2 ec high pres-
sure when the fluid is compressed liquid. However in
the two-phase region no large vnrxetxons oceur in . .
contrast to what one might expect. .It is. poseible to

show that
po\ (3p/3p)z -3 (aolan)p
Ip ﬂ:-- .

1 .3
1- o az
In the two phese reg1on (aplap)g is much larger: than
(3p/38)_/p "while in the compressed liquid region
these tgtms are more comparable. Therefore, as an
estimate for two-phase wellbqre etorege, one can ‘use g
either (3p/3p)g or (aplap)H.Ab" :

For the changes due to any energy increases or

decreeses in the well, the contznuxty equation is
. > _dE st L I B
wsf "V "A,-if pg'dt f*‘ : - 1‘ ’

3

Wellbore etotage due to energy chenges w111 be 7
over vhen dE/dt'x 0. If the heat loss out of the
bore is ignored, then

5
3E pL
Pt % _,ax :

As loﬁg as there is a sxgnlflcant change in the flowing
enthalpy from the reservoir, wellbore storage effects
will persist, However, once Hg is approximately

| constant, then the additional time for the energy

changes in the well to steady out is just the time for
a particle to travel through the wellbore or:L/vgye.
This average velocity is defined as

pvdx

(]
- L

v -
ave B

(]

ot

1f pv ® wg/A, then vgye ¥ wg/Aj. However if

‘pv is still varying in the well then a more conser-

vative estimate would be to use wgg/A for pv.

Wellbore sforege effects wellypersiet until

~ 60VC

t> Zw,kh/v !

or until -t > L/v‘vé efter the flowing enthalpy is
constant’ from the reservoir which ever is greater..
all the analyses done below, a check vill be done to
determine if wellbore storage is over.

In

!

EXAMPLE

: To consider the effects of the wellhore flow on
the testing of geothermal reservoirs and to consider
methods of determining the permeability of such
‘reservoirs; four different examples were considered.
(See Table 1'for the 1n1 ial conditiens.) For: ell the
‘cases run, k= 3 x 10~°4n2, h =80 m, ¢ = 0,15,

Cp = 1.0 ki/kg K and p, = 2000 Kg/w3. The
‘viscosity of the lxquxd end steam phases were cal-
lculated thh

- 2.“4 x 10 {10247 s/('mss 15)]

;l Pa e“

uv—'.(§ 07.035?) x.10-6 Pe.s

reepectively7.

A drawdown pressure ‘transient test was slmulated
by first flowing the well/reservoir system for 24 hours
at 5 kg/s. (The flowing enthalpy, ‘pressure, and vapor
saturations at the sandface after this initial 24 hours
are glso given in Table 1.) Subsequently the flowrate
was increased - from 5 to 30 kg/s in the first two cases|
and from 5 to 15 kg/s .in cases 3 and 4. The drawdown
test was then run up to 10 hours., ~Both a constant
flowrate at wellhead and & constant flowrate at the
sandface were considered. = When the well flow was
included, the well was assumed to be 2000 m deep with a
radius of 0.09 m. Both ‘skin effects and heat loss from
the wellbore were ignored althrough they both can
influence well test transient data. Table 2 summarizes
the calculetions.
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‘For all the examples, the following method of
analysis was followed. First the average value of the
compressibility density term, PCy, was- computed
at the flowing conditions in the well before the
flowrate was increased. Then the slope of the straight
line segment on the plot of the pg vs. log (t) was
measured. The limits of the time over which this
straight line segment was chosen is listed in Table 2,
where ty is the time for the beginning of the segment"
and tg is the end of the segment, Note that two’
analyses were done for both examples 2 and 3 to il-
lustrate the error in kh if the wrong straight line is
chosen,

Using the measured slope, the transmissivity,
kh/Vy, and the duration of the isenthalpic wellbore
storage effect (using equation 21 and designated by
ty in Table 2) were calculated. The duration of
wellbore storage because of energy changes during the
test is best determined by monitoring the flowing
enthalpy. However, a very rough estimate can be made
by assuming that it persists for a time equal to
L/vgye after the enthalpy from the reservoir is
constant, A rough estimate of the time when these
energy changes are important is given in the table and
designated t,. If the straight line segment chosen
occurs while wellbore storage was important, the
calculation of kh/V; should be repeated using the
correct line segment.

