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ABSTRACT

The Department of Petro]eum Eng1neer1ng at the University of
Southern Ca11forn1a was awarded a contract by the Geotherma] Division of
the U.S. Department of Energy to. conduct stud1esAre1at1ve to some forma-
'tion ewaluation'aspects of geothermalfreservoirs;' The particular
reservoirs considered were the liquid dominated'type with a lithology of
the sed1mentary nature - | »' - |

Spec1f1c problems of interest in the research proposal included the
resistivity behav1or of br1nes and rocks at e]evated temperatures and
stud1es on the feas1b111ty of us1ng the well log res1st1v1ty data ‘to
obtaln est1mates of reserv01r permeab1l1ty Dur1ng the course of study a
few add1t1ona1 areas were 1nvest1gated through the extens1on of the

or1g1na1 proposa] 3

Severa] papers sum%ar1z1ng the resu]ts of ‘these stud1es were

H
presented at,varnous techn1ca] meetings for rapid dissemination of the

results to potential users These paperS'together with a summary of data

most recent]y generated fre included in this final report
A brief rev1ew of the research findings preceeds. the technical

papers.

N




INTRODUCTION

The engineering management for the development of geothermal
‘ g

reservoirs requires reliable measurements of reservoir rock and fluid

properties combined!with methods for interpreting and using such data.
This caombination will assist ihAprediﬁting reservoir and well’pevfo%mance
under various dperating conditions. The technology used for these
purpcses in 01l and‘gasAreservairs must be extended to accsount for the
effects of high temberatures and geochemical activities encountered in
:geotherma1 systems.: |

The nature ofsf!uids in geothermal reservoirs (being mostly watew
in liquid or vapor f@rm) creates opportunities in the development of new
formation evaluation fechniques with no paraliel ih 0il and gas axploration.

Becausefof extfeme]y high temperatures and compiex Tithclogical
units encountered ih geothermai systems, many‘dfscip11nes'in sciencé'and
-éﬁgineering must coniribﬂte to the development of both thé tools., measure-
ment methods, ind the interpretation techniques.

Over the last several years many researchers have béeﬂ engagéd'in

1

high-temperature tool research. Calibration data relative to compiex

Tithologies are now being prepared.z In the absence of such capabiiities

certain geothermal systems with similar geological characteristics to oil

and gas reservoirs may be studied with existing tools and interpretation
techniques. ‘
The main focus of this study was the geothermal resarvoirs of the

~sedimentary nature cbntaining 1iquid brine. Reservoirs of this type have




been identified inivariousﬁpérts of .the world su;h as the ones in Imperial
Valiey, Caﬁforniaf, and the Cerro Prieto field in Mexico.’

Interpretat1on of electric logs in such systems requires accurate
data on the res1st1v1ty behav1or of brine and rocks at eievated tempera-
tures. A major poytion of our effort under this research contract was
devoted to the devblopmenu of correlations for brine resfstivity_With
temperature and ancentraéions. Furthermore, we studied the electrical
resistivity behav{or.of purous and permeable rocks at elevated fempera~
tures. ‘ |

Since 11qu1d domxnated systems contain most]y a one phase fluid
(1iquid water) certain new concepts in subsurface geophjs1ca1 surveys may
be examined which may have no application in petroleum explorat1on. One
idea scrutinized in this study was the use of dua1-resistivi£y data in
establishing a depth prof%le of formation permeability.

During the course or research ccver1ng the above topics, ehe need
 for some add1t1ona1 work was establisked. This included development of
br1ne viscosity data at ejevated temperatures, effect of dissb?ved gases
on brine reSistiuﬁty, des%gn of a modified API filter test apparatus, and
modeling of filte} cake bu11dup during dxl111ng

A brief review of each aspecb of study will preceed the pub1lshed

text of the resuits.
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As a part oﬁ'the research contracts and accord1ng to an agreement
LWTth the U S Geo]og1ca1TSurvey measurements of br1ne res1st1v1ty and

rock reswst1v1ty were made us1ng the h1gh-pressure, h1gh temperature

I equ1pment at the U S G S Center in Denver Dr Gary OThoeft*ﬁa’re- :l'
. search sc1ent1st at the center col]aborated 1n th1s study The study
;was conducted by a doctora] cand1date (H. Ucok) under the superv1s1on of
‘iD ' 1. Ershagh1, L. L. Handy, and' B L Dougherty ' N | |
- A paper encompass1ng the sign1f1cant resuTts of the study was. pre-
_pared and presented at the 1979 Internat1ona1 Meeting of the Soc1ety of
‘Petroleum Eng1neers on: 01Tf1e1d and GeothermaT Chem1stry her in Houston,~
Texas (January 22 24 1979) The same paper was also. presented at the
| : 1979 Ca11forn1a Reg1ona1 Meeting of SPE wh1ch was’ her in Ventura (Apr1l;;
1979) The paper was Tater pub]1shed 1n the Apr11 1980 1ssue of the |
Journal of Petroleum TechnoTogy
" In summary, this study resulted 1n the deveTopment of new corre]a-- |

: t1ons for est1mat1on of hr1ne res1st1v1ty at températures up to 3757¢. 3
'Furthermore, the study showed that ex1st1ng corre]at1ons ava11ab1e for
| petroTeum reservo1rs may not be extrapo]ated to eTevated temperature f
In add1t1on to a mathemat1ca1 correTat1on for generat1ng data using K
S a computer1zed approach mod1f1ed mult1p11ers were deveToped for rap1d

. j\
e

f1e1d appT1cat1on




Electrical ReSi’stiVitY of “.Geothermal Brines

Hikmet Ucok,* SPE, U. of Southern California
Iraj Ershaghi, SPE, U. of Southem Cahforma
. Gary R. Olhoeft, usGs - -

Introductxon

The electrical resistivity of - dxlute* aqueous salt

solutions has been studied for a number of years,

but 've?' few data exist on concentrations above 0.1
molar.“” Normal groundwaters commonly are near.
0.1 molar,* while most geothermal and oilfield fluids
are at least several molar>® (Table. 1). Thus, the
interpretation of - electrical = measurements in
geothermal. areas’- at present is based mainly on

extrapolation * of lower™ temperature: and lower

concentration data..8 Such extrapolation- may in-
troduce- serious errors-into the interpretation of
geothermal reservoir charactensncs determmed from
electrical measurements.?-

This paper presents new expenmental data and an
improved descriptive model of
properties: of brines as a. function of temperature
from-22 to 375°C and concentration from roughly 3
to 26 wt%,whxle under 31 MPa hydrostatic pressute
- Data and models are given for brines composed of
the chlorides of sodium, calcium,‘ and. potassium,
and their mixtures. Comparison of the older log
interpretation formulas!¢ to the new models

illustrates- an. order of magnitude improvement in

accuracy with an overall fit to w1thm +2%.

Resistivity Dependence Upon Temperature
Some researchers have postulated that the electrical

*Now with Union Oil Co. of Callfornia.

0148-2136/80/0004-7878%500.25

the electrical -

resistivity. : of - ﬂmd saturated rocks follows tne

‘temperature dependence of the saturating fluid in the -

absence of conducting minerals or sxgmficant surface-
conduction along- altered pore walls.! This.

. assumption resulted from the success of a.simple

empirical formula relating the resistivity of a rock to
the. re31st1v1ty of: the fluid filling the pores of the.
rock!4

: p,=pr,-

where..

S Py resnstmty of clay-free, nonshale: materlal’.
"~ that is 100% saturated,
p,, = resistivity.of saturating solution, and.
F= formatlon resistivity factor.

" A number of mvestlgators have derived. formulas -

that add ‘the
fluids. '3 :
Expenmental observations have shown that some
rocks obey these formulas. while others do not. 1712
Part of the problem is the inadequate knowledge of -
the resistivity dependence on temperature for the
solution that fills the rock pores.

We have. found empirically that the best fit of the
resistivity data to temperature is

Dy =bo+b T~ 4 b, T+b;T2 4 b, T3,

where T is temperature and coefficients b are found
empirically.

temperature of the saturating-

Improved correlations for estimation of electric-+l resistivities of brines are presented.
These correlations are based on laboratory-meo:ured data obtained using aqueous
solutions of chlorides of sodium, calcium, ard potassmm. The concentration range
Jrom 3 to 26 wt% and thq temperature range from 22 to 375° were studied.

APRIL 1980 ' o Y




. .depend . on

" TABLE 1-EXAMPLES OF TYPICAL WATER CHEMlSTRlES L
IN WEIGHT PERCENT e

Salton'Sea EastMesa  .CerroPrieto -

: J‘Normal .

~lon - Groundwater Seawater - Brine. - Brine- Brine
Na+ 4(‘0 061 15 504 - 07 :+ 06
K - (o 061 0.038° 175 0089 * 0.7 -
Cat**, . 10.0037 0.04 28 . 0077 .  0.084
ci- : f}00082 1.9 15.5 1.4. -1
Mg*+ 10.00024. 0.135 0.0054 - 0.0016 0.0016
SO, ™~ 0.7 0.27 - 002. © .. =
(HCO ) "O 0429 0.014. 0.01 0.03. - 00011
Total dissoived i . : o

solids- Jl 0.198 3.45 25.8: 2.5 : 2 (13
Molanty‘ lf 0.03- - 0.56 3.6: 0.36- 0.3

T,°C . . 340~ 138 . 290

R’eference 6 &

‘Resistivity Dependence on Co}icentration*
The concentration dependence of the. electrical
- resistivity of aqueous solutions. has been:- -studied.
extensxvely and is represented best by the formula

Pip = lO/(Ac), . . P _
where A'is the equlvalent conductmty accordlng to
A=By~—Byc" + Bzc lnc+hrgher-order terms,

where cis the molar concentration and coefficients B
_the . solution chernstry 2l . Further
discussion: ag?ears in’. nearly any text on. elec-
trochemrstry.

20

A
Expenmental ‘
Measurement of electncal resistivit y of concentrated.
salt solutions at elevated temperatures. is- very dif-

- ficult due to the corrosive: nature of the.solution:
. chemistries.. A special sample holder (Figs. Tand 2)

and pressure: vessel assembly were manufactured
from mullite ceramic, platinum, Inconel , stainless
steel, and Teflon® components.. The salt solution .
contacted. only mullite and platmum. A. four-
electrode configuration at a measurement frequency
of 1 kHz was chosen to eh“mmale electrode
polarization problems. Measuremems at frequencies
from 0.1 to 10 kHz were performed to confirm the

"lack of polarization at the eleetrod}es Two electrode

- iuneenneeo- PLATINUM - CONNECTION: WIRES

h - CERAMIC TUBES (MULLITE) -
B ! '

~PLATINUM MESH ELECTRODES

8 ‘ K

!
Flg. 1 - Resistivity sample celt made from mulllte ceramuc
with four platinum.

-7-

5. 2% 26 '

]

measurements were found to have polanzauon errors
of one.order of magnitude.

. Cumulative experimental errors due to thermal
expansron errors. in determining _ceil constants,
instrument errors, and so forth did not exceed. + 1%

-in the final resistivity determination.. . The: tem---

perature of the solution was measured with a Type S,

- Pt-10%Rh- thermocouple in the. solution. with- an
accuracy. of- '+1°C.. The system was pressunzed'

hydrostatically. with argon-gas through a series: jof
snubbers and pressure regulators as illustrated in Eig.

. 3. Pressure was measured and monitored with two
strain-gauge pressure' transducers and. one manual.

Bourdon tube gauge. The electrical resistance of the

sample cell was. measured with an. HP 4262A‘

automatic digital LCR. meter. A ¢omputer was used

' to control: the environmental parameters- and. per-
. form the electrical . measurements .as schematlcally'

illustrated:in Fig. 3.

Edch experiment began with cleamng in: dtstrlled
water and assembly of the sample cell and pressure
vessel. A Teflon calibration cell of precisely known

geometry was used with standard potassium. chlonde»

solutions

to calibrate the pressure vessel sample
cell. '

Salt solutions were prepared from reagent grade.

crystals (anhydrous CaCl,), which were measured
gravtmetrlcally into 150 000 Q. -m water. Resultant

: “THERMOCOUPLE:
PRESSURE. FITTING ... ;"L JOCRLE. %

C =" o] o+
% g . A3 n

. o !
- CERAMIC uNERmuu.ers;) :

sowuTion LeveL-.] | o |
| -INCONEL PRESSURE VESSEL
’ )

Fig. 2 - Pressure vessel arrangement.

¢
i
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room-temperature (22°C) res:stlvmes were checked
against reference table values.

All measurements reported here 'were performed at
hydrostatic . pressures . of .30 ;MPa.‘ since the
resistivities of the studied solutions were found to be - ]
independent of pressure in' agreément with earlier . . :
studies:' Pressure” dependence becomes 'significant “ LeR mETER | VOLTMETER
only well above the critical region: or as the solution : . el
nears and passes below i |ts vapor pressure

Results.

