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ABSTRACT

The present study on the influence of high-
velocity effects on the flow of hot-water
through porous media was undertaken based
upon the analysis of tests taken in the Cerro
Prieto and East Mesa fields. These fields pro-
duce form a sedimentary formation.of the "homo-
geneous" (non-fractured) type. The study is
based on a numerical solwtion to the radial.
flow {isothermal) problem of hot-water consid-
ering high-velocity flow. An expression for
the rate dependent pseudo-skin effect term is
derived, It is demonstrated through an inte-
gration of the Forchheimer flow equation and
the simulation of drawdown tests that consider
no skin damage that this pseudo-skin is essen-
tially equal to the product Dw, where D is the
turbulent term coefficient defined as gk/2rr hu
It is also shown that the semilogarithmic slbpe
of 1.1513 characteristic of radial flow is ob-
tained once a stabilized high-velocity con-
dition is reached. The start of this straight
line was found to be dependent on the intensi-
ty of high-velocity flow effects. For practi-
cal producing conditions found ‘in.the field, - -
it was found that the start of the semi-log
straight line can be predicted by the correla-
tion of Ramey et al.; provided that the appar-
ent skin effect s' is used instead of the skin
_factor s. This study also considers the influ-
‘ence of high veTocity flow on pressure -buildup

‘tests. The effects of a finite formation skin: -

" “and isothermic wellbore storage are also in-
“cluded in this work. :

INTRODUCTION T
- The subJect of high-veloc1£y flow through po-

rous media was first discussed by Forchheimer
{1901). After this work a number of studies

have addressed this subject, particularly orient .
. ed toward the laboratory verification of this

phenomenon . { Fancher. et al., 1933; Johrison and
" Taliaferro, 1938; Green and Duwez. 1951;
Cornell and Katz, 1953; F1roozabad1 and Katz,
1979). .

The influence of high-velocity f]ow in the —
transient pressure behavior of gas well tests:
*The author also associated with Instituto
Mexicano del Petréleo
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has been thorough1y reported in the litera-
ture (Ramey, 1965; Wattenbarger and Ramey,
1968; Energy Resources Conservation Board,
1975) This effect has also been considered
in two phase flow of 0il and gas (Kadi, 1980).
With regard to the flow through perforations,
it has also been studied for gas flow (Tarik,
1984) and for two phase flow of oil and gas
(Perez and Kelkar, 1988).

" Due to the high production rates commonly

encountered in geothermal Jiquid-dominated
wells, we suspected that conditions were prop-
er for high-velocity effects to affect the
transient pressure. behavior of well tests.
With this idea in mind, we analyzed testing

.conditions for the Cerro Prieto and East Mesa

fields and found that this effect was present.
These fields produce from a sedimentary forma-
tion of the "homogeneous" (non-fractured) type.

The purpose of this study is to present an

‘analysis of the influence of high-velocity

flow on the transient pressure behavior of

“liquid-dominated wells, Pressure drawdown

and buildup tests are considered. The effects
of skin damage and wellbore storage affecting

_the test simultaneously with high-velocity
_flow are also studied

‘MATHEMATICAL DEVELOPMENT

»3Due to the fact that single-phase (steam or

hot water) flow in geothermal reservoirs is

‘essentially isothermal (Whiting and Ramey,

1969), transient pressure analysis techniques

;- are ussually based on a strict analogy

with the single-phase isothermal flow -
tecniques developed by petroleum engineers
and hydrogeologists. The analysis techniques

- .are based on solutions to the - difussivity

equation (Muskat, 1937; Matthews.and .
Russell,. 1967;" Earlougher, 1977) which :
conSIder the following assumptions:--a) flow
of 2 constant compressibility fluid ina
radial, horizontal, isotropic reservoir, .
b) applicability of Darcy's law, <c) small

+ pressure gradients, and d) rock and fluid -
--properties are independent of. pressure.
“ For convenience; the solution to this

reservoir fluid flow problem is ussually
expressed in dimensionless form. The following
groups have been defined by Ramey (1975) and .