Now, given the flowing enthalpy and downhole
pressure at some point along the straight line segment,
and assuming Cory relative permeability curves, when
the fluid is two—phase in the reservoir, the vapor
saturation around the bore was calculated. Given this
Sy, the total kinematic viscosity, V¢, was computed.
and in turn kh was determined. The computed values for
kh were compared to the kh of 2.4 x 10~12n3 used in
the actual simulation (see Table 2).

HOT WATER RESERVOIR

The first case considered is a hot water reser-
voir, where the fluid flashes in the bore during the
well test. The downhole transient pressure after the
increase in mass flowrate to 30 kg/s, is given in
Figure 3., Results for both the constant flowrate at
wellhead and at the sandface are plotted. The calcu-
lation for kh gave 2.6 x 10~12m3 and the isenthal-
pic wellbore storage lasted 3.2 x 103 s (54 minutes).
The calculation for the time until energy changes
can be neglected is just the time for a fluid particle
to travel through the bore. Because the fluid flowing
from the reservoir remains single phase, the flowing
enthalpy at the sandface is constant. In the pressure
drawdown simulation, when the flowrate was increased,
the wellhead enthalpy decreased initially and then
increased back to the enthalpy before the flowrate
change. . A conservative estimate for the time is
VP/(wgg)i or 60 minutes in this case (P & 400
kg/m3).

Because the analysis for kh was done after the
end of wellbore storage, excellent agreement was
obtained between the calculated kh (2.6 x 10~12p3)
and the actual kh (2.4 x 10712p3) used in the :
simulation. It is also possible to calculate ¢Cihrg?
for this case. Using the in;ercegt of the straight
line segment with t = 1 s, ¢C hreé was computed
as 1 x 10°10n3/Pa. The value used for the simu-
lation was 1.45 x 10-10m3/Pa, The difference

between these numbers occurs because the finite grid
used around the wellbore introduces a slight skin
effect. )

In many cases, because of the high flowrate and
high temperatures in a geothermal well, it is difficult
to keep tools downhole for extended periods of time.
Many tests cannot even be run for one hour, and as we
see from this case, wellbore storage is not over until
one hour. To obtain a good estimate of kh, the test
would have to be run at least ten hours. Data from a
shorter test can only be analyzed if proper allowance
is made for the change of sandface flowrate with
time,

If the fluid in the reservoir remains single
phase, the reservoir parameters, kh/# and ¢C£hrw
can be calculated even when the sandface flowrate is
varying as long as this flowrate is known. It is
possible to solve for this sandface flowrate if both
the wellhead flowrate and the downhole pressure are
measured, However a transient wellbore simulator must
be used for this calculation. It is not possible to
use some average compressibility -in the well and then
compute that the mass exiting the bore is #C(dpgyn/dt).
No one pressure measurement is characteristic of the
average pressure change in the bore. If the transient
pressure change in the bore were independent of posi-
tion, then the initial slope of a log &p vs. log (t)
plot would be unity as derived in the petroleum liter-
ature.  Plotted in Figure 4 is log 8p vs. log (t) for
this first case. We see that the initial slope of the
plot is greater than 1 indicating that the transient
pressure changes in the bore are a function of posi-
tion. The change in pressure made at wellhead takes
about 20 s to "arrive" downhole after which the down-
hole pressure rises abruptly. (More detailed discus-
sion of this phenomena is given in ref. 11) The
pressure response approaches the downhole pressure
change expected when dp/dt is not a function of
position. The average compressibility of the fluid in
the well is changing also during the test. Therefore a
transient wellbore flow model must be used to obtain
the sandface flowrate.