Isobaric resistivities- of NaCl KCl, andv CaCl,
solutions’ vs.- temperature at several salt con-
centrations are shown in Figs. 4, 5, and 6. In general,
the. electrical resistivity. decreases” with increasing
temperature and salt concentration. However, as the:
critical temperature.of the solutions is approached at

COMPUTER

o I
the higher temperatures. studied, the resistivity _LD,.+.
reaches a minimum and then begins to increase with & | .
increasing temperature. Tables 2 and 3 give the - - § } §e
numerical values of data points. for KCl and CaClz » _ PROG, a8 '*..5§3'
solutions. Lrwn smuy : :EQ:

W

Quist. and. Marshall! have grven 'the best. ex-
planation for the behavior of the physical propemes
of aqueous salt solutions. The electrical resistivity is.
controlled by a variety. of parameters including i _ C :
viscosity, density, and the drelectnc permittivity of Fig. 3-Experimental equipment and plumbing.
the solution. As temperature or concentranon in- S ' :
creases, these properties of water begin to change
very rapndly The rapid decrease of v1scostty with.
mcrasmg temperature results in a rapid.increase in.
ionic mobilities with a resultant decrease in electrical
resrstmty. Above roughly 300°C as the critical point

" is approached the rate of decrease in viscosity with ,
increasing temperature diminishes and. the. change in | T e

" ijonic mobility becomes less. ‘As: the temperature '
continues to increase, the changes in density overtake
the effects of viscosity. The decreasing density results
in a lowering of the dielectric permittivity and.in the
number of ions per unit volume. This résuits in the
increased association among ion pairs and an in-

~ crease in' the electrical resistivity.! Thus, when: the.
increase in ionic mobrhty is offset by the decrease.in
permmmty and in ionic concentration, the electrical
resistivity reaches a minimum with respect to.tem-
perature. As the concentration of: the salt solution
increases sngmficantly above 0.1 molar, the minimum
in the resistivity shifts to higher-temperatures due to
the effects of the increasing salt- concentration upon
the critical propemes ‘of water. i

The solid lines in Figs. 4, 5, and 6 are formula fits
to the data points by three-dlmensronal regression

st

RESISTIVITY, Ai-m

.ar_xalysrs.23 The coefficient matrices. and computer - E " o 30.08% NaCl

program to generate the resistivity at a given tem- [ : .40

perature and concentration is given in the Appendix. L ‘ o e ]
Fig. 7 illustrates a comparison of the experimental o

data with the formula from three-dimensional ‘ _

regression- and with Arps’ approximation. 16 Both - - oot = T e ;g s

formulas are in reasonable- agreement with the data . o TEMPERATURE , °C ‘ -

up to about 200°C. Beyond 200°C, Arps’ ap- Fig. 4- Resistivity of NaCl aqueous solutions. at 1 kHz

proximation encounters serious difficulties. . under. 30 MPa hydrostatic pressure. Solid lines .

Figs. 8, 9, and 10 illustrate' the concentration . are formula  fitted . by _three-dimensional
dependence of NaCl, KCl, and CaCl, at three . ' regression analysis. '
temperatures. Note that the curves of resrstmty vs.

CAPRIL 1980 .
-8-




i0 T ' — Y r o v . v T _
[ ! ' 3 - ]
[ - : ] ) X 1
i | . 3
. i J R ]
[\
g€ &
c; &
= s
= =
[ -
Q. @
e ! ]
] F
[+ 4 . -
a0t
- This Paper. o 30wt¥eKCl ~ T - . -
. S ‘ | | {230 m%CoLl, 1
N 830, .
Hwang.et al & 1357 '
5 1981 & g 2sm. ] . g
o R | . .
0001 L P e = ] a0 : . " N . N ‘
25 75 125 175! 225 275 5. I8 3. - 123 73 e 2 B3-S
: TEMPERATURE ‘c }1 rawennuae . . ’ : :
Fig: 5- Resustlvnty of KCI solutions as-for Fig. 4 . Flg. 6— Resistivity of CaCly. soluuons as for Fug 4
i
o o e csns b i T
s
L N
b 3
4
o I “ .
L] - ;‘ -4
Wt i ]
@ L - ! ;
= S ! <
& 100~ ! -
x ;
W
a . i
- 3 .
5 :
200} : :
300k :; NaC! 4 '
400} & EXPERIMENTAL DATA- : '
- FORMULA FITTED '
- _Aﬁf?s APPAOX. FORMULA
[ . " " N e ebeiesabrerdo b
Q00! o0: o1 o
’ } RESISTIVITY, Qm
Fig. 7~ Res:snvity of NaCl sclutions showing fit of A'ps approxlmatnon and the proposed -

new formula to the data.

JOURNAL OF PETROLEUM TECHNOLOGY

e




CCOMCEINISTION  OrU5s™ Over Fach | other,  Lhwss
crossovers are a direct resuit of the differcnces in the
sait solution viscesities. vs. témperatuie and con-
centraiion. These crossovers aiso illuztraie the need
for great caution when reducing a solution of mixed
salts to an equivalent solution of NaCl. -

Commonly, this is perfortned by the use of
multipliers that convert a given icnic car=c-':nii';=.tim
of sa.lt to an equivalent wexghzmpercma& amoun! of
NaClL:% , :

= measured equivalent NaCl

KK"K+ +KCL'CXN !
COﬂceﬁIi'aUQﬂ,

KcaCat ™ +Kg-Cl™ =measured equivalent
NaCl concentration,

where the K's are multipliers dnd it is assumed that
Ky,

TABLE 2-RESISTIVITY VAR!A%lON OF KCI SALT”
SOLUTIONS. WiTH TEMPERATURE

: Mereured: | Calcutated

Cor ( Termparatua  Reaistivity | Tompergiuie Resletivity
(wt%) - 0 @m Ch (@-mj

3.0 2 T 0228 25 0.262

a2z [T 50 0.161

[ 0.137 5. 0.117

a3 0105 ° 190 0.0935:

11 0087 | 125 0.0769

3% [Toca 150 a.6500

152 . 0088 | 1781 0.0825"

177 0003 A% 0.0379

m 0.088- 225 2.0543

22 0085 250 0.0928

242 . 00835 | 273 0.0612

202 00303 | 300 5.0%00

. s 0.0512

- 0.0525

i 3rs 0.0549

P 400 0.058¢:

13.57 23.- 0.0484 25 0.0484:
(Rot.2) 80 - - P50 0.0340°
5 - 75 0.0282.

W00 ‘co20e | we $.0203.

128 - L1125 0.0174

150 - P50 0.0154

175 - N 3 0.0141

00 cgz 1 200 0.032

223 - ;2w oA

250 - Toas0 - 00122

278 - P, c.0121

200. o612 . 300 2.0120

. 328 - . .3z 0.0922

280 - i 380 0.0325.

ars - . aTs R

400 60137 | 400 0.0138

25.14 b 0.0268 24 0.0253
{f28.2) - - 50 00185
75 - 143 co142

100 00117 102 00117

125 - [ 128 8101

150 - I 150 0.0080

175 - X £ 90422

200 cooTé | L SR

223 . - .- 225 02.0072

250 - 1 250 045671

s - .2 0.00%9

. 300 0.0068¢ - 300 0.0089

323 - 325 00060

350 - 389 0.0071

3rn - 3rs 0.5073

400 0.0078 400 0.0077

APRIL 1930 o

a =Kc =1. The K¢ and KCa multipliers then are

L i e e e

11 R

‘that me mulupnxers are

repory
!’airiy ""xmam and in-
dependent of temperature up 10 71°C with errors iess
than 5% for concentrations below 1 wi%. As
MNustrated in Figs. 11 and 12, we have found this no
fonger t0 be the case at higher temperatures and
concenirations. The data points corresponding to:
Figs. 11, 12, and 14 are given in Tables 4, 5, and 6. ’

To illustrate the errors involved in. the: ex-.
trapclation. of lower temperature and lower con-
centration data to higher values, a mixed salt of 3
wi%. icial salt conceniration composed of 1.5 wi%
NaCl, 0.75 wt% KCI, and 0.75 wes CaCi, was.
measured. Fig. 13 iilustrates the results with a. 3 wi%.
NaCl] soluticn: for comparison. Table 7 gives the
resuiting measured resistivities compared with values
caiculated by our three-dimensional regression’
formula and values using Desai and Moore.’s

TABLE 3 RESISTIVITY VARATION OF CaCl, S&LT
SOLUTIONS WITH. TEMPERATURE :

Msaayrad Caleviated ¢
on ticn  Temp e Fooictivity - Temporaturs - R bk
T {wt%) "Cy o (R-m) (%} Q-6
3.0 22 o227 il 0.219
31 . Q208 52 . G168
4i- 0.18% 75 . 0417
57 0.145 0. eosn7
72 . 0.719 125- 0.074%
20 - 0.08¢ 150 0.0%54
103 0.088 178 C.0587.
127 © 0.074 0 G.2363
136 0.07C 225 G.0844
7 0.0608 250 G.0538-
05 0.0568- 278 0344 -
211 0.0850 300 0.0561°
. 225 0.0544. 328 Q.0393
2488 0.0542 350 0.0842.
272 0.0530 kr ) 0.0737°
305 .0837 40C €.5733-
325 0.0820:
33 0.0380
13.0 22 0.0702 25 0.0683
S0 . 9.0520 - 0.0320-
59 0.0482 73 0.6374.
T 0.0388 1C0 0.0294
108 0.0268 125 0.0247
124 0.0259) 160 0.0213
151 0.0219 175 0.0138
177 Q.097 200 0.9i83
K9 €085 223 Q.0181
<30 0.0178 280 o078 .
2585 C.0176 275 0.0173
274 - 0.0180 300 0.0182-
224 0.0185 325 0.1
320 C.0195- 30 0.0203
354 0.0201 75 0.0224
. 400 09254
2.0 22 0.0494 25 0.0483
35 C.0424 &0 hli e}
55 Q0318 E 05249
R & O 0.0258 100 Q.0132
w3 £.9703 125 0.0139
12 0.0174 150 0.0137
131 0.01¢8 78" 2.0123
140 0.0144 0ne 0.5114
17 0.0124 25 0.0983
200 ¢.0n7 250 0.0904
20 0.0110 273 0.0133
Py 0.9108 3 2.0104
241 " 0.0108 325 20108
22T Q.0103 330 0.0152
302 0.0103 375 0.0121
A 0.0108 - 400 © 00133
381 0.0118
320 0.9919
38D 0.0120
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multipliers in Arps’ equation. Our newer formula is
one order of magnitude better.

Conclusions

The use of low. temperature and low concentration
data to extrapolate electrical resistivities to high salt

concentrations at geothermal temperatures must be-
treated with extreme. caution. Errors.as high- or

higher than 25%  in the estimation. of electrical

_ resistivity may result. Further, different salts have’

widely - varying' temperature. and concentration
dependencies in the normal geothermal range, which
greatly complicates the reduction of a. mixed salt
solution to:an equivalent NaCl solution.

_A.new. set of measurements to 375°C and' 25 wt% :

“salt. concentration: has been fitted by  three-
dimensional regression analysis. to an- accuracy of

TABLE: 4—NaCl' EQUIVALENT MULTIPLIERS
- FOR POTASSIUM.ION (K*) .

- Total Solid.
Temperature. Concentration:
(°C). (°F) . (wt%) - (ppm). Muitipliers.
25. qr 1.C... 10,0000 0.3
2.0 20,000 - 0.474
3.0 30,000 . 0.592'
“4,0- 40,000 0.665 -
5.0 50,000  .0.770
6.0 §0,000° 0.873
7.0 70,000 - 0.945
.80 -80,000- 1.036
.. 9.0 90,000 1127
" 10.0 100,000 1.210-
12.0 ° 120,000 1.420°
15.0 150,000 1.560
) ) 17.0 - 170,000 1.64-
100 212 1.0 10,0000  ~0.052"
20. 20,000 0.140
© 3.0. © 30,000 .0.331
-4.0 40,000 - 0.474.
5.0 50,000 0.675
6.0 - 80,000 0.873°
8.0 80,000 -1.215
9.0.  90,000- 1.360-
10.0 100,000 1.497
1200 120,000 1574
15.0 180,000 1.480
7.0 170,000 1.380
- 20.0- 200,000 - 1.220-
300 572 1.0 10,000 -0.052-
20 20,000 . 0.044
3.0 30,000 - 0.203
4.0 40,000 . 0.350
5.0. 50,000 0.426
6.0 60,000 0.480-
7.0 ° 70,000 0.563
8.0 80,000 0.630
9.0 90,00¢ 0.680
10.0 100,000 0.732
12.0 - 120,000 0.785
15.0 150,000 0.898
17.0 170,000 - 0.899
200 200,000 0.866
0.740

25.0 250,000

APRIL 1980

+£2% to model the electrical resistivities of aqueous
solutions of the chiorides of sodium, potassium, and
calcium. New temperature and concentration-
dependent NaCl equivalent muitipliers have been
generated. for potassium and. calcium. For con-
venience, Fig. 14 gives the formula-generated curves
for the. electrical resistivity. of NaCl aqueous
solutions as a function of ‘temperature and con-
centration, This graph should replace existing graphs
for high-temperature applications in liquid-
dominated geothermal systems. . . '

Nomenclature _
A=equivalent conductance, 2~ 'cm2eq~
b=resistivity temperature coefficient
B =resistivity concentration coefficient
¢ = concentration, molar

r

- TABLE. 5-NaCl' EQUIVALENT MULTIPLIERS
FOR THE CALCIUM: ION. (Ca* ™)

Total Solid

Temperature: . Concentration
(°C) (°F)  (wt%) {ppmy) Muitiptiers
25 7 10 10,000 ° 0.723.
3.0 . 30,000 0.723
5.0 50,000 0.630
7.0 70,000 0.644
9.0 90,000 | 0.637 .
10.0 100,000. 0.634
120 - 120,000 0.587
15.0 150,000 0.446
17.0. - 170,000 0.397
© - 20.0. 200,000 0.280
] 25.0 250,000 0.0255
- 100 212 1.0 10,000 =0.247
: 3.0 " 30,000 0.160"
5.0 50,000 0.324:
7.0 70,000 0.505-
9.0 80,000 - 0.576.
10.0. - 100,000 0.612
12.0 120,000 - 0.630
15.0 150,000 - 0.631
17.0 170,000 .0.576
20.0 200,000. 0.446 -
25.0 - 250,000 . 0.225 .
200 392" 1.0 10,000° ~0.385
L ) 3.0 30,000 - -0.154
50 50,000 -0.025
7.0 70,000 - 0.0107
9.0 90,000 0.0766
10.0° - 100,000 0.114
120 120,000 0.123
15.0 150,000 0.169
17.0 170,000 0.153
200 200,000 0.169
. 250 250,000 0.037°
300 572 1.0 10,000 -0.524
) 3.0 30,000 - -0.385
5.0 50,000 -0.274
7.0 70,000 ~0.227
9.0 90,000 -0.231
10.0 100,000 - -0.244
120 - 120,000 '~0.247
15.0 150,000 -0.237
17.0 170,000 -0.238
20.0 200,000 -0.210
. 25.0 250,000