Ramey and Gringarten (1975), where o, and By
are unit constants:

Dimensionless pressure for hot-water reser-
voir flow (pD)

] ¢ kh(pi-p(r,t))
pD(rD’ D)= __“'—'—'—avyscwsu (1)
Dimensionless time (tD)
g kt '
-t (2)
thE T
D ¢uctrw

Dimensionless radial distance (rD)
r

ras e (3)

D T

If a consistent set of units is used, then

the constants will have a value equal to one.
Table 1 (Samaniego and Cinco, 1982) shows some
of the most used unit systems and the corre-
'sponding values for oy and Bt'

Using the definitions of the dimensionless
groups given by Eqs. 1-3, the equation that
describes the flow of hot-water, considering
the :ffect of high-velocity flow is given by
Eq. 4:

1 3 ap 3p ’
o ary aty

where § is the L.I.T. (laminar, inertial and
turbulence) correction factor. In the deriva-
tion of this equation and in all remaining
equations of this section, a consistent set

of units is assumed, resulting in values of
the parameters o and 8, equal to im and unity,
respectively. ™¥s is jﬁst for easiness in

the derivations, but for field applications

of the results of this study these unit con-
version constants are very convenient,

The inner boundary condition considered in
this study is of constant mass rate at the
well, including the effects of skin damage
and isothermic wellbore storage:

ap k k 9p
-2y s — -y — D) (5)
_ arD Tflks ks atD rD=1

The external boundary condition is that of
an infinite reservoir:

Tim pp(rp»tp)=0 (6)

r e+ o

D

The initial condition is of uniform pres-
sure at the reference time tD=0:

1im pD(r‘D,tD)"O ) 1 er <@ (7)
ty= 0 '

This completes the mathematical model solved
numerically in this study.

Next we present some additional mathematical

aspects related to the high-velocity flow

effects. First, we will comment on the way

ge hgnd1ed Forchheimer's equation given by
qn H

dp v
-—— v';l-BGv‘,,2 (8)
dr &k

where 8 is the velocity coefficient. This

equation can be written in dimensionless

form by means of the parameters defined by

Egs. 1-3:

dpD .

. " 'ro*RVro ()
D

where v_, and B, are a dimensionless velocity

and a d?ﬂension?ess velocity coefficient

defined by Eqs. 10 and 11, respectively:

21rhrw
Vep = - Vi (10)
sc k

By =8 —*
0 u anwh

Eq. 9 is valid for flow in the formation

outside the damaged region near the wellbore.

Thus, for flow in the damaged region, Eq. 9

can be written: E

.owW

(11)

dpD 1 2 2

T ot o (12)
D sD

where Bsp is the dimensionless velocity coef-

ficient

for the damaged region, and k D) is
the permeability ratio given by Eq. 13¥

k ,
sD K
Last, we will present an expression for the
extra pressure drop caused by high-velocity
effects. This, in other words, is the rate
dependent pseudo-skin due to high-velocity
effects. From Eq. 9, the pressure gradient
caused by high-velocity flow (dpD/er)hv, is
given as follows:
dp, :
D - z
(D) =8y vip (14)
g hy ’ ,,
It can be demonstrated that for radial flow,
the dimensionless velocity v, can be €x=
pressed as follows:
1

Vo = — (15)
rD )

Then, Eq. 14 can be written as:

P B (16)
(;;') oy
D hv 'D
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Integrating this equation:

1 ,
(pplpy = (1- -;‘—-)BD ~ -(17)
hvD

If we want to express Eq. 17 in the conven-
tional way used for gas flow (Ramey, 1965);
Wattenbarger and Ramey, 1968), we can get:

(18)

where D is the turbulent term coefficient

(PD)hv = Dw

defined as:
0 Bk 1
= (1- -) (19)
anwhu rth _

If a damaged fegion near the wellbore is
considered, Eq. 17 can be written as fol-
lows: ' s S

1 1 1
—_—) + (=— - —)] (20)
™ Tsp Thvd

where r_. is the dimensionless outer radius
of thevagmaged region. ST

By
(pn)hv=eD [B— (1-

In the simulation of transient pressure tests
to be discussed later in this paper, the
.velocity coefficient was evaluated by means
?f th§ correlation of Firoozabadi and Katz
1979). - .