Using the simulator WELBORE, the actual sandface
flowrate can be calculated. Wellbore effects can be
eliminated, allowing reservoir properties to be deter-
mined from a variable rate analysis technigue. We have
done this using a computer program called ANALYZELS,
This program performs history matching for pressure
transient data of a system of wells, based on the Theis
solution. It uses a least squares technique to mini-
mize the difference between a set of measured pressure
points and a set of calculated pressure points. The
calculated pressure points are generated by varying the
transmissivity (kh/M) and the storativity (¢C.h) (or
given 9Cch, the skin is varied).

The program is designed for the analysis of inter-
ference and production tests in single phase, fluid-
saturated hydrothermal reservoirs, It is used to
analyze data from just one production well in this
case, Given the sandface flowrate for the first 15

Iminutes (calculated with the wellbore simulator), the

sandface flow and the downhole pressure where input to
the program ANALYZE. Figure 5 shows both the actual

| sandface flowrate and the downhole pressure as a

function of time. Included on the figure are the
calculated pressures after a best fit was obtained.
The best fit gave a kh/¥ = 2.8 x 10~3m3/Pa.s and
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a ¢Cthre2 = 7 x 10 “9m3/Pa. (Again, the values '

used m the simulation were 2.7 x 10~8m3/Pa.e,

¢cthre « 1.45 x 10~%n3/Pa.s). This later quantzty

is a good fit considering that it is very, sensitive to
errors. The result for kh/y is quite accurate. ~Note
that the pressure data for this first 15 minutes would
be useless ‘without such a technique for ‘evaluating time
dependent sandface flow due to wellbore storage as
wellbore storage is not over_ for 60 minutes. The
pressure data from 102 to 103 s plots as a fairly
straight line. 1f no data were taken afterwards, the
subgequent ‘change in slope would not be noticed., If

‘| this ‘data were mistakenly analyzed assuming constant

‘sandface flowrate, the kh/y value obtained would only
be 6.5 x 10°%m3/Pa.s, The value for ¢C hre2"

would be several orders of magnttude off on the order
of 1.4x10~7, Because of the limit at present on the
time of keeping a tool downhole in a geothermal field,
‘a method for evaluating time-dependent sandface flow-
rates is of great practical value, as it allows good
estimates of kh/y “and ¢Gtht2 to be made from short
tests.,

HOT WATER RESERVOIR WITH FLASQING

In the second example, the inltxal reservoir pres~
sure was lowered somewhat so that flashing nfound the
well would occur durzng the well test, The pressure
drawdown in this case is given for a constant sandface
flowrate and a constant -wellhead flowrate in F1gure 6.
For the former case, the pressure drawdown follows the.
single phase case until the first grid block starts to
flash (at about 150 s). At 250 s, the next block
flashes and the pressure beg1ns to drop at'‘a faster
rate hecause of the decrease in the total k1namat1c
mobility. Small oscillations about the average of
drawdown curve occur because of finite space dis~
creteness, This is a well known effect whxch can be
dimitiished by uslng a fxner grzd.

. Thesecond case (constant wellhead flowrate) given
in the figure shows that the downhole pressure does not
start to drop until after 20 s. (The propagation of a
disturbance through the compressible two-phase mixture
in the wellbore is slow.) For this particular case, a
straight line is obtained from 102 to 10%4s, and the
change in slope of the drawdown curve when the reser-
voir begins to flash is completely masked now,  Also
the oscillations that occurred in the calculation with
constant sandface flowrate are damped out by the - -
well,(The same grid was used in both cases). It is mot
possible to rely on changes in the downhole pressure to
predict when flashing begins in the reservoir during

a test. Measurements of the flowing enthalpy with the
downhole pressure are needed to detect flashxng in the

bore.