-0.182
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TABLE 8- RESISTWITY VARIATlON OF NaCl SALT :‘.: -
- SOLUTIONS. WITH TEMPERATURE = T
: | E. § -J .
. Measured | * Calculated -
COncomutlon Temperature Resistivity Temperature Resistivity -
(Wt%) (°C) @ m) [N @-m).
3.0 L2 0.22, 25 0200
33 0.16 50 0.129- . . Ce
48 0131, 75 . 0080 P ca** .
.82 010; 100 ! . 00693 R : . b
% . 0.090 125 . 00%69 -
.80 0076 - 150. | 0.0488 . . ICEREY
109 0.0847° 178 . 00434 : . . ) .
138, 0.0544 200 0.0397 © 20 R
157 0.0488 225 0.037 ‘ TOTAL SOLIO CONCENTRATION, wt %
208 0.0401 . - 250 10.0358 .. - : .
239 0.0374. 218 o 0.0347 ) . 12=M i + + .
e . oo ™ ¢ onse th. 2'-Multipl ers forCa” -if)navsfor Flg.vl1‘.1f'
213" , 00340 | 325 00354 S - T
294 0.0351- - 350 ' 7 0.0371 . y— e -
320: 0.0358 a7s 0.0402 1
328 0.0388 400 0.0455: bt :
344 0.0374 ' : :
10.0: 23 o077 Lo 25 0.0730 - J
. 31 0.088¢ | 50" 0.0682 b
80 0.0390 7% 0.0418.
99- 0.0328 - 100 0.0320 az0p- 1
121 0.0282. 128 0.0260
180 00200 150 0.0220
200 0.0V7T . - 175 0.0193. = i
260 0.0163 200 . 0:0174
n © 00148 © 225 0.0161 .
303. L 00130 . 2%0 . 0.0151 L J
. 387 100143 278 0.0146 1
a8t 0.0148 300. © . 0.0143 . ]
40 o070 328 0.0144. e 1 4
S 350- 0.0148 <
s - 0.0157 »
- 400 0.0172 = 1
.. : ! . | . -
200 2 00434 28 0.0422 - -8
) 32 .. 00370 50 | 0.0284- W ool i
- .. 00320 75 0.0213 S
81 0.0239 100 / 0.0169 30wt%
. 82 - 0.0188 . 128 0.0139 . :
iz . 00174 . 1500 U 00119 - @ PURE NaCi SOLUTION: 1
126 - 00136 175 0.0104 4. MIXTURE: OF NoCl, KC! 8 CaClp -
141 00125 . 200 ! 0.0093 : : :
163 0.0113 25 . 00088 - 4
178 0.0107 250 0.0081 :
189, . 0.0102 cars | 0.0077 ~ — :
201 0.0099 300 | 0.0078 - ——— .
24 0.0090 328 0.0078
263 . 0.0082 350 . 0.0079 - o - o :
290 - 00077 - ars | 0.0084 s i ) ) 4
326 00073 . 400 | 0.0094 :
3s1’ . 0.0078 ! . . . N
ars - 0.0082 : ’ — — ——— :
w1 0.0089 ; % o R %5

©0 .. 00095 ' ' TEMPERATURE , °C
i ' Fig. 13—~ Reslstivi vs. tem garature for a3 wt% solution of
| ‘j 2:1:1 NaCl:KCl:.CaCl )

TABLE 7-COMPARISON OF MEASIm:u HESISTIVITIES WiTH VARIOUs DERIVED PARAMETERS
(Chemical composltlon of solutlon' Tsawt% 0.5 gal wt% Na+,0.3933K+,0.2711 Ca* *, 1.7462 Cl-)

e jL‘ 2 Desaland Moore’s Method o . ThisStudy I
' . Measured - : ; - Estimated = . . - Estimated
Temperature Resistivity ° Multipliers - Equivalent  Resistivity Multipliers - : Equlvalent. Resistivity
. (*C) . (1-m) .(K*+) (Cat+). NaCl(wt%) @m) - (K*) (Ca++). NaCl(wt%) (Q-m) .
25 0.22 0917 0806. - 292 0.21 0592 - 0723 277 - 0.22
100 . 0078 - .0917 0.806 292 0.070 0331 0.160 - 251 0.0765
300 0.043 0817  0.808 292 : 00345 , 0‘203._ -0.385 231 . 1 0.043
*Example cel quival Amcnaoswun7mx1+owxommmuom-znm-/. ’
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TABI.E 8-

COEEFICIENT MATRICES FOR B FOR .

.THE THREE-DIMENSIONAL REGRESSION: ANALYSIS -
_-OF THE DATA IN THE TEXT = . ’

0. Log Interpretation- Charts, Schlumberger-Doll Research .

Center, Schlumberger ‘l‘echnology Corp., Rldgeﬁeld Cl‘
(1968). - -

. o 11. Brace, W.F.: “Remstmty of Saturated Crustal Rocks to 40
. CaClg: -,..34_31. oo z4s¢ 1\‘ '-3-907, ) ' km Based on. Laboratory Studies,”” The Structure: ‘and )
: 7803 | -4923 ‘l v 6489 . - - Physical-Properties of the Earth’s Crust,.J.G. Heacock (ed.)
8=  1.050 -osgzz . 0.08735.° . . 243-256; Monograph 14, AGU, Washington, DC (1971).
' '~ 0.002459 oowm " 21216x10~4 * 7 12. Hermance, I.F.; Nur, A., and .Bjornsson; S.: *‘Electrical.
9986x10"’"~’ -7109x10'7- -4131x1o-9 - Properties of Basalt: Relation of Laboratory to ln-Situ
S - . - Measurements,’ J. Geophys. Res. (1972) T7, 1424-1429. -
v KCELT - 6783 . -' 1665 " 13, Jackson, P.D.; Taylor-Smith,. D.,. and’ Stanford, P N
’ T ~5023 © =3t . “Resnsuvtty-Porosnty-Pamcle Shape Relanonshlps for Manne;
,iBs . 02081 © 1 "0.1084 ;‘, . '=0.03418: . ." - Sands,’” Géophysics (1978)43, 1250-1268.
L 1815x10";_ T -7037x 104 - 1539x10“ .. 14. Archie;. G.E.: “The Electrical Resistivity Log as an Aid.in-*
-1094x10‘°‘ _ 1080x10"°¢ A-1945x10 il _ Deternunngeservoanhmctenstm," Trans., AIME (1942):
Lo [ - o 146, 54-67. :
" 'NaGir aar0 7 . —ees0 | 2633 15, Dakhov, V:N.: “Geophysical ‘Well Logging," Quart. Colo:
) <5921 - i 1981 . ~64.80. _ T Sok omeas(l%Z)57 85-127 (translation by G.V. Keller).
B= - 04851 . .. -0.2058- \‘ 7 0.005799- 16. Arps, J.J.: ““The Effect of Temperature on the Density and.
: T 29.346x 1075 " 7.368x 10‘5". 6.741x10-% . Electrical Resistivity of Sodium Chlonde Solutions,” Trens.,.
-1.766x10~% &naxm-’ ~2136x10-7 . AIME(1953)198,327-330. _
. T " 17. - Hyndman; R.D. and Drury, M.J.; “The Physu:al Propemes
- of Oceanic Basement: Rocks From. Deep Drilling. on the. Mid- -
. T Atlantic Ridge;” J. Geophys. Res. (1976) 81, 4042-4052.
" 18, Olhoeft, G.R.: “Electrical. Properties of Water Saturated
F—- fomanon factor D Y Basalt: Prellmmary Results to SNK (233°C)," USGS Open
- K=equivalent NaCl' multnphcr R e o o’:?g Y T688(1977): " :
L . 19: v and Ucok, H.:. Electnwl Rsxsuvnty of Water :

- T=temperature, *C - i . . Sarurated Basalt,” EOS, AGU.(1977) 50; 1235: :

. Pp —resnstnvny of clay-free, nonsnate matenal that 20. Fuoss, R.M. and Ksia, K.L.: “Association of I:1. Sans in-
- i " 21 Bockris, -J.OM: and- Reddy, AK.N:: Modern- Elec-
. pw=solution "es‘s“"“y’ Q. """ trochemistry, Plenum Press, New York City (1970) 1, 2.. - _
22. Jones, G. and' Bradshaw; B:C.:. “‘Specific Conductance of

‘ 'ACknOWledgments - - - Standard Potassium Chioride Solutions in.Ohm= 'cm" ".l
- Am. Chem: Soc. (1933) 55, 1780-1800. :

- This mv&sugatlon ‘was- supported Jomtly by the U. S, -
. DOE. Div. of Geothermal Energy and. the' USGS- 23, Othoeft, G.R.: “Algorithm and BASIC Program for- Or- -

- dinary- Least Squares Regression in Two and Three Dimen-,
. Geothermal ' Program: . Trade: or ‘manufacturer’s.. sions,’” USGS Open File Report 78-876 (1978).

names are used for descriptive’ purposes only and do- ) 24. Dunlop;. H:F: and Hawthorne, R.R.: “The: Calculation of. -
" not-imply- recommendanon or. endorsement by the' . 'Water Resistivities From-Chemical. Analyses;”” Trans., AIME
‘U.S.. govemment I T (1951).192; 373-376. . _
_ o L ) _ " 25. Desai,. K.P. and Moore, E.J.: “Equnvalent NaCl: Deter- -
] feren ‘§ ’ ..  'mination. From lonic. Concentrations," The Lag Analysr'
‘Re erences: © - (May-June1969) 12-21. ) :

" 1. Quist; A.S: and Marshall W L “Electncal Conductanoes of 26 Wahl; E:F.: Geothermal. Energy Unltzanon, John they &

B

: Aqueous: Sodium. Chloride:Solutions. From 0 to 800~ and at. . - Sons, New: York City, (1977) 26-80.
PressurestoAOOOBars"! Phys Chem (Feb 1968)12,684—._ ‘% )
R 1738 i : ’ -
2 Hwang JU Ludemnnn. ‘H. D and Hartman, D "Dle Y . .
. elektrische:. leitfahigkeit- konzentnener _wassriger APPENDIX -

alkalihalogénidlosungen’ -bei tiohen | drucken :und: tem-
_peraturen,”” High Tempemmm and H:gh Presune (1970) 2, -
651-659. . -

3. Wooten, M.J.: “The Conductance of Electrolyte Solutions,”
Eléctrochemistry; G.1. Hills (sr. reptr. ). Specialist Penodwal

; Report, The Chemical Society, London(1973) 3, 20-40. * - .
:+ 4..Hem, J.D.: Study. and. lnrerpmanon of the: Chemical
- Characteristics.of Natural Water, second edmon USGS water

: supply paper 1473 (l970)

"'s. Muffler, L.J.P. and White; D.E.:

Using the coefficients for B that are listed.in Table 8,
_the following short BASIC program will generate-

electrical resistivity in ohm-meter at a given tem-

perature in °C and salt _concentration (molar). .

10 DIM B@3,5), O(l 1),
.20 FORI=1t05
30 INPUT B(1,I), B(2,]), BG3,D) -

C(1,3), TS, 1), D(1,5)

“Amve Metamorphlsm of

Upper Cenozoic Sediments in the SaltonSaGeothermal Field -~ 40 NEXT1 . :
'?r;;;‘;osa:;%nlg? ugh Southeastern C\?hfom'a'" Bull L, GSA S0 DISP “Enter molar concentratnon and Celslus _
6. Roedder; E.: *“Composition of Fluxd“ Inclusions,”” Data of ~ - temp”
Geochemistry, sixth edmon, M. Flexscher (ed. ), USGS Prof.. .60 INPUTC,T
Paper 440-J§ (1972). - A .70 C(1,)=C
7:.Ward, S.H.: “Summary Report: Electrical -Methods. in - 80 C(1,2)=C*SQR(C)

Geothermal Exploration,” Workshoplon Electrical Methods 190 C(1,3)=C*C*LOG(C)

in Geothermal Exploration, Snowbird, UT, US_GS Contract i 100 T.H=1
" No. 14-08-0001-G-359, U. of Utah (1977) 1-10: . " .n=1 -
© 8. Ward, S.H. er .al: “A Summaty “of the Geology, 110 T2, )=1/T
" Geochemistry, and Geophysics of the Roosevelt Hot Springs 120 TG, H)=T

Geothermal Area, Utah,” Geophygcs(l978)43 1515-1542.

9. Ershaghi, 1., Dougherty, E.L., Ucok, H., and Ghassemi, F.: .
“Problems in Estimation of Salinity Pror lec in Liquid
Dominated - Geothermal- Systems,””! Proc., Geothermal
Resouroes Counctl Annual Meetmg, Hnlo, HI1 (1978) lSl 183.

130 T(4,1)=T*T
140 TGS, D=T*T*T"
150 MATD=C*B"
160- MATO D'T
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170, PRINT T C.l/O(l D
180 END

Line 10 sets up the matrix dimensions.

Lines 20 through 40 enter the 8 matrix coeffi cnents,

~ from Table 3 for the appropriate sait.

Lines .50 through 60 enter the desnred concemration
and temperature.

Lines 70 through 140 compute the concemrauon and

. temperature matrices. S

Lines 150 through 160 compute -the elecmcal con-

" . ductivity (due to the form of the concentration
dependence) :

Line 170 prmts out the temperature ( C), molar'

To compute the molar concentration of the solution,
multiply the solution concentration in weight pereent
by the density of the.solution, multiply that product
by 10, and divide by the molecular weight of the -

solute. Rcfcrlo any standard chemistry texibook.

S1 Metric Conversmn Factors

: ft X 3.048" E-O01 = m
: .ft-lbf x 1.355-818 E+00 = J
degree F ("F-32)/1.8 = °*C
“in. X 2.54° E+00. = cm
psi. X 6.894 757 E-03 = MPa
Commﬂof_v m:lovv_ls axact. m
Original ot ¢ d in Society of Petroleum Engi office Dac.

21 1978. Paper accepted for pubhcahon July 20, 1979. Remsod manuscript

concentration, . and electncal resxst:vuy m;;n 'ﬁ.’?n”mpa"ﬁf‘i” :amum presented at the SPE 1979 Inter-
L iltiald and Gi N i
~ (ohm-meter). : Jan. 2226 1979, Shemistry, held in
-16-
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shown within the pressure range studied here (2%

carbon dioxide has the greatest influence at low salt concentrations.