FIELD EVIDENCE OF HIGH-VELOCITY FLOW‘

- It has been shown that the extra dimension-
less pressure drop caused by high-velocity
effects, in the absence of formation damage,
is given by Eq. 17, The results of our numer-
jcal simulations, to be discussed in the next
section, indicate that the high-velocity.
sradius r, vp_Fanges between 33 and 110 for
w8 'valueg of 0.3:and 1, respectively; conse-'
- qently for practical purposes the 1/r vD '
term may.be neglected in the estimation -of
the rate dependent pseudo-skin due to high-
velocity effects. Thus, in light of the .-
foregoing conclusion we can write:. ..o
(Pplpy=Bp= OW Coeefer) o
where D is the  turbulent term coefficient
- defined as: : o :
.. Bk R

: '-Zﬂrwhu L

“Next we present estimations of the rate de-

.. pendent pseudo-skin Dw for wells of Cerro. -

‘' Prieto and East Mesa fields, As:-mentioned,"
‘these fields produce -from a sedimentary for--

“'mation of ‘the:"homogeneous" -(non-fractured) -
type (Grant et-2l., 1984; Lyons and van de

- Kamps, 1974; Witherspoon et al.; 1978). .

: For’units of thé;hybrid'systemf(Table‘1),;:'>'

the parameter 8,(=0w) given by Eq. 21 can be
expressed as fo?]ows: '
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_1p Bkw
Dw= 1.54084x10712 (23)

rwhu

First we evaluate this parameter for the
data of well M-21A of Cerro Prieto taken
from Rivera and Ramey (1977). The values
of the parameters that enter into Eq. 23
age gresented in Table 2. Evaluating Dw we
obtain:

Dw = 0,405

Next calculations are shown for well M-109 of
Cerro Prieto. This well was chosen because
its characteristic curve shown by Iglesias

et al. (1983) (their Fig. 5.6) shows a non-
linear relationship of mass flow rate (w)

vs ‘bottom~-hole pressure (p _.); indicating
that high-velocity effects"&ay be influencing
the performance of ‘the well. The values of
the parameters that enter into Eq. 23 are
presented in Table 2. We obtain the following
value for Dw: :

Dw = 0.25

Last we show calculations for a well of the
East Mesa field (Witherspoon et al., 1978).

.Again, the values of the parameters that
.enter into Eq. 22 are shown in Table 2.

Evaluating the pseudo-skin Dw we get:
Dw = 0,14 '

The motivation for this last calculation
came from reviewing the results of Morris.
et at, (1987) (their Fig. 9) for well E.M.
87-6, regarding a graph of pressure drawdown
vs flow rate which shows slight curvature
and-Reynolds numbers (their Table 7) that
are higher than unity, which is the ussually
agreed-upon upper limit for the validity of
Darcy's law (Muskat, 1937).

Based>on the "above shoWn.calculétions and
discussion, we felt that high-velocity flow.

" may -influence the transient pressure behavior

of -lquid-dominated wells and started the
research reported -in this paper. ‘

* VALIDATION OF THE NUMERICAL MODEL -

“Basically we checked our numerical model by

considering Darcy flow (&8=1) conditions for
which an analytical or a numerical solution

* are already available-in the literature. A

.. sensitivity analysis of ‘results to different
- time -and space discretizations was-first un-
' dartaken. For-cases of ‘no skin.damage-and no-:

wellbore storage, the numerical solution of

- this study were compared to that of van
-Everdingen and Hurst (1949), and a difference

of less than 0.2% was obtained. For cases

“that included the skin damage and wellbore
' storage, the comparison was with the numer-

jcal solutions presented by Wattenbarger and
Ramey (1970), and essentially we obtained




identical results. The above mentioned com-
parison with available results in the lit-
erature was acquired with a 40 nodes space
discretization for reD=2x10“; this reser-
voir external radius™ was large enough to
have infinite acting behavior during the.
test time. With regard to the time dis-
cretization, 45 time steps per log cycle
of time were needed to obtain this compar-
ison. For more details of the numerical
model the reader is referred to the report
of Villalobos (1989).