For this case, it is very important to determine
the duration of wellbore storage. One might be tempted
to use the slope of the line from- 102 to 104 s,
Although the calculated value of kh/V, might not be
far off, the determination of kh would be ineccurete as
seen in Table 2. §

The flowing enthalpy needed ta deternine ve
varies considerably when ~the fluid first starts to
flash in the reservoir,. If the test was run onl{
one hour, the calculation for kh gives 1.2 x 10~ 2m3,
only half of the actual value used in the simulation,
The second analysis for kh for this case 2 given ’
in the table shows that e more reasonable value of kh
is obtained (2. 8 x 10712p3) vhen the enalye;e is

done after wellbore storage is over (1.1 x 104 s).
The calculations for khkrg and khkp, g1ve the lower
estimate on kh.

A check must be done to insure that the energy
changes in the bore are negligible. Rowever, because
flashing in the reservoir can occur at any time )
during the test in this case, the best method is to
actually monitor the wellhead enthalpy until it
steadies out. . No estimate was made for this time for
this example.

LIOﬁID DOMINATED TWO-PHASF. RF.SERVOIR

I to about 0.4, -

The third example is a liauid dominated but two-
phase reservoir, . Refore the initial 24 hours drawdown,
the initial steam saturation was 0.19. After the
24 hours, the average saturation around the bore out tof-
approximately 10 m is 0.29. When the flowrate is
increased to 15 kg/s, the vapor saturation increases
It ie evident from the test it would be
hard to determine the in-place vapor saturation because
the testing itself: changes the. saturatlon conditions in
the reservoir. .

Hhen the. flow from the reservoir is 1ncreaeed
the enthalpy from the reservoir increases. However,
there is usually a slight delay depending on the
conditions in the reservoir., Therefore, the downhole
pressure starts to drop while the enthalpy of the fluid
entering the well remains fairly constant. THe sand-
face flowrate is slowly increasing. However, once the
flowing enthalpy starts to incresse, the interaction of
this flow with the wellbore fluid flow produces a very
interesting phenomenon illustrated in Figure 7. The
pressure drops until the flowing enthalpy into the well
starts to increase. At this point, because the energy
in the-bore is increasing, the amount of mass that can
be taken from the bore increases. Because less mass
must come from the reservoir to keep a constant mass at
wellhead, the downhole pressure stops dropping and
remains ori-a plateau until the flowing enthalpy from
the reservoir steadies out. Subsequently, more fluid
nust come from the reservoir, so that downhole pressure
starts to drop again. HRowever, wellbore storage is not
necessarily over yet as only the energy changes are
negligible. It is still necessarv to calculate the
isenthalpic-wellhore: etorage term.

Again two enalvsee ‘were done for this example as
given in Table 2. 1In one case, the analysis was done
for the time period from 1 x.103 to 3 x 103,

‘| However, wellbore storage was estimated to last at

least 6.2 x 10%s with this analysxs. The calculated
kh gave a very low value (6 x 10713m3),  then

| the second -analysis was done at- the later times, the
calculation for kh was closer (2 9 x 10' 3 to -
that ectually used . . . . .

The enalvets shown in Table 2 used Corey relative

I permeability curves. The calculation for kh using

alternate relative permeability curves was also
done for thig example. .Table 3 summarizes the calcu-
lations for the Corey relative permeability curves with

{ two different irreducible liquid saturations, the

straizht line relative eermeabtltty curves (kg =
Sv, ¥rg + kpy = 1), Grant's curvesl® (kg
§ where Sf is given by equation 7c, kit + key
and the extrapolated curves<’ of Council and
(krz =1 - GVIO 3 for Sv € 0,3, otherwise
.2)/0.8 for S, > 0.2,
Ve see that different

Ramev21
ket = 0, kpy = (S,
key = 0 "for 8y € 0.2.

[
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values of the irreducible ligquid saturation with the
Corey curves does not affect the analysis. Also both
the straight line permeability curves and Grant's
curves give similar results for this case. However,
there is a very large difference in the calculation for
¥h when the different relative permeahilitv curves are
assumed.  We conclude that for an accurate estimation
of kh when iniection testing cannot be done, some
reasonable estimate of what relative permeability
curves apply is important.