GAS SOLUBILITY EFFECT

Studies of production déta from various geothermaT reserveirs haveA

shown the presence of gases such as COZ’ NZ’ and CH4 in the produc1ng
1nterva1s The presence of such gases as a separate phase may 1ﬂﬂuence
. ‘the resTst1v1ty-behav1or-of rocks. The exact influence of such gases
Ain the dtssoTved foﬁm on foﬂhation water resistivity have nei been dis-

cussed in the literature.

Experimental data were generated on gas solubility affact and it is
%00 psia) that dissoived
No

’s1gn1f1cant effect for other gases were shserved under the conditicns of

these experiments. aA paper“summar121ng the results was presented at ithe

1979 Annual Meeting of the Geothermal Resources Councii in Rens, Nevada

(September 1979].
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EFFECT OF GAS SOLUBILITY ON ELECTRICAL
CONDUCTIVITY OF GEOTHERMAL BRINES

F. Ghassemi and I. Ershaghi

dniversity of Southern California

ABSTRACT

' Electrical conductivity of geothermal
brines, measured by electric logs may be
influenced by the presence of soluble
gases. This study presents: laboratory
data measured at room temperature and at
pressures up to 2500 psi. The gases
studied included carbon dioxide, methane,
and nitrogen.

‘By and large, carbon dioxide has the
greatest influence and mainly at low salt
concentrations. For the case of dissolved
methane and nitrogen no significant change
in the electrical conductivity of the
brine is detected. :

INTRODUCTION |

Many field reports on produced brine
from geothermal systems indicate the
presence of gases such as carbon dioxide,
methane, nitrogen, hydrogen sulfide, and
ammonia. The solubility of above gases in
water as a function of pressure and tem-
perature has been reported in ‘the
literature. Culberson and McKetta'l
studied the solubility of methane in water
and showed that the methane solubility in
normal geothermal brines (hydrostatic
pressures and temperatures from 300°F to
600°F) is very minimal (0.0004 g CHg/100
g H30). For geopressured systems, however,
somewhat higher solubilities: may be ex-~
pected. As shown by Stewart: and Munjal?
carbon dioxide has a much higher solu-
bility in water. |

During the well log interpretations
of liquid dominated geothermal reservoirs,
one of the parameters of interest is the
estimation of formation water resistivity
profile. The salinity profile may be used
for subsurface correlation. |

The production of gases .with geo-
thermal brines is an indication that the
gas is either in solution or in the form
of free gas saturation. Free gas satu-
ration may reflect itself in the form of

high Rya's (apparent water resistivity)
computed from electric logs. Upon the
availability of certain combinations of
logs (such as Density and Neutron log)
the presence of free gas may be verified,
The influence of soluble gas on the esti-~
mation of brine salinity ne@ds to be
investigated.

METHOD OF STUDY

An apparatus was constructed for
reconstituting samples of brine and gas
at room temperature and pressures ranging
from atmospheric to 2500 psi. A schematic

.diagram of the system is shown in Fig. 1.

The essential elements included the tezt
chamber, an accumulator for presuurlzzng
the system and various gas tanks.

The test chamber had two connectiong;
the top, which was used for introducing
the brine and the gases into the system,
and the bottom, which was used for the
conductivity cell. The test chamber was
designed for rotation on its support
allowing for shaking and mixing the

.samples of a given brine and the gas under

study.

Different conductivity cells were
tested and in the final design a prafab-
ricated conductivity cell made by Yellow
Spring Instrument Company (YSI 3410)
containing platinum-~Iridium allioy elec-
trodes was used. Resistivity data were
recorded using HP-4800A impedance metex
at a frequency of 1 KHz.

The base water used was commercially
available distilled water with an average
resistivity of 2000 ohm-m at room temper-
ature. Synthetic NaCl solutions were
made ranging in concentrations from 100
to 1000 ppm.

EXPERIMENTAL PROCEDURE
The details of the test chamber and

various connections are shown in Fig. 2.
The test chamber was filled with 600-700

-18-
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cc of brine leaving aboun, 250 to 13§ co

of gpace for the gas wnder study. ;The
test chamber was then connhacted to a given
gas tank. The mixture was pressurized

using the brine in the acpumulator driven -
by a high pressure nltrogen gas.?® iThe
pressurlzatlon was done in several incra-
mental steps. The test chamber was

shaken continuously to ensure complete
agxtatlon of the brine and to achieve the
maximum solubility of the gas 'in the
brine. ' ‘

; I

EXPERIMENMTAL RESULTS

Brine resistivity data for various
gases are shown in Fig. 3-4. At low salt
concentrations, the apparent resistivity
of brine decreases with pressure for
carbon dioxide and reaches to an equl-
librium at around 800 psi. (Thxsh
corresponds to-liquifaction pressure for
carbon leYlde at room temperature)

]

For nltrogen and merhane, there seems

to be a slight reduction,in apparent brine

resistivity but the effeét, in comparison
with carben dioxide, is insignifigant.
For higher brine concentrations, as shown
in Fig. 4, very little effect is

noticeable, if any.

The data for carbonudloXLde meached
at 75-80°F (below the critical- poxnr) show
the role of the gaseous COj as well as
liguid COy in lowering the electrical
resistivity of brine. Measurement of PH
‘on the final solution indicated aWredvc—
tion of PH to a level of 4.5 from the
original value of 8. It is belleved that
because of the formation! of carbonic acid,
a parallel conductor model may bé‘assumed
for representation of the systemJ The
proposed model consists of a strong branch

1

due to the original lonlc concenﬁratlon of

the solution and a weak‘pranch because of
the ionization of the carbenic aqld The
contribution of the weak branch to the
overall conductivity becomes sxgﬁxflcan;
at low brine concentratlon or atuhlqh
pressures. . ; |

d

For methane and nitrogén no«such

rodel may be assumed. The’ smallfreductlon
in brine resistivity at high pressures may
be because of slight volume reduction of
the original brine due to its
compressihility. v ‘

In geothermal brinés temperetures
above the critical temperature of carbon
dioxide, cause the carbon ledee to stay
in vapor phase. The solubility of COq in
brine at a given pressure and. temperature
may be determined from the data glven by

©1lis and Golding.? i

-19-

Since the low temperature data of
this paper suggests no appreciable effect
on the conductivity of high salinity water
because of carbon dioxide solubiliity, it
may safely be stated that for geothermal
brines with ‘salinities above 1000 ppm and
temperatvures above 300°F the contribution
of COz may be neglected. This is further
substantiated by considering the "salting
out effect" (lowering of gas solubility
at high brine concentration) and the
increase in the electrical conductance of
the original brine dlth temperature (as
chown by Ucok et al.").
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RESERVOIR ROCK RESISTIVITY
- AT ELEVATED TEMPERATURES

Rock samples etudied in this phase included Berea sandstone, Boise
sandstone, Cerro Puieto cores, and Hawaiian basalt. The.puevious studies
reported on. temperature effect were contrad1ctory and 11m1ted to temper-
ature'telowithe levels expected 1n geotherma] reservo1rs. -

"In th1s study, resistivity behavior of the above rocks saturated
with brine were stud1ed up to a temperature of 350°C. Various experi-
mental dffficulties had to be overcome and the details of the final de-
's1gn of the exper1menta1 set up was reported in Dr. Ucok"s Ph.D.
Dissertation in f11e with the Un1vers1ty Microfilms Internat1ona1 Ann
Arbor, M1chlgan. A paper summarizing the results was presented at the
1979 Stanford Geothermal Workshop and is included here. Another talk
on the subject.was;presented at the 49th Annual SEG Meeting in New Orleans
(November 1979); A‘more extensive paperven this aspect is being pre-
pared for. pub11cat10n in Geophys1cs.

In summary, the study showed the s1gn1f1cant role of surface conduc -

tion as a function of temperature.

i
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Presented at,the 19%0 Stanford Gecthermal Workshop
: L .

RESISTIVITY OF BRINE SATURATED ROCK
SAMPLES AT ELEVATED TEMPERATURES
w
Hlkmet Ucok‘ Iraj Ershaghi, USC,
Gary R. Olhoeft, U.S. Geological Survey
and L.L. Handy, USC

Electrlcal res1st1v1t1es of rock samples saturated with

. NaCl solution' have been measured at 1 KHz and under 31 MPa

hydrostatic pressures and at temperatures up to 350°C. The
samples included Berea}sandstone, Boise sandstone, cores from
the Cerro Prleto geothermal field, Mexico, and Hawallan basalt.
‘ h
The measurements were almed at studylng the effect of
mineralogy and thermal \alteration of rock on the contribution

'of surface electrical conductlon to the overall conductivity.
' The mineralogical composition of the samples were determlned

by X~ray diffraction analysis. : , Y
|

" The details of" the experimental setup have been reported
elsewhere and will nothbe repeated here.l Since the overall
behavior of saturated rock samples is influenced by the sat-
urating fluid, data from a previous study2 on the electrical
resistivity of brines as a function of temperature are in-
cluaded here. ﬁ

All samples indicgted a typical behavior as shown in
Figure 1. 1In general,|the resistivity of the samples de-
crease sharply between| 25°C to 200°C. The rate of decrease
slows down consrderably beyond this temperature and then a

slight increase in res%stlv1ty is noticeable above 300°C.
‘\
The general behav1or of the saturated rock samples shown

above is very similar to the behavior of the saturating fluid
as shown in Figure 2. | In addition to the brine, however,
there are other factors controlling the temperature dependence
of rock. These lnclude formation resistivity factor, surface
conductance, mlneralOQY’ etc.

As shown in Flgure 3, formation resistivity factor de-
creases with temperature up to 150°C - 175°C and then stabi-
lizes at higher temperature. The rate of decrease is a
function of surface conductlon of the rock sample. The
observed decrease in formation resistivity factor is explained
by the effect of temperature on the conductance of the ionic
double layer. The spec1f1c surface conductance of constant
charge density surfaces changes only if the average mobility
of ions changes with temperature.

-23-




Experlments w1th Berea sandstone samples indicate that
the relative contrlbutlon of surface conductance to the
overall conduct1v1ty is. dependent upon the solution concen-
tration. This Lsev1dent from the comparison of Figure 4 and
Figure 5.

As shown 1n Figure ‘6 the relative formatlon resistivity
factor of samples with surface conductance vary with tempera-
ture. The samples with a high content of clay minerals show
a higher decrease in the relative. formation resistivity
factor. Increa51ng the solution concentration affects this
considerably. .For example, the Cerro Prieto sample No. 5
shows a 16% decrease in formation resistivity factor at
about 150°C when the pore fluid concentration is 0.5 wt%.

The change is reduced to 10% when the pore fluid concentra-
tion is 3 wt%.; _

- For a sample of Berea sandstone ignited up to 550°C
for four hours, a plot of solution resistivity versus sample
resistivity is shown in Figure 7. All data points up to a
temperature of ;175°C fall on a straight line and deviate
from it at higher temperatures. .As shown in Figure 8, the
formation re51stlv1ty factor appears to be constant and
1ndependent of temperature up to 175°C and then increases
with temperature., Although the pore fluid concentration
is 0.5 wt%, no‘'appreciable surface conductance is observed.
This is explalned by the thermal alteration of the cation
exchange capacity of clay materials because of ignition. 3
This is in agreement with the data presented Qy Kern, et al.”
but is in contradiction w1th those of Sanyal.

- The observed increase in formatlon re51st1v1ty factor
at temperatures hlgher than. 175°C may be attributed to
phy51cal changes in pore construction because of thermal
expansion. .Based on the work published by Maxwell and
Verral® and Maxwell® some degree of reduction in the porosity
with temperature is expected. The magnitude of such re--
duction is, however, not enough to support the hypothesis
that the reduction of porosity is fully responsible for the
observed 1ncrease in formation resistivity factor.

The other contrlbutlng factor is the por051ty exponent.
The comp051te effect of both the porosity reduction and an
increase in porosity exponent is a more reasonable explana-
tion of the observed behav1or of the formation resistivity
factor. : _

From the experlment on the lgnlted Berea sample and
another Berea sample unexposed to high temperature, we were
able to compute the effect of surface conduction on formation
resistivity factor and as a function of temperature, Fig. 9.
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|
In general, above a temperature of 150°C, the structural
change in the rock may offset the true effect of surface
conduction on the formatlon re51st1v1ty factor.
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PROBLEMS IN FIELD INTERPRETATION
' oF NELLLLOG DATA

A review of certa1n we11 1ogs from the Cerro Pr1eto f1e1d 1n Mexico
1nd1cated the need for 1mproved correlat1on for br1ne res1st1v1ty data |
w1th temperature Furthermore, the behav1or of format1on res1st1v1ty
showed the need. for carefu1 exam1nat1on of c]ay conduct1v1ty effect at
e]evated temperatures Some of these problems were br1ef1y d1scussed in
a paper which was g1ven at: the 1977 Annua1 Meet1ng of the GRC. 1n H11o,
Hawa11 _f ' 'ﬂ” _ o ~' ‘ )

- The study showed 1ncons1stenc1es in computed format1on water re-
s1st1v1ty obta1ned from 3 d1fferent approaches, spontaneous potent1a1 |
1og, RXo data and Rt data Some factors respons1b1e were po1nted out
in a 1ater study supported by a contract with the GLIP program of the
Department of Energy * The results d1scussed ear11er on the rock and
f1u1d res1st1v1ty behav1or he]ped to exp1a1n the role of temperature

effects in the above observat1ons

"App11cat1on of 011 F1e1d we11 Log Interpretat1on Techn1ques to .the

Cerro Prieto Geothermal Field," I. Ershaghi, L.B. Phillips, E.L.

Dougherty,vL L. Handy. Los Alamos Sc1ent1f1c Lah Report LA 8130-MS
-'(Oct. ]979); . I
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PROBLEMS . IH ESTIMATION OF SALINITY PROFILE IN LIQUID-DOMINATED GEOTHERMAL SYSTEMS

o 1. Ershaghi, E. L. Dougherty, H. Ucok, and F. Ghassemi

' . 1

¥

DEPARTMENT OF PETROLEUM ENGINEERING
[UNIVERSITY OF SOUTHERN CALIFORNIA

ABSTRACT

Estimation of salinity profile!in producing
geothermal wells is of great importance in sub~
surface mapping and in designing the well complen
tion. Well logs have tradltlonally been used to
estimate R and, hence salinity, in sedimentary
type oil .fleld reservoirs. Geothermal reseryoirs
introduce complexities which can lead to errors
in interpretation of well log data using existing
oil field correlations. ‘This paper presents a
review of certain aspects .of the problem with
examples from.the Cerro Prieto field in Mexico.