DISCUSSION OF RESULTS

Based upon our discussion of the mathemat-
ical development section, it was found that
high-velocity flow effects are strictly
related to the dimensionless velocity coef-
ficient B, (Egs. 9 and 11). The evaluation
of this pdrameter for maximum producing
conditions of a well gives an upper limit
for By of one.

We first simulated drawdown tests for
different values of the dimensionless
velocity coefficient B,. The results for
values of 8, of 0.3, 0.6 and 1 are shown

in the semi?ogarithmic graph of Pup VS t
of Fig. 1. We observe from these resu?ts
that after the high-velocity flow region

is stabilized, a straight line is reached

-of slope equal to the conventional value -

of liquid flow of 1.1513. This means, as
already mentioned, that after stabilization
occurs, the pressure drop due to high-veloc-
ity can be expressed as a rate-dependent
pseudo-skin Dw. Thus, the dimensionless
pressure drop may be expressed as follows:

PuD = i(lntD+0.80907)+Dw (23)

From the above discussion, it can be conclud-
ed that the formation conductivity kh can
be accurately estimated even if the test
is under the influence of high-velocity flow.

Next we consider the combined effects of
formation damage and high-velocity flow.
Constant flow rate cases were run for values
of B, of 1 that corresponds to maximum condi-
tiong and values of the skin factor s of -2,
0, 5, 10 and' 20. Fig. 2 shows the results of
these simulations. These data indicate that
high-velocity flow in a composite reservoir
does not affect the transient behavior more
than in a homogeneous reservoir. The early
transient flow is dominated by the region of
altered permeability near the well, After a
transition period, a straight 1ine occurs whose
slope is equal to the conventional value of
liquid flow of 1.1513. This second straight
line is parallel to pD(B =0) solution of van
Everdingen and Hurst (1849), but is displaced
by an amount equal to the apparent skin effect
s'(Ramey, 1965) defined by

s' =5 + Dw : (24)
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We checked the results of our simulations with
regard to the rate dependent pseudo-skin factor
Dw that resulted from the computer runs and
that calculated from Eq. 20 and found an
excellent agreement.

The factor that the straight line portion of
the drawdown curve is parallel to p,(84=0) is
important. This means that the condBet vity
kh of the outer portion of the formation can
be determined accurately from a drawdown test.
Thus, Eq. 23 can be extended to

Pup" ¥ (lntD+0.80907)+s+Dw (25)

To calculate the skin factor s and the turbulent
term coefficient D, the method of Ramey (1965)
can be used.

To complete the study we included in our
simulations the effect of isothermic welibore
storage. Constant flow rate cases were run at
values of 8y of 1 and of c, of 10, 10%, 10° and
10*. Fig. 3“shows a semi?oB graph of p o Vs tp.
We observe from these results that the"-hot-
water solutions that consider high-velocity
flow essentially follow a parallel behavior
with the liquid solution pD(B°=0).

The wellbore storage effect was found to behave
Tike liquid case solutions {van Everdingen.and
Hurst, 1949; Wattenbarger and Ramey, 1970).
Wellbore storage has only a short-time effect
on the transient pressure behavior and has no
effect on the ultimate slope of the semilog-
arithmic drawdown curve.

The last case considered with regard to
drawdown tests was one that includes
simultaneously the effects of high-velocity
flow, formation damage and wellbore storage.
Constant flow rate cases were run for values
of s=5 and C,=102, and values of 8, of 0.3
0.6 and 1. FQQ. 4 shows the resultg of these
simulations. The conclusions reached -from
these results are essentially those already
made for the cases of high-velocity flow
affected either by formation damage (Fig. 2)
or wellbore storage (Fig. 3). In short, the
formation conductivity can be estimated from
the drawdown test. In addition the skin factor
s and the turbulent term coefficient D can be
?sti?§ted by means of the method of Ramey
1965).