A buildup case was also simulated for this example
and the downhole pressure change is plotted in Figure
9. The pressure change is greater than for the draw-
down case hecause the change in flowrate was from 15 to
0 kg/s while in the drawdown case it was from 5 to 15
ke/s. What should be noticed from this graph is that
wellbore storage seems to last a much shorter time for
a buildup than for a drawdown test. - When the well is
shut in, the steam and liquid phases separate out in
the bore. The compressibility of each phase is much
less than the compressibilitv of a well dispersed
two-phase mixture. Phase changes occur easier in the
two phase mixture resulting in a longer wellbore
storage phenomenon. Kowever, it is difficult to analyze
a buildup data, when the fluid is two phase in the
reservoir because the liquid forms at the bottom of the
well and the liquid saturation around the bore is 100%Z.
Small amounte of liquid can flow from the well back
into the reservoir during the huildup test. Although
the buildup test mav look more desirable, it is very
hard to determine V¢ when S, around the bore is
such a strong function of position.

VAPOR NOMINATED TWO-PHASE RESFRVOIR

In the fourth example, an initial steam satur-
ation of 0.78 was assumed. After 24 hours of produc~
tion, the steam saturation varies between 0.7 and 0.82
around the bore. As indicated above (Figure 1), when
the steam saturation is high, changes in enthalpy can
occur at veryv late times. It would probably have
been better to 1n1t1a112e this case for a longer
time,

Figure 10 is a plot of the drawdown pressure vs.
time both considering the wellbore flow and neglecting
it. At these high initial saturations and using Corey
relative permeability curves, only steam flows in the
well. The average compressibility in the well is much
less than in the other cases. The isenthalpic contri~-
bution to wellbore storage only lasts 650's and the
test need only be run for one hour.

Over the time span that kh/V. was calculated,
Hp is approximately constant indicating that energy
changes in the well/reservoir are not important.
However, at about 7 x 103 s, the drawdown curve
suddenly starts dropping at a greater rate. A check of
the flowing enthalpy shows that some liguid is start-
ing to flow., The liquid saturation around the bore is
now greater than the  assumed irreducible liquid
saturation (0.3 here). Condensation occurs around
the bore when the system is initially at a pressure .
that is above the maximum steam enthalpy point as in
this case. To analyze the drawdown curve after 7 x
1033, it is necessary to wait until the flowing
enthalpy from the reservoir steadies out.

CONCLUSION

A geothermal reservoir simulator and a transient
wellbore model have been coupled to generate a series
of drawdown histories for various tvpes of two-phase
reservoirs. Fstimates of wellbore storage. times have
been made. Pressure decline curves have been analyzed

.with analytical methods and with computerized curve-

matching for variable flowrates. The following results
have been obtained.

(1) Wellbore storage effects in two~phase drawdown
tests can last for several hours, during which
time the pressure response .is controlled hy the
variable sandface flowrate. Wowever, in contrast
to oil and gas wells, the sandface flowrate does
not . always approach the surface flowrate in a
monotonic way producing a temperary plateau in the
downhole pressure transient curve,

(2) Monitoring of the flowing wellhead enthalpy is
essential for meaningful results.

(3) 1f the drawdown test is appropriately designed,
pressure transients are governed by a linear
diffusion equation and a determination of the
total kinematic mobility can be made.

(4) A transient wellbore model allows for an evalua-
tion of the total kinematic mobilitv from short
time tests which are dominated by wellbore storage
effects.

(5) The ratio of ralative vermeabilities for water and
steam, kyy and ky,, can be determined as a
function of flowing enthalpy.

(6) Absolute permeability thickness and the in-place
vapor saturation around the wellbore during the
test can be obtained if the relative permeabili-
ties are known as a function of saturation or
alternatively;

(7) the relative permeability curves can be determined
if the absolute permeability and in-place satura-
tion are known.