- INTRODUCT10ON

Geothermal systems often consnst of massive
rock bodies: comprising several sub- reservonrs. '
Depending .on the type and the source of the re-
charge, .the percolation path, and the physio--
chemical state of each reservoir, the chemical
composition as well as the total -dissolved solid
concentration of liquid water often; varies among

the sub-reservoirs. Commingling of|production, as

is common in producing wells, yaelds a mixture of
water from these sub-reservoirs. Thus, in most
instances well logs provide the only practical
means of detecting salinity differences between
producing zones. In oil and gas reservoirs
observed salinity lows and highs are used to help
detect overpressured zones. .

in oil and gas reservonrs salnntty measure=
ment is somewhat simpler. than‘ln a geothermal

system. Petroieum reservoirs are generally sedi-~

mentary rocks at temperatures below;3QO°F, and in
normally pressured systems the salinity of the
water in sands and shales will be related. Geor
thermal reservoirs, however, are usually found in
fractured igneous and<metaMOrphic rocks at tem-
peratures higher than 300°F; Although sedimentary

type geotherma! reservoirs exist, |t is frequently.

found that because of igneous |ntrus|on, contact
metamorphism and hydrothermal "alteration, the
permeable layers. (sandstone-1imestone) are in a
brittie and fractured state and the non-permeable
zones ( shale) have considerably different petro-
physical properties than surrounding beds or
similar layers located at shallower depths. Also,

percolation of-the recharge water through the
permeable section may result .in the salinity in
such zones being considerably different than that
in the thermal?y altered inaccessible shale layers.

The purpose of this study was .to apply some
of the interpretative techniques developed for
petroleum reservoirs to a typical sedimentary-type
geothermal system and estimate the salinity pro-
file. Furthermore, it was our objective to iden-
tify shortcomings of existing techniques in
handling the geothermal reservoir environment.

Reservoir Description

Geophysical logs recorded in the Cerro Prieto
geothermal field in Mexico were used in this study.
The field is located in the northwestern part .of
Mexico within the Mexicali geothermal province.
The field is composed of deltaic and non-deltaic
sediments., The geology of the area is descrlbed
by Paredes -and Mercado

Methodologx

Formation water reS|st|v|ty, Rw, is an indi-
cator of the total dissolved:concentration.
Estimation.of Ry, however, will not lead to iden-
tification of the type and nature of dissolved
solids., ‘Three methods are primarily 'used in the
petroleum industry to-estimate R,; these are

_chemical analysis of formation water, analysis of

the SP curve, and the interpretation of formation
resistivity logs.

As :mentioned earlier, commnnglnng of produc-
tion from several zones often precludes use of the
chemical analysis method for geothermal wells,
Even if individual zones were .tested separately

unless the water samples are maintained in

pressurized. and thermally insulated .containers,
the thermodynamic changes that the produced .water
may undergo during its trip from bottomhole to the”
surface. may result in totally unrepresentative
dissolved solid concentrations.

. The next logical approach i¢ the use of well
log data. Before discussing the merits or draw-

- backs -of log-derived.values of Ry, let us point

out that verifying the quality and accuracy of
well logs depends upon proper calibration and
making repeat runs, Furthermore, accurate records
of the drilling mud type and properties are also
needed,
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The magnitude of the SP is determined by:
a |
SP = =K log —"L-‘ - (M
mf “
where a, and amf are the activities of the forma-
tion water and mud filtrate, respectlvely, and K is
a function of formation tempefature. For brines
with salinitles below 60,000 ppm the ectlvltles mey
be replaced by reslstlvltles.l

SP--KlOng* !
Wi |

(2)

Thus, If a knowledge of Rpf at formation| tempera- -

- ture is available, from the reedlng of SP deflec-
tion, R, may be easily estimated. Unfortunetely
the presence of shale in reservolr rock tends to -
reduce the observed potentlal and the veﬂue of Ry
computed is too high. Also. if formatlonjwater is
relatlvely fresh, the presence of ions other than
Na" and. C1~™ sometimes lead toiSP's that are too
large resulting in low values”for Rye The major’
uncertaintjes surrounding theiuse of the?SP In geo-
thermal - systems are the correct estlmetlon of tem-
perature and the validity of the exlstlnb SP
correlatlon at elevated temperatures.
ll

For a brine saturated system an estﬂmate of Ry
Is obtained from a deep lnvestlgatlng reslstlvlty
tool (such as a deep induction log), uslng the
following relationship: !

i
1
13

! .

R ’ i . -
, Ry =7 .| | (3)
where R, is. the’ formetlon true reslstlylty and F is
the formation. resistivity factor.’ tdeqlly. the
above equation may lead to a yery reliable estimate.
for Ry since no need for accurate estlmetlon of
reservoir temperature is apparent. But P careful .’
analysis of the equation indicates some ﬂnheyent
problems not to be overlooked“ Log analvsts obtain
formation resistivity factor {rom an est“matlon of

formation poroslty,_such as; | i

F'IL ‘ . l

. ¢m \V . i
where ¢ s porosity and s endlm are consLents ;
Correlations of this nature are all based on the
assumption that F s’ Independent of the mype of the
fluid. This assumption may be yalld In petroleum
reservoirs. But for geothermal reseryoirs where
considerable Interaction between rock and fluld at
elavated temperature are expected further refine-
ments of the correletlon appears to be: needed.

l
Based. on work currently underway ln our labo-
ratories, preliminary: results“lndlcete thet the
temperature may have a signiflcant effect on the
F - ¢ relationship. The problem is comppunded when
one superimposes the electrical conductnyuty effect
of dispersed or laminated’ shale.

l : <
* Actually, the equation s more correctly
expressed in terms of ftaquivalent" resistivities
whlch are correlated with actual resnTtlvlties.
. . l_ ]

(&)

In. addition, the above equation assumes that
the formation is completely saturated with water,
(Sw = 100%). Thi's may not be a realistic assump-
tion even in a llquld-domlneted deothermal system.
The presence of dissolved gases such as €02, N2,
H2S and evén CHY in produced geothermal fluld ’
strongly suggest the possibility of a free gas
saturation in the formation. Although the gas
saturation may be below or at the critical level
(immobile gas), Its effect on the overall forma-:
tion electrical conductivity may be significant.
Use of equation (3) in such cases will obviously
lead to estimates of R, which are too high.

i

Cross plots of Ry =~ ¢ have also been used in
oil field practice. The method is based on .
plotting log Ry vs.log ¢ and estimating m from the
slope and a Ry from the intercept. Determining
Rw requires a knowledge of the constant, a.

Another approach may .be the use of flushed
Zone data., The following equatlon may bo used to
estimate R, without a need for F. S
AT . (5)
“w. 'R mf e
o 'x0 L L
where Ry, is the resistivity of .the flushed zone:
obtained from a shallow investigating tool. Here, -
the assumption Is that the saturation conditions:
in the flushed and uninvaded zones are ldentlcal
(both may contain an immobile gas phase).-

in all of the above formulations, no para-
meter indicating the shale content enters into the
equations. Several methods for computing water
saturation in shaly sands have been proposed, A3
shown by Fertl and Hammack3, all of the shely sand .
formulas become insensitive to the shale contéent’
as water saturation approaches 100%. Therefore.“,f
in the Preliminary Study no attempts were mede to
utilize the exlstlng formulas. ’ .

A few selected wells in the. Cerro Prietd’ .
which had yielded good quality logs were analyzed
In this study. Table 1 shows a~ typlcal trend ‘of' B
the recorded well log data." The Saraband porosu-\
tles indicate a reduction of effective pore space
with depth which may be because of compaction. " An -
apparent increase in Ry with depth is somewhat
unexpected. Ordinarily one expects a lowering of
R, with depth both because of increasing TDS and|
higher temperatures. But a similar increasing® f
trend in the spontaneous potentlal with depth r -
suggests the possibility that the shale contrlbu-
tion to the overall conductlvlty of the formatlon "
diminishes as hlgher temperatures are encountered.}i

{

rovo,

'
Pl

Table 2 shows some typical. computatnons ﬁ .
applylng the methods discussed in this paper-to '’
four wells in the. field. 1In general for shallow.
depths (where Saraband log stlll shows the shale'*
effect to be existent), the R, from SP and from’ "
eqn.(5) are very similar. R,'s from eqn(3) are,"
however, lower. ' For deépér sands where tempera-‘ T
tures are higher the results from eqns.(5) and (3)
become closer while the Ry's from SP are lower.

This may be due partly to our extrapolatlon of the
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existing SP equation to elevated temperatures
where other thermal effects may need to be con-
sidered.

The R, - ¢ plot approach so far has been in-
conclusive. This may be attributed malnly to
variation in Rw with depth. .

Conclusions : :

Preliminary studies conducted on well Iogs
for a typical liquid dominated system indicate ‘the
need for careful study and understanding of tem-
perature effects on the existing oil field petro-
physical correlations before their applications to
elevated temperatures. Indications are that the
hydrothermal alteration of shale with depth sig-
nificantly affect the Ry's computed from’ dlfferent
methods dlscussed in this paper.
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TABLE |
TYPICAL BASIC RECORDED DATA
WELL X-1i
Perméablé Depth,ft -(Saraband) Rt SP
Zone From To [} T,°F  ohm-m mv_
) 2570 2625 0.280 385  0.91 ~-27
2 2658 2695 0.270 410 1.1l =25
3 2748 2782 0.290 420 1.00 =20
. h 3085 3110 0.270 450 1.176 -30
‘5 3145 3180 0.290 460 .91 -28
6 3200 3225 0.2935 470 .96 -30
7 3235 3280 0.270 480 .95 =27
8 3590 3613 0.230 500 2.33 =43
9 3694 3715 0.210 520 2.50 -42
10 3780 3806 0.250 530 ' 2.44 -50
1 3923 3945 0.210 540 2.63 -55
12 3980 4020 0.260 550 1.89 -53
13 4100 4140 0.210 555 2.00 -55
14 4155 4180 0.200 570 2.50 =60
TABLE 2
COMPARISON FOR SEVERAL WELLS
Shallow
Rw Rw Rw
Well Depth - (Sp) (5t) (edn 5)
X-2  3535-3560 .150  .034 10
X-3 2785-2830 .110 .022 .091
X-b 2650-2685 .180 .083 .160
Deep
Lo Rw Rw Rw
Well Depth (Sp) (Rt) (edn 5)
X=2 4595-4655 035 .0770 .088
X-3 3715-3760 .07 .080 0.1
X-&4 4170-4200 .08 .086 0.095
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PERﬁEABILITY DETERMINATION
. W ‘

Est1mat1on of format1on permeab111ty in petro]eum exp]orat1on us1ng
‘well Iogs has been a frustiat1ng one. Geotherma] systems, in the absence
:of hydrocarbon phase, present opportun1t1es for further 1nvest1gat1ons
. The f11trat1on of dr1111ng fluids against aporousand permeable rock
'_g1s a function of rock poros1ty and permeab1]1ty The depth of mud fil-
trate invasion then may leed to an estimate of rock permeab111ty Dual-
Induct1on Laterlog data may ‘be used to compute the radius of 1nvas1on

A study was conductedlon the poss1b1e app11cat1on of the above con-.
cept. The study 1nc1uded1the construct1on of a wel]bore numer1ca1 s1mu-
lator to pred1ct a depth prof11e of 1nvas1on rad1us for a g1ven perme-
ab111ty column. The 1nvas1on prof11e obta1ned from Dual- Induct1on
Laterlog was then’ used for estimation of permeab111ty prof11e by an
iterative techn1que h |

The study showed thaé for Tow solid muds the concept may be‘
appiicab]élg Certein proplrties ot drilling fluids needed for the simula-

. X I
tion job are not routinely recorded in the field. Fluid loss properties
/ , _ )

recorded using the API stgtic test are misleading and modified designs of -

d

the approach are suggestep. In fact, a suitable design was tested for -

possible field applications.
B

Various studtes<condpcted'uhder this phase pointed out the feasibil-

' | : . : o .
ity of the proposed technFque, Unfortunately, no field example can be
presented at this time betause of 1nsuff1c1ent data. about the character-
istic of the dr11]1ng f1u1d Th1s is an area wh1ch requ1res further

investigation. :
-39-
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PERMEABIL!TY DETERMINATION IN LIQUID DOMINATED GEOTHERMAL
RESERVO!RS US(NG THE DUAL INDUCTION LATEROLOG

l. Ershaghu,?E L. Dougherty, D. Herzberg o
“ and H. Ucok’

: Department of Petroleum Engineering -
Unlver5|ty of Southern Calcfornla
|

- ABSTRACT
K J; : : » . . .

A method has been dev loped to estimate the permeability proflle in
a geothermal well from a Dual lnductnon-Laterolog, a porosity log, and
drilling data. The procedure is based on modelnng the invasion of -the
drlllnng mud filtrate into the formation and using a history matching tech-
nique to arrive at the permeabslnty profile. Input data to the computer
model includes basic. drulllng mud properties, drilling hydraulncs, and
dimensions of the tubular goods .A permeability profile is assumed for the

|

well and the computer program is run. The objective is to compare the
invasion radius computed frﬂm the program to that derived.from the logging
data. The process is then Tepeated until a satisfactory match is obtained.

;- INTRODUCTION

Estimation of physich properties of reservoir rock in geothermal
systems poses new challengeg to existing theories and methods applicable to
oil and gas reservoirs. Presence of high temperature limits the utility of
existing tools and, even if |the tools were available, interpretation of
data opens-up new: frontlerS\ln formation evaluation. Currently efforts are
underway to improve.the desmgn of tools and make them resistant to the’
hostile environment in geothermal wellbores. Many researchers have started
work on improved or new interpretation methods for estimation of rock and
fluid properties from well log data. Baker et al.' and Sanyal and: Mendav
summarized certain dlfflculttes associated with format:on evaluatlon in

geothermal reservoirs.’ 'W‘

. | _
This paper presents a new approach to estlmatlng permeabulnty of

‘liquid-dominated geothermal”reservo&rs. The proposell technique uses a
combination of drilling data together with a dual-induction laterolog.