We also investigated what effects high-
velocity flow would have on an analysis

using the derivative type curve of Bourdet

et al. (1983). We found that as the intensity
of high-velocity flow increases, the error in
the estimation of the formation parameters
from the match point data also-increases. As
expected, the maximum error is found in the
estimation of the skin factor, in some cases
off by 200 per cent. A similar finding for
real gas flow has been reported by Berumen

et al1.(1989). Fig. 5 shows an example of
derivative type curves for the case of CD=100,



s=5 and different values of 8. Thus, in cases
where high-velocity flow affegts a test,
results of type curve analysis are to be

taken w1th caution, PR

We looked carefully to the effects of high-
velocity flow on the beginning of the semi-
log straight line. As expected, it was

found that it was affected by the intensity
of ‘high-velocity flow represented by the.
parameter 8.. For practical producing :
conditions ?ound in the field, it was found
that the start of the semi-log straight line
can be predicted by the correlation of Ramey
et-al. (1973), provided that the apparent
skin effect s' is used instead of the skin
factor s. This time for the start of the
semi-log straight line is:

w(26 a)

tobs]’ CD(60+3 55 )
or in term of real veriables (Table 1)
e C
Vsc
t (60+3 5s') (26.b)
Tos1 T Y T

This study also considered the simulation

of buildup tests under the influence of
high-velocity flow. Fig. 6 presents a semi-
logarithmic graph of simulated buildup curves
for values of the parameter 8, .0f 0.3, 0.6
and 1. We see from these resu?ts that after
the high-velocity flow effects vanish in a
short time, the buildup curve joins tae
buildup solution for B.=0. The shut-in time
required to reach the gtraight Vine portion
js approximately At, = 102, For practical
purposes, the deterﬂination of the formation
conductivity kh from buildup.test under

the influence of high-velocity flow appears
to be very accurate.

efAfter hav1ng checked the influence of high-
velocity. flow on buildup tests, simulations
then were made to investigate the effect
of formation damage and wellbore storage

on buildup tests under the influence of

- high=velocity flow. The main aim was to de-
‘termine whether any of these two effects or
both, in combination with high-velocity:-
flow alter the - straight line portion of the
semilog buildup curve.

Results of simulated buildup curves under

the influence -of combined -effects of high-’

velocity flow and formation damage are-shown

in Fig. 7. The values of the B, and s

parameters were the same as thgse of the

“ corresponding drawdown tests already discussed
(Fig. 2). Tt is concluded from these graphical -
results that_after-a period :of influence "~ =
from the formation damage, the buildup

~'solutions become straight 1ines with the
proper slope.
kh can be determined accurately from a build-
“up curve. As previously discussed for draw-
down tests, the method of Ramey (1965) can
be used to calculated the skin factor s and
the turbulent term coefficient D.

Thus, the formation conductivity o

T

Results of simulated buildup curves under the
influence of combined effects of high-velocity
flow and isothermic wellbore storage are

shown in Fig. 8. The values of the B, and C
parameters were the same as those othhe copref
sponding drawdown tests already discussed
(Fig. 3). The family of curves of this figure
is similar to buildup curves that consider

..§Q=0. After the effect of wellbore storage

es out, the buildup solutions joins the
solution for C,=0. Thus, the slope of the
straight line Bortion is accurate provided
the correct straight line portion is chosen.

Finally, the last case considered with regard
to buildup tests is one that includes
simultaneously the effects of high-velocity
flow, formation damage and wellbore storage.
The values of the 8., s and C, parameters were
the same as those o? the corrgsponding draw-
down tests already discussed (-ig. 4). Fig. 9
shows results of these tests, The conclusions
reached from these results are essentially
those already made for the cases of high-
velocity flow affected either by formation
damage (Fig. 7) or wellbore storage (Fig. 8).

“In-short, the formation conductivity can be

estimated from the buildup test. The skin
factor s and the turbulent term coefficient

D can be estimated from results of buildup

?nalysis by means of the method of Ramey
1965).

CONCLUSIONS

The main purpose of this work was to present
a systematic study of transient pressure
analysis of 1iquid dominated wells producing
at constant mass rate under the influence of
high-velocity flow. The motivation for the
research subject of this study came from the
analysis of ‘testing conditions for the Cerro
Prieto and East Mesa fields, that indicated
the presence of this effect.

Besedion the material presented in this paper,

. the follOWing conclusions are pertinent-

Ll;*7The formation conductivity can be determin

" ed accurately from the analysis of pressure

. drawdown or buildup tests under the
influence of high-velocity flow and the

. effects of formation damage and wellbore
‘storage.