NOMENCLATIIRE

A = area of wellbore

C¢ = total compressibility of reservoir
isenthalpic compressibility, (1/9)(39/3p)g

=
Cp = compressibility, (1/p)(3/3p)g
Cy = heat capacity of rock
E = gpecific energy
f = friction factor
h = reservoir thickness
R = gpecific enthalpv
k- = permeability
kpg = relative permeability of liquid water
kyy = relative permeability of steam
.= length of wellbore
P = pressure
p* = glope of p vs. log (t) plot
ry = wellbore radius
ry = effective wellbore radius
r = radial distance
8 = gkin
S = gaturation
Sgy = irreducible liquid saturation
Sgy = irreducible steam saturation
-

t time
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TARLE 1 ~ Initial conditions and ‘downhole -
conditions after twenty-four hours of
production for the four examples.

* TABLE 3 - Aﬁalysis of pressurevtransient data for

case 3 using different relative permeability curves.

. Council
Case Case Case Case Cory Cory Straight and
1 2 3 4 (5g,=.3) (S;r-.7) Line Grants _ Ramey
pi(MPa) 12,70 11.1 10.0  10.0 Sy 0.42 0.19 0.89 0.33 0.296
p24 (MPa) 12.34 10.74  8.94  9.26 k,;- 0.034 0.033 0.11 0.12 0.01
Hi(ﬁJ/kg) ‘ 1.400 1.400 1.433  1.700 k,vl 0.26 0.270 0.89 0.88 0.12
(Me)yy(0/ke) 1.600 1,400 1.566  2.736 ‘/?i 5.9x105  5.9xi05 1.9x106  2.0x106 2.2x105
L 0 015 0.78 kh © 2.9x10712 2.9x10712 8,75x10713 3.5x10-13 7.5x10712
(Sy)as -0 0 0.29 0.70-0.82 -
(we)i(Re/S) S 5 5 5
(wg) g(Re/8) 30 30 15 15
TABLE 2 - Analysis of pressure transient data
Case Case Case Case Case Case
1 2 2 3 a 4
pc(s2/m?) 1.3x10™% 1.1x10™% 1.1x107% 6.0x10~5 6.0x10-5. 8,0x10-6
ty (s) 3,000 300 10,000 1,000 10,000 700
ty (s) 30,000 3,000 30,000 3,000 30,000 7,000
| g% (m.s2) 2.0x10~5 4.1x10~6 5.0x10~6 4.7x10~7 1.7x106 6.0x10~6
ty (s) 3,200 12,000 11,000 62,000 17,000 650
Hp(MI/kg)  1.40 - 1.30 1.41 2.03 é.os 2.75
“p(MPa) 10.8 9.3 7.8 6.7 4.5 8.0
T(C) 310 ans 203 282 257 295
Sy 0 0.18 .26 40 0.42  0.7-1.0 -
! .
khkpg(m3) - — l.oxio-12 5.6x10"13 4 2x10-15
Khkpy(m3) - —  L7x10713 0 77510713 2.7x10-12
tp (s) 03600 — - - 0-3600  2x103-2x105

vp(m?/s2) 1.3x1077

3.0x1077 5. 6x10~7 -

1.3x1076 1,7x10~6 4.9x10~7

Ckh(m) . 2.6x10712 1,2x10712 2,8x10712 6x10713 2.9x10-12 2,9x10-12
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relative permeability curves with Szr = 0.3 and svr
(XBL 811-2126)

= 0.05.
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Figure 3. Pressure drawdown curve for example 1.  (XBL 811-2123)
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Figure 6. Pressure drawdown curve for example 2. (XBL 811-2118) -
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Figure 9. Log-log plot of pressure drawdown and pressure buildup for example 3. (XBL 811-2125)
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- Figure 10, Pressure drawdown for example 4. XBL 811-2120)
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