A numerical simulator of wellbore hydraulics during drilling. is used to
predict invasion profiles for assumed permeability profiles. Comparlson of .
predicted invasion effects: to those indicated by the duai-induction l
laterolog indicates’ whethermor not the assumed permeab:llty profile is.
reasonable. The method is not believed applicable to oil and gas . reservonrs.

STﬁTEMENT’OF THE PROBLEM

Permeabclnty of reseLvonr rock is an important parameter in reservonr
assessment. Reservoir engnpeers need the permeabnlity to calculate deluver-
abilities, to estimate interference between wells, and to complete an
overall reservoir description.. By and large, core analysis and measurement
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PWLA NINETEENTH ANNUAL LOGGING SYMPOSIUM, JUNE 13-16:}1978 ,

of pressure transients are-the most common. techniques used in oil field
practice to estimate reservoir rock permeability. Attempts to use well logs
to estimate formation permeability have resulted in empirical correlatuons
which may not be unlversally appllcable. ‘A'review of the literature shows
that the Ioggnng methods proposed in the past for estlmatnng rock perme-
ability fall .into one of .the following categorneS' :

I - methods'based on Kozeny equations (electrfc log)
2~ methods based on acoustnc logs
3 -,methods based on free flund lndex (NML)

4 - methods hasedAon T

It is approprlate that a. brnef review of exnstnng technlques be given
here to acquaint the reader with the. lumntatlons .that these methods may have
in geothermal reservo:r evaluatlon.“ : o

1= Permeablllty from Kozeny equatlon
A general correlatlon between rock permeabnl!ty, porosuty and surface A
area may be written as shown below. . :

i B
K= A -3L15
O

where
K-%-single‘phase permeability
0= porosity

-Swi = connate.water saturation

A, B, and C % constants'w

Table 1 shows some of the correlatlons publlshed by d:fferent lnvestlgators3 6,
In the above method it is assumed that the rock contains irreducible water,j“
saturation. This concept is valid only in oil and. gas reservoirs where .
hydrocarbon is the domlnant phase and water " saturatlon is at ltS connate
level.

4
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' Table 1

Permeaoility-ﬁstimates-from_¢«and.sw

N

Correlatnon o K Author () *.. .- fj'f_' ____ Reference” '
' K = -9—7 ;ﬁ_ Wyllie and'Rose?} . v'."ngodr;;Pet}fTeen:;'

April, 1950

K= —ﬁga j Tiﬁur“ .. .. .. .The Log Analyst, 1968
Sui | : . R
K= : € Brown and Husseini® o §PWLA;Transﬁ 1977
S . P ' . _ o
wi ¢

Al

“ 1
2 -~ Methods based onﬁacoustic logs

The use of acoustic logs to estlmate permeability has been suggested

in the Ilterature. Lebreton et al. proposed the use.of an4equat|on:of the

type:

= ! ’_‘_ l“
Ieh a log ™ + B

where a' and B' are approxumately constant for a guven borehole and
Ie é 3/h1 obtalned from the recorded sonic wave train. (h1 and hy are

peak amplitudes of two ‘of the first arches.)

Dowling and Boyd8 also proposed use of the sonic log to estimate

" formation permeabnllty In their approach the permeabllnty is estimated

from incremental changes in the transit time due to fluld movement caused

by the sonic vibrations. 1
d

In a recent paper, Staal and Roblnson estimated permeabullty from
measurement of the full acoustnc wave train; ‘their work is based on the

theoretical work of Biot' ‘and Rosenbaum!.’ In this technique formation

permeabnlnty is related to ‘the attenuation of the acoustic wave that
corresponds in velocnty toche Stonely wave work in thns area is in the
prelamlnary stage.;"-

b - w
¥ 8 Y

3 - The use‘of nuclear magnetic log

As dlscussed by Seever‘z, the nuclear magnetic log potentnally can
provnde information about Wock permeabul!ty.

Timur!? demonstrated the use of the NML -logs for estimation .of the
specnf;c permeabllnty of a formatson from empirnca] corre)atlons developed

{4«3;.




for a given field. The' maJor drawback of this technique is the massive .
amount of laboratory data requlred For _each case to estlmate the empurlcal
coefficients. -

4 - Methods based on TDT

Several -authors have proposed using the Thermal Decay Time -log to
make a qualitative or quantitative estimate of permeability. Engelke and
Hilchie'* showed that if the mud filtrate has a higher salinity than the
formation water the Neutron Lifetime log together with porosity data may be
used to derive a qualitative estlmate of the invasion profilé and determine
the permeable zones. Dow]tng et al.l? proposed to alter the natural charged
ion spatial distribution in the formation fluids and to measure the
resulting thermal neutron decay time characteristics of the formation.
Comparison to a reference rock with no alteration provides an estimate of
permeabll)ty ‘ ‘

The problems assocnated with the use of the TDT un geothermal
reservoirs have not. been reported or dlscussed A

DESCRIPT!ON OF THE PROPOSED TECHNIQUE

During drilling and prlor to running well logs, the drilling fluid
percolates into the permeable sections of the wellbore (if wellbore pressure
exceeds formation pressure) Mud filtrate displaces the original formation
fluid near the wellbore; the mud is.filtered out on the rock face and forms
a mud cake. Depending upon the composition of the drilling fluid, the:
sealing properties of the filter cake vary. For oil and gas reservoirs it
is imperative that the anvasnon of mud filtrate be minimized and thus a mud’
composition with low filter loss is desired. Bentonite, a major ingredient
of oil well drilling fluid,, has excellent sealing properties. Addition of
certain chemicals or materials can further improve the sealing properties
of the mud cake and thus minimize invasion of the formation by mud filtrate.
Deep invasion in hydrocarbon saturated rocks is undesirable, because the
displacement of the mobile hydrocarbon from the vicinity of.the wel-lbore
may mask the true potential of a formation.’ Furthermore, mud filtrate
invasion often damages the hatnve'producsng formation, and may greatly
lower the productnvnty index of the well.

For a liquid domnnated system’ the dlsplacement of formation brine by
the mud filtrate will ‘not cause any problem with respect to fluid saturation
determination. The estimation of formation water resnstxvnty from electri-
cal logs; however, will be sensitive to the invasion radius of mud flltrate
and the problem of formatlon damage is stnll at ‘hand.

In addltlon to. the mud composition, the radius of invasion is
dependent on rock porosity’ and permeability and drnlllng hydraulics.
Ignoring the sealing properties of mud and assuming the same pressure
gradient for a given rock permeabllzty, the mud filtrate will travel
farther into a formation if the porosity is low, and for the same porosity
a high permeability rock will allow: deeper invasion of filtrate. Since the
sealing properties of the’ mud ard- the pressure gradient also play important
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roles in the filtration’ pro%ess, the following equatnon may be’ used to -
depict the reIatlonshlp for! ‘estimation of - nnvaslon radlus ‘

r = finc, 8p, t, 9, K)

where (rom invas?on.radius,
mcl- mud cOmposItIon
B

Ap = pressure dnfferentlal between weIIbore and formatlon ;ﬁﬂw

t = exposure tnme S ;- ”,.
¢ ‘. formatlon porosnty “e: e
K = formatlon permeability
It seems theoretlcally poss;ble that :f one couId est:mate invaslon
radius (dual-induction Iaterolog) and input t, ¢, Ap, and a measure of mc,

the formation permeability may be obtained. from the above equation.

ESTIMATION OF INVASION RADIUS

: y L
The use: of three reslstlvnty dev&ces (smaII sIam) thh dlfferent R

geometruc factor bhas been proposed as a means of estimating invasion radius.:
This is based on solving the. foIIownng three simultaneous -equations and
obtannang the geometrlcal ﬁactors in add|t|on to the correct estlmatlon

of R : : :

1 iGmi G;1 -Gy s : '
T Tttt v (deep induction)-

. iLD tm it s : PR
N . o ;I .
e G Gi’ G, & e
— TRttty tm (medium induction)-

1]

e - ﬁGmRm'+ rmcRmc +’GiRi’f'Gt8t (shélIPW”foﬁuseﬁ)_‘

- The above equatuons may - be reduced to three equatnons contanntng only Rt

R and G, if one assumes that the borehole and adJacent bed effects - ”f:‘fb

ate negligible. From the geometrlc factors, the invasion diameter may be |
determined depending on the tool specifications. These multiple res:st:vaty

devices are available under different names from different service - . - [.w

companies. (Dual-lnductton Laterolog or Dual-Induction Focused Log).. -~ i

Usually. the entlre squtlon process is simplified by the use of charts and b
. R, R

nomographs into. whnch the ratlos .of RLL -and RLLM are entered and the .;;* .
. ILd ‘ILd [P PR ol Fooo§ i
Invas:on diameter is read dnrectIy .
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The Dual~lnductlon Laterologs give an estimate of where the mud
filtrate front may be in the formations. An implicit assumption in the use
of our method is the existence of sharp frontal movement and negligible
dispersion and gravity segregation effects. These logs, however, do not
tell us how the mud filtrate reached there.

Various parameters which may play a role in the extent of mud
filtrate invasion into a given formation have been the subject of studies
by many authors. The first attempt to integrate all such parameters into
a simple equataon mainly for computer log processing was reported by
Breitenbach.!® He indicated that for a gel-base mud the following equation
may be used to estimate the invasion diameter:

D-C /2 v

oi = 2E° [(0.04643 + 0.00002381 4p)-API-t )
+ 0.00635 (BHT - ST) t”z + 0.01495 Vmud '/2]+

" [1 +0.0063 (BHT = sT)] + p2]'/2
where ,
AP) = A#l static filter loss, cc/30 min
BHT = téﬁperature of the formation, °F
ST =-su}face temperature, °F
Cc' = dy%amic correction factor for gel-base mud
D = bor;hole diameter, inches
p = por%sity, fraction
DI = inv;sion.diametef, inches
Ap = préésure differential, psi

v = annular mud velocity, ft/sec
mud :

t time, hrs

As noted by Breitenbach this equation has limited application since.
it does not ‘include the formation permeability and the initial surge loss
into the formation. Furthermore, no explicit and universal technique for
estimation of C' (correction for dynamic effect) is given in the above
paper. In a subsequent paper Miesch and Albright!” indicated that the C'
may be assumed to be 1 for. gel base mud. They also presented correlation
equations for estimation of invasion diameter from driller's log parameters.
The general form of the correlatlon may be shown as follows: ‘
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/]‘

points along the wellbore usung‘khe second computer program, (MUDFIL) The '

basic data include a k/h vs tume table for the mud cake, mud filtrate
" viscosity and compressibility and the formation pressure gradient. In
addition the porosnty profile (from porosuty logs) and an assumed perme-e
ability" proflle are needed. - v_
i | . .

For the assumed permeabu”uty profile the invasion radius is .
. determined and compared iwith the invasion profile obtained from the dual-.
induction laterolog. If the two do not agree, the assumed permeability
profile is adjusted and the computatlons repeated untnl a satlsfactory match
is obtanned » {

The computation of the Fultrate invaded into any segment of the
formation during a given time- step is done by an iterative procedure. The
iteration method is used. because the pressure drop across the fnlter cake

is not known. g : ‘ R

The main equatlon which descrubes the fluud lnvaS|on lﬂtO the forma-~.
tion may be expressed as: : 3 :

&% P lse _ 18p
| S5r2 r 6r n 6t

where P, r and t are pressure,‘radlus, and tlme, respectively and n is the

i

|
dlfoSlVltY constant. (n - K This equation may be solved for certain

u¢C
boundary conditions. In this study we used the Van Everdnngen and Hurst!®
solution which is given!in tabu’ar form expressing the dimensionless time
tD vs dimensionless water |nflux Q(t) The cumulative invasion at any time
\‘ . - . -

is then determlned from° o _
" W .= IBZAP x Q(t)

]
;
il

where g

B = %1 M9 x ¢ xCxr?xh
h

; Ap = hdlfferentlal pressure at .interface between
“ ‘fllter cake and formation

The symbol Z is used here to show the superposition effect.

The computation scheme in the (MUDFlL) program follows the. iterative
procedure outllned below |
i .
1-a value for f;ltrateLvolume, Q, is assumed for the particular

“time step, | ) 11 :

2 - the expectedrpressure drop across the mud cake for the given Q
s determlned using Fhe mud cake k/h values thereby gcvcng the
effective pressure agalnst the formatlon,.
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LOQ(D|) = A + A1X; + ... + AsX;s

The coefficients were guven for the deep or medium induction:logs and X,
through X;s represent formation and rock properties. Propertles used
included depth, porosity, Rw’ Rm’ temperature, R of’ BHT, mud weight, water

loss (AP1), hole: diameter and the resistivity from an induction log. : The
correlations were based on 676 zones from 26 wells and the average absolute
deviation for estimation of D was reported at 41.8 percent..

OTHER INPUT PARAMETERS

The complete history of drilling process for any segment of the
borehole may be simulated by a computer program. The program requires

estimate of drilling tlme, tripping time, and the onset of static conditions
in the wellbore. In-addition mud density, circulation velocity, .dimensions
of drill pipe, drill collar and the-wellbore itself are needed. The program

estimates the flow regime in different. segments of the curculatlon path and
determlnes the effectlve pressure against the formation. :

The cumulative volume of filtrate invaded into permeable zones as a
function of time is then computed. To do this a measure of mud cake perme-
ability-thickness ratio is needed which may be obtained from laboratory
tests on. core samples. ' Volume of filtrate invaded is then translated into
the radius of invasion using a knowledge of formation porosity.. :

EDESCRIPTION'OF THE SIMULATOR . - .

The numerlcal snmulator used in this study consists of two computer
programs. The first one (MUDPRS) is designed to model the wellbore
hydraulics during drilliing and estimate the complete history of mud:column
pressure against the drilled portion of the formation. The pressure data
generated from this program .is then used in the second program (MUDFIL)
together with the properties of the formatlon and the mud cake to derijve
the estlmated invasion profile.