'2; “An easy to use expression is presented for

approximate determination of ‘the rate
kdependent pseudo-skin Dw, -~

3. The method of Ramey (1965) can be used '
©.'for .an accurate ‘determination of the skin
- factor s and the turbulent term coef-
,ficient D

. If high-velocity flow affects a test.

‘results ‘of type curve analysis by means.
.0f the derivative type curves of Bourdet
et al. (1983) are to be taken with caution.
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It was found that the start of the semi-

5.
log straight Tine can be predicted b
the correlation of Ramey et a].(1973{,
provided that the apparent skin effect
s' is used instead of the skin factor s.
NOMENCLATURE
B= formation volume factor
Cy= system total compressibility
C"= wellbore storage constant for hot water
% Dimensionless wellbore storage constant
eCBv
sc
2
¢hr'wct
h=  thickness
k= permeability
p=  pressure
r= radial distance
s=  van Everdingen and Hurst skin factor
s'=s apparent skin factor, Eq. 24
t=  time :
Ve radial velocity
w= mass flow rate
= velocity coefficient
&= L.I.T. (laminar, inertial, and turbulent)
correction factor
¢= porosity
u= viscosity
p= density
Subscripts
D= dimensionless
hv= high-velocity
s= damaged region
t= total or time
sc= standard conditions
w=  wellbore
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TABLE I.- ABSOLUTE AND HYBRID SYSTEM OF UNITS
USED IN GEOTHERMAL RESERVOIR ENGINEERING
(After Samaniego and Cinco-Ley, 1982).

Variable SI system* Hybrid-system
k metre? md
h m . m
p Newton/metre?=pascal kg./cm?
w kg/sec ton/hr
Voo metre’/kg cm®/gm
3 3
B metred  /metre3** metre? /metre?
o kg/mgire.sec s¢ rccp s¢
t sec hours
¢ fraction fraction
S (Newton/metre?)”? (kg1,/¢:m2)'1
r metr metre
Bt 1 0.000348
a /2w 456.7869
€ /27 1/2r
*SI is the abbreviation for International System
of Units

**pc stands for reservoir conditions and sc for
standard conditions

TABLE 2.- DATA ON TWO WELLS OF CERRO PRIETO AND
A WELL OF EAST MESA FOR CALCULATION OF THE
PARAMETER Dw -

Well M-21A  Well M-109  Well 6-2
(Cerrp Prieto)(Cerro P;ieto) (East Mesa)

k(md) 36 35%;% 46
h(ft) ©  177.3 . 984 500
w(ton/hr) 111 - 380 -
q(STB/D) - - 30000,
B(STB/RB) - - 1.13(¢)
w(ep) 00,1017 . 0.1017 0.18(
rgf) 02 07 - 0.27(4)
Cp"tadieety 3oaxa00 - 3ix100 o 2.6x10°

(1) Estimated from Fircozabadi and Katz's

correlation {1979) ;

(2) Assumed value equal to the permeability
- ‘of.the Cerro Prieto I area

F i rvoi¥s, . 3 . S
to Flow Problems-in Reservoi¥s, Trans ?,AIME (3) Assumed value similar to the thickness of

(1949) 186, pp. 305-324. ‘

Villalobos L.H., 1989, Andlisis de Pruebas de

nearby well M-117 (Fig. 5.A of Halfman
- et al., 1985)

Presidn en Yacimientos Naturalmente Fractu- (4) Assumed values because they are not shown
- rados Considerando el Efecto de Flujo de Alta - in the paper of Witherspoon et al, (1978)
“Velocidad, M. Sc. report, Graduate School of =~ = oo e T

" Engineering, U. of Mexico. - -

Wattenbarger, R.A., and Ramey, H.J. Jr., 1968, |

-Gas Well-Testing with Turbulence, Damage and =~
Wellbore Storage J.Pet.Tech. (August), pp. 99-

T, , : o
Wattenbarger, R.A. and Ramey, H.J., Jr., 1970

An Investigation of Wellbore Storage and Skin

Effect in Unsteady Liquid Flow: II Finite
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