Estimation of Pressure.Prof1le.-

The pressure in the mud column and against any point of the formation
is a function of depth, mud density, and the circulation rate. When the
mud column is in static, condition, a circulation rate of zero is used in .
the computations. For the dynamic conditions (during drilling) the circula-
tion pressure is obtalned from accounting of the pressure losses in the
system. :

The input data for this computer program consists of tubular dimen-
sions and lengths, mud properties, cnrculat|on rate, dr»llnng rate and the
wel lbore radius. ‘ . : . :

Estimation of the Invasfon Radius

The pressure proflle vs.vtnme is.obtained from the first program and
by a superposition method the invasion radius is computed for different
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|
.3 E
3 - for the given t:me‘step the dumenS|on|ess time and the
.,correspondlng Q(t)\from the Van Everdingen and Hurst solution
is determlned "-, :

R -*from the Q(t) the amount of influx is determnned and compared
with the assumed value, Q, -
. ‘ 3
'-S_f-the process is repeated until the two influx values match
wathnn a gnven tolerance,
) . . |
6 - by using the pranlple of superposition the cumulatnve influx

is determnned and‘translated in terms of invasion radius.
- \

o The basnc wellbore. parameters used in the snmulator runs shown in
this paper are given iin Table 2. For simplicity it was assumed that the
dynamic filtration prevails w:thout any pause until the entire section is
drilled through. The- total static period-before the commencement of the
logging was ten hours ' '

]

 NO MUD CAKE

In the absence of any“mud cake (such as when drilling with water) the
invasion radius is a functlon of formation permeability, porosity, and the -
time of exposure. Flg 1 shows the invasion profile for a 500 ft. layer
with uniform permeability (0\1 md) and porosity (0.2). The radius of =
invasion is largest at the top of the section, which has been exposed to a
longer perlod of invasion. For higher format:on permeabllutles drilling.
fluid will invade farther nnto the formation. This fact is demonstrated .in.
Fig: 2 for permeability varywng from 0.1 md to 1000 md. The porosity of:

" the formation also affects the radius of invasion significantly. Fig. 3. ‘
shows that for a section wnth uniform permeability of 10 md, changlng the -

porosuty from 0.20 to 0.1, uncreases the invasion radius.
v |

The cases discussed agove illustrate that in the absence of a mud
cake, the invasion radius may vary from a fraction of a foot to 50 feet or
higher depending on Formatlon properties and drilling hydraulics. As long
as . the invasion radius does not extend beyond the depth of investigation of
the deep induction tool, theimethod proposed in this paper may be used to
estimate the formation permeabullty profile. The results shown above imply
that for drilling with water! the rock permeability must be low (<|0 ) to
limit the invasion rad»us. ﬁ

ﬁ WITH MUD CAKE

As is customary, the $ril|ing fluid contains bentonite or other
sealing agents to form a cake with low permeability which impedes invasion
of the mud filtrate into permeable layers. Particle invasion before the mud
cake is fully established will also cause a reduction in permeability in the
first few inches:-of the formatuon In this paper we assume that the effect
of such permeablllty alteration is included in the overall permeablllty

_barrler assocnated wnth the mud cake

.
B P

-49-




" The effect of the mud cake needs to be carefully evaluated in llght
of formation permeability and the mud composition. The' two majoriquestions
are the way the mud composition, on .one hand, and formation permeability on
the other influence the buildup and the properties of the mud filter cake.

l

Effect of Mud Comp051t|on |

The concentratlon of any clay matérial or other sealing agents in -
the mud dlrectly affects the filter cake permeability. Since; for the
purpose of this paper and the application method discussed here, we are more
concerned with the permeablllty thickness ratio: of the filter cake than with"
the permeability or thlckness separately, we shall examine the sealing
property of the mud- cake 1n terms of k/h ratlo. (Note that h is mud cake
thnckness ) - s :

i P : - . PR R,

The rate of flltratlon through an already establ:shed mud cake is

directly proportional to k/h. Therefore, a decreasing trend in k/h
nndlcates reductlon of fnltrate throughput.

For comparatlve studles a.static APl fllter press is normally used
to study mud cake k7h variation versus time for different mud compositions.-
The method of: analysis consnsts of plottlng cumulative filtrate volume
versus- time. Usnng the slope of the plot in the Darcy equatnon wlll result
in an estlmatlon of k/h 'versus time.

-Flg.'“'ShOWS an APlgstatlc.test results for three muds with bentonite
concentration of 10, 50 and 100 g/liter. . As it'is expected, increasing -
bentonite content reduces’ the k/h ratlo significantly. :

Unfortunately API statlc test data may not represent actual wellbore
conditions. 'As discussed by Outmans'®, Ferguson and Klotz2°, Krueger?!
and others there are several stages of filtration in the borehole.
A typical filtration schedule may be as illustrated in Fig. 5. From this"
plot it follows that the k/h ratio may go up or down depending on the stage
of filtration. As- dlscussed by Horner ‘et al. ?2; the only way to determine
the dynamic filtration behavior of a 'given drilling mud is to run‘a dynamic
test. No other test, such as the AP! static test is truly representative
of actual downhole behavuor. Studles of dynamic filtration reported by
Ferguson and Klotz2?®, Krueger?!, and others?3:%* show that the three main
factors controlling the volume of filter loss are mud composition, pressure
dlfferentlal and rock permeabullty Mud composition and (malnly) the matrnx
grain sizes determine the degree of particle invasion or pore ‘plugging 28,
Pressure dnfferentnal acts as the driving force and affects mud cake
compressibility. . The role of formation permeability is, however, somewhat
obscure. For hngh permeablllty rocks the initial spurt loss is substantial,
and there is a rapid- bunldup of the mud cake. Large pores of such: rock
also lead to particle invasion and possible internal rock permeability. .
reduction.’ Subsequently ‘the mud column acts against a low- permeablllty
filter cake and the water loss becomes negligible. For low permeability
rock the initial spurt loss is low, and the transition between the- formation
and the mud column is a’ thlckened mud ‘with properties between filter cake
and mud slurry. The permeablllty of thls thlckened mud is nntuntlvely
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larger than the permeabnluty,of the mud. cake. Fig.. 3 of the Horner et al 22
paper shows the sngnlfncance of rock permeabullty on cumulatnve dynamlc
fl]tratnon o o | . A : :

“"ES:TIMAT\ON OF MUD ‘CAK'E‘k'/:h RATIO

To obtain typacal values for k/h ratio we tested the utnlnty of
runn:ng AP static filter tests by comparing resuits to dynamlc filtration
data reported in the literature. One SIgnlflcant observation is that the
resistance of the filtering medlum affects filtration behavior. Static
filtration against permeable rocks ‘results in different filtration
properties than those predlcted by the APl test for the same mud.

Currently we are bul{dlng our own dynamic test facnlnty for further
testing of drilling: muds in the absence of dynamic filtration data we
used the'data presented by Ferguson and Klotz, Bezemer and Havenar?® and
Krueger??!,

As discussed by Ferguson and Klotz the maJor Fractlon of the total
filtrate that invades the formation is under dynamic conditions; static
filtration contributes onlyﬂfrom 10 to 30 percent. From the data presented
in Fig. 4 of Ferguson and Klotz we estimated that the k/h. ratio during
dynamic filtration with bentonlte mud drops from an average of 0.00195 md/cm
to 0.000653 md/cm. Krueger s data also show an average dynamic fluid loss
rate-of 0.5 ml/hr/in2. Table 3 shows a typical k/h ratio one might expect
for a high bentonite content mud and for an average rock permeability.
Obviously, the concentratlon and particle size of the clay or other sealtng
materlals or water loss addrtlves will influence the k/h ratio.

The |deal test would be to conduct a dynamuc static filtration test
using rock permeabilities. from | md to 1000 md (not necessarily rock samples’
from: the formatnon) -and nnput three or more tables to the S|mulator and
|nterpolate for permeabtlltles in between.. : :

In the absence of reﬂlable k/h ratlo, as will be shown below, the o
proposed technlque will result in a qualltatlve profile of formatnon

permeability.. b . H

Results of Snmnlator Rans wtth ‘Mud Cake
, . ¥
To tllustrate the s»mulatlon ‘we assumed a permeable sectlon 500 ft
thick wnth permeabilities varyxng from | md .to 1000 md (as illustrated in
Fig. 6) and porosities ranging from 0.05 to 0.35 (see Table 4). We ran the .~
simulator assuming the samé k/h ratio applied to all rock permeabllstles

To study the effect of chadbung flow propertues of the mud cake, we made a

series of runs in which the k/h values shown in Table 3 were multiplied by i
a (constant) factor varying from 0.0l to 100. The invasion profules for: b
several factors are shown ﬁn Fig..6. With higher permeability mud the : »
invasion profile is very sﬁmllar to -the formation permeability proflle " On
~ the other hand, for lower Walues of mud cake permeability the invasion .
~profile tends to smooth out and no longer" resembles the formation perme-
ability profile.. In fact, 'when the k/h ratio -is reduced by a factor of 0. Ol

there seems to be a trend reversal wnth the low permeabullty rocks showing
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deeper invasion. This confounding effect is caused by the shape of the
assumed porosity profile. The low permeability zone in the middle of the
section was assumed to have a low porosity with a consequent increase in
invasion radius. |f one assumes the same porosity (0.1) for the entire |
section, regardless of the magnitude of k/h ratio, the calculated invasion
radius is smaller in the low permeability section as shown in Fig. 7..

The exposure time, fhe length of time the borehold wall is exposed
to drilling fluid, also significantly affects radius of invasion. Because
the mud cake properties when the filling fluid is circulating differ greatly
from the properties when the fluid is not circulating, exposure time during
both flow regimes (dynamic and static, respectively) must be.specified to
our program. Fig. 8 shows for the 500-ft. section the calculated invasion
radius for two exposure times. Increasing exposure time from 10 hours
(500 ft/50 ft/hr) to 25 hours (500 ft/20 ft/hr) increased invasion radius
by about 30 percent.

MUD PROBLEMS IN GEOTHERMAL DRILLING ,
Field experience indicates that during the drilling of geothermal
wells dr:llung fluid may undergo serious degradation. Thermal degradation
of the organic compounds affects viscosity and filter loss properties.
Also, the high temperatures may cause the mud to solidify and result in
drilling problems. Remont et al.?’ reported on"the stability and properties
of some commercially avaulable high temperature muds. Their findings
indicate that most of the water base muds fail to retain their functional
properties at temperatures above 350°F. In a subsequent publication Remont
et al.2? presented formulation of an improved drilling fluid suitable for
geothermal application. From their data, indications are that the new
formulation may retain its viscosity and water loss properties even after
static aging at 500°F. In brief the new formulation calls for substitution
of sepiolite for a portion of the bentonite. Furthermore, use of brown coal
and sodium polyacrylate was suggested to improve filtration control
‘characteristics. Sepiolite, a naturally occurring clay mineral, has a
needle-like structure which makes it less effective than bentonite in
filtration control. :

As the newly formuleted‘muds for geothermal drilling tend to be lower
in solid content and somewhat higher in filtration losses, the technique
presented in this paper is potentially more applicable with these newer muds.

SUMMARY ANb'CONCLUSIONSr

We have presented a new approach for estimating formation permeability
profile using a combination of several data bases which are and should be
available from the drilling operation. The proposed technique consists of
a wellbore simulator making use of drilling hydraulics data and mud composi-
tion hand in hand with well log data to derive a quantitative, or at least
a qualitative, estimate of the permeability profile. The application of
the technique requires a knowledge of dynamic filtration behavior of the
drilling mud, which in our iopinion should become a routine test replacing
the inaccurate and rather meaningless APl test.
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The proposed techn:que i
geothermal reservoirs: for whnch

tion contaihs only one fluid:

s most appllcable to. 11qund domlnated

low solid muds are preferred and the forma-:f't'”

‘Muds with medium to low sealing properties .

may .provide invasnon profiles which are related to the formation permeabnllty

distrlbutlon o - . _ : v

NOMENCLATURE
cw 'flltrate comfressnbulity, psu
G%_ geometrlc factor ’
k;ﬁ.f'w'mud cake thlckness,'cm
: dv formatlon'tthkness, ft
k 'fllter cake permeablllty, md
‘K“'f formatxon permeab:lnty, md
‘é;;j :vcaplllary pressure, psi
Ab‘ ‘fpressure dlfferentlal |
Q =" cumulative fnlter loss, cc -
fq:“ 1flow rate, qc/sec
alt) : dumenSIonless influx (from Van Everdlngen and Hurst)
Rgh' -resrst}vytyﬁof_thelunjnvaded.zope, ohm-m ‘
Wi:‘ resdst}r?tyﬁof‘the invaded*;pne, ABm-a '
r. invasion ra%ius,-tt o
4rw4 -1wellbore~radius, ft
Sw; interSt}tiat water saturatiop
t time o i | '
'Lwe;' oumulative {nvasion
¢ porosuty, fractlon : L . e .
U flltrate vnscosnty, op | '
ﬁ‘ : defqujvrty:constant :
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Table 2

Basic Data

__ Mud density = 9 ppg
Drill éipe‘d.o. -5
orill piﬁe-length = 40!
brill éoﬂlar'O.D. = 7"
Collar length = 30°

(= 58T

W

'Circulatﬁon rate =" 500 gpm
Formation pfessure §tadfent = 0.460 psi/ft

u (Filtrate) =" 0.6 cp 5
“ ¢ = 3 x 10-6‘psif'

S, €U (hud) = 40 cp

d

Drill}ng rate = 10 ft/hr (except for Sénsiéivity'StUdies).

" Table 3
Mud Cake k/h Ratio Used For The Exampie Run ’ ;
| Table 4
ime, k/h, md/cm oo ‘ 1 2
Tine, hrs { + md/ Variable Porosities For The Example Run

0.2 0.0075 _ ‘

0.4 . 0.0055 E

0.6 10.0041 - ~Kmd &

0.8 10.0032 ‘ , 1 " 0.05

1.0 10.0026 . 10-20 0.10

1.2 '0.0022 o 50 : | 17

1.4 -0.0020 : 100 ; .20

1.6 10.0018 200 - .25

1.8 10.0017. ) 300 .28

2.0 .0.0015 . 400-500 . .30

2.2 10.0012 1000 - .35

2.4 - 10.0010 : : e

2.6 1 0.0009

2.8 . 0.0009
>2.8 10.0009

ﬂ'.5lﬁ_
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ABSTRACT :
A method is discussed wheréby the numerical solu-
tion of equations describing the filtration process
of drilling fluid may be used for predictzon of cake
buildup and filtrate volume into a given zone. The

tion of cake permeability during the dynamic phase,
filtrate viscosity, cake compress1b111ty and poros1ty,
- and _pressure differential against the formation.

App11c3t1on of the tgchnlque allows sensitivity
analysis of important parameters controlling the
filtration process in a given operation. Furthermore,
estimation of invasion radius may be made in advance
for determination of optimum thzng for logging and
improvements-in log interpretations.
the design of the best mud compos1t10n for a given
application. |

INTRODUCTION ]

Fundamental studies on the mechanics of drilling
fluid filtratlon in the borehole have been reported
by Prokop , Krueger- and Vogel?, Ferguson and Klotz?,
Bezemer and Havenaar®, and several other investiga-
tors®”7, Add1tional laboratory work was recently
reported by S1mpson The only paper describing the
filtration GJprocess in analytical terms was published
by Outmans®, No quantitative use of the above
analytical contribution has been discussed in the
literature. -

There is continued interest: on part of the petro-
leum industry in minimizing formation damage during
the drilling operation. Improved techniques and
correlation’? and simulation capabilities for
describing the filtration process are needed for
prediction of optimum drilling programs and drilling
fluids to ensure minimization of: damage to producing
formations. ] }

A_complete simulation of thé_filter cakevbﬁildup
requires extensive laboratory data on the behavior of
a given mud under simulated borehole conditions. The

References and illustrations at end of paper.

data required for the simulation study include estima-

This will allow

method discussed in this paper is an attempt to .
minimize the extent of laboratory data requirement by
the application of numerical modeling techniques to -
the solution of the equat1ons describing the filtra-
tion process. .

Description of the Problem

As described by Ferguson and Klotz, -during .the
dynamic phase of drilling, the rate of mud filtration
against the formation gradually approaches a constant
value and an equilibrium filter cake is established.

-Subsequent to the dynamic phase, when the drilling

stops, filtration. of mud through the already deposited
cake continues and the filter cake itself goes through
a phase of gradual change in’ 1ts propert1es

Prediction of the filter cake “buildup and flltra-
tion rate during the initial dynamic phase is theoret-
ically possible as shown by Outmans. .In this study,
however, it is assumed that the dynamic filtration
data are available from actual laboratory tests on
rock samples. Our effort is mainly focused on under-
standing the subsequent -filtration through the filter
cake once the drilling stops. Of interest are the
roles that the. cake thickness, permeability, compress-
ibility, and the pressure differential may play in
the rate of filter cake buildup and the rate of
filtration.

Mathematiéal Model

As shown by Outmans, filtration through-a
deposited ‘cake under dynamic conditions may be
described by the following equations:

3%Ppg v Pps
= 0<x<h t t>0
ey —3—— X ( ) $3]
v+l x'
PDS(X,O) = - a1 T Qa- ﬁ) e e e s (2)

0<x<H =.h°
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MODELING OF FILTER CAKE BUTLDUP UNDER DYNAMIC-STATIC CONDITIONS

|
1

e G

,-P'DS(ODF).:;H -a1 —-_\)-TT i cee (B

Ppg(h,t) = 0 i Lo, @
9P, - i i

$ =i N )

(See the nomenclature at the end )
|
Numerical solution of the. above equetions was
not presented by Outmans, These equatlons lare solved
. here for some hypothetical cases to gain ahbetter

insight into the factors controlling the filtration
process. The problem is solved'for a one dimensional

‘|- 'system which is'a fair representation of the filter -

. .cske buildup process in a borehole, Fig. lﬁ
) |
Equations 1-5 are solved numerically 1or a cake

of thickness h, uSing the Crank-Nicholson upproach.
In general the Ppg equation is solved under the given
initial and boundary conditions. Then the|rate of
the filter cake buildup (dh/dt) is determined from
equation 5. The filtration rate, q, is obtsined from
the following equation: :

H
J\

3P, (0, t) D P
DS ‘ ... (6)

i
J

N Seal - incdp
1 au - X . f

snd the cumulative filtration is computed using

‘/ﬂ th

Initial values required are the thickness,
permeability, and the  cumulative filtration per unit
area of the existing cake plus the differential
pressure and the mud properties (ay, v, b, f, .

]
1 e e

: The nunerical ‘solution apI:Fr'oach allows overall
.-sensitivity studies on the effect of verious mud

properties - and borehold pressure on the filtration
’ process. .

Data Requirements

To .apply the simulator described here to a given
drilling operation, the following data need to be
furnished from laboratory tests or available
correlations

1. Filtrate viscosity, u

Filter cake compressibility, {(a) (versus s6lid
pressure). The degree of flocculation of
particles in the presence of a given electro-
lyte controls the dependence of (a)ﬁon pressure,
This information may be obtained using the
compr9551on technique discussed by Grace'?

2.

Filter cake permeability, Dynamic tests in
a modified API filter press13 or other similar
devices may be used to derive k. It is' recom-
mended that filtration ﬁests be acﬁuall)

)

conducted ageinst permesble Tocks (vsrious
permeabilities). K

4, . Specific filter cake volume, b.

Lo, S

s c
os = porosity of suspensien =] -8

§ = solid concentration

$_ = filter cake porosity which may be

obtained from techniques discussed by,
Grace!? and Tiller and Cooper'. :

Initial values of cake thickness, h and filtrate’

5.
volume, Q. These.may be obtsined from the
~dynamic tests. e ‘f* *:‘“‘wﬁ
6. v (exponent from the slope of log a vs. log P )

Data for the base case used in this study are shown
in Table 1. .

Results and-Discussion

and thicknesses.

e (Y

-| minor effect on the filtration process.

Consider a filter cake of thickness ho formed il

during the dynamic filtration process. Subsequent: '
filtration through the cake as a function of time °
is modeled and shown for various cake permeabilities

Figure 2 shows the initial porosity’'

profile in the cake ‘and the changes after several - '

time steps. The gradual compaction of the cake with |
time can be seen from these plots.
the solid pressure distribution is computed and shown!
in Pig. 3. Again the model illustrates the solidifi~i
cation process under the imposed pressure gradient. '
The initial porosity distribution was obtained from
the technique discussed by Tiller and Cooper“ énd <
Grace!?, B
The permeability of the cake is a very important
factor in controlling the rate of follow-up -
filtration.
from studies conducted by Mehdizadeh!?: For typicall
cake permeabilities ranging from 10~% darcies to - 4
10~7 darcies, the computed cumulative thickness of .
the cake versus time is.shown in Fig. 4. The growth
rate of the cake thickness can be greatly inhibited |
if the cake permeability is designed in the order of|
1077 darcies or less. The thickness of the original!
cake under similar permeability conditions has the i
same effect on the cumulative throughput. This .
can Be seen from Pig. 5. As illustrated in Fig. & ,!
and 7 the permeability of the cake has the upper hand
control on the rate of filtration and thus the
cumulative throughiput.

The model can be used to study the effect of e
filtrate properties on the cumulative filtration.: |
Under equal conditions, the viscosity of the filtrate

For the same cake'

Filter cake permeabilities were obteined

can have substantial effect on the filtration process.

This effect becomes more noticeable with time, Fig. 8
The rate of cake buildup for the two cases studied v

are shown in Fig 9. ‘

4
* i

‘Pressure gradient ‘across the cake has' only a ;\

As shown 1n ’
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Fig. 10, reducing the AP from 350 psi to 147 psi for -'s = volumetric solid concentration
the base case causes a reduction of only .005 cc/cm? o
in the cumulative throughput. A similar observation Tt = time
can be made about the cake thickness, Fig. 11. The ’ . :
modeling technique discussed here; using some basic Py = solid pressure
laboratory data for the dynamic. filtration properties T, . :
of a given imd,, can potentially help the drilling : P
engineer in predicting the growth rate of filter -cake PDS = d1mens;on1:scsl function - s -dp
and the filtration rate for a given operation. Such ' ~ of solid pressure = - o ascrs
prediction capability will be helpful in the screening : .
of various mud compositions. In addition, optimum q = rate of filtration (LT™!)
time for well logging may be pred1cted from the. model )
study. 1; Q = filtrate volume per unit area, LT’
" The method discussed requires laboratory data x = distance from the base of filter cake
ordinarily not available at the wellsite. Such )
information should become an integral part of the XD = l;- dimensionless distance
drilling fluid testing program. . ’
f ‘ u = filtrate viscosity

Laboratory data, such as the:filtration :
properties of a given mud measured against porous ¢s = 1 - s = porosity of suspension
rocks (rather than a filter paper), should be made
available to the drilling engineer. A modified API ¢ = filter cake porosity
cell using the dynamic process should replace standard ¢
static tests. erties of the deposited cake such ; el -v
as its permeab1:::£ should be. deterﬁ:.oned on a routine Vv = slope from the plot of a vs. P (a = 3P )
basis. Compressibility data on various mud composi-
tions may be made available for general use. REFERENCE
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i TABLE 1
DATA USED IN THE BASE CASE

h ‘
u=10.28cp b=.23

8p = 350 psi va .77
k= 1078 darcies hy= .2 cm

a =7 x10%si? Q = -3 nl/cm?

v
]
i

FILTE
| CAKE

¥/

PERMEABLE
ZONE

.

it

i .
i ! "')‘D ‘

i
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ﬁoDELING OF FILTER-LOSS INVASION
‘ IN AN ANISOTROPIC SYSTEM |
B A. Troesch

: -ABS.T,RAC.T_ :

G1ven pressure prof11e data in the boreho]e dur1ng dr1111ng, the two-
d1mens1ona1 e111pt1c part1a1 d1fferent1a1 equatlon for pressure d1str1but1on
around the we]lbore 1s so]ved by succe551ve overrelaxat1on. The “invasion
front of the mud f11trate is then obta1ned versus t1me from the pressure

L e

gradient data computed;1n the an1sotrop1c medium.

rtech o < o g Tt
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The use of 1nvasion radius prof11e to est1mate format1on permeab111ty
was discussed by Ershagh1 et al A D1mens1on1ess solut1on of the hydrauldic
diffusivity equat1on for aﬁhomogeneous system as tabulated by Van
Everdingen and Hurst was used by‘theseiauthors’to estimate the invasion
"profi}e. In thls treatment the f]ow is assumed to lie 1ndependent of
the azimuth The bas1c equat1on a]so expresses the assumpt1on that the _
layers may be treated 1ndependent of each other . ) _

. In, th1s paper the solut1on of the governnng equat1on 1s sought for

.an anisotropic med1um i ‘:,_ ' | . B

For the development of the present program, the assumpt1on of ax1a1
symmetry is reta1ned, 1 e. , the solution. 1s 1ndependent of the az1mutha1'
angle. On the other hand the t1me h1story of the mot1on of the invasion
front should be treated d1fferent1y At each t1me step the pressure
d1str1but1on in the reservp1r is computed and the.motton ofvthe front is .
then determined from Darcyks law. Therefore; the t%me does. not appear
in the d1fferent1a1 equat1on anymore. Under these assumpt1ons, it is no
longer possible to treat the hor1zonta1 1ayers of the reservoir separate]y
(see below), so that. the e111pt1c partial d1fferent1a1 equat1on for the
pressure in the 1ndependent var1ab1es r (radial d1rect1on) and z (depth
measured downwards) has to,be so]ved Th1s leads to a problem that d1ffers'
considerably from the apprpach used 1n (1), espec1a11y w1th respect to

computer time and also, to some extent, 1n storage requ1rements If the

drilling depth is sma11, in the approach (1) on]y the affected layers must
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be compﬁtéd; whereas in the two-dimensional,approach the,p}essure in the
entire réserVoir must be found. Of course,'gravity effect$; steam forma-

tion, temperature variations, and capillarity are neg]ected here too.

2. THE BASIC-EQUATiON. '
Originally, 1tAWas consideréd to base théycomputationion thetequatjons

given in (3). For our purpose, they can be simplified to § one-phase system

for the potential, ahd both the spurcé term and the time-dépendent satura-

tion term can be dropped. This leaves a'time-independent équation for the

potential anisotropib medium. 'However, the differehce in Bensity between
the mud filtrate and the formétion brine is so small thatybravity,effects
may also be neglectea. Under these assumptions, the equatmon reéuées fo the
form given in (4, Ch?pter 2) namely‘ |

..k o k
18 (thpdey,3 (v 3.
r-ar u ar 9Z 3z

where ki, kv are the permeabilities in the horizontal and vertical direction
réspectively, and u is the viscoSity is taken to be constant, i.e., temper-

3

independent of

ature effects are neglected, and if the permeabilities are

the radial coordinate, then : :
|

|
o | | |
with k(z) =’kh(z); k,(z) = a(2)k(z). The factor a(z) measures the anisotropy

I

of the medium.
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" In summary, with

’Fof the volumetric ra#e o? flow u, with the radial component u and the

vertical compdnéhtjv, Darcﬁ's law furnishes
o , k -3p

DU T e

. y=-2k 3B

i U oz

The geometrical dispIécement of the invasion frorit between fhe mud

(the porosity ¢ is assumed to be constant)
REVUISRER. ST
! . ue Gr'

‘# Azé-% *a'EAt,
up 9z’

[

| f(2) = k(@)

' 9(2) = a(2)k(z)/u y

solve

r or | _ar f_ 9z 3z .

fd?ﬂthé'pressuré p. The boundary conditions are
" p(z) prescribed in the formation,

sp/ar = 0 (no-flow condition) below the borehole,

3p/3z = 0 (no-flow condition) at the top of the reservoir,

2

p=20forr®+z5+00

The front displacement during At is then

) ' ' ar=-f 22 at
or '

Az =-g ® At.
Y4
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~ filtrate and the formationbeine during the time interval At ‘is therefore

(1)

(@




e

We: observe that the method preserves a sharp front at all times,
i.e., no smear1ng out of the front can occur as it may happen in an a]ter-
nate formulation.. ,‘ '

Whereas equation (2) is a-re]atively straightforward evaluation; the
partial differentialzequation (1)»15 &jscretized'and'the resulting a]gebraic
system so]ved’by successive overre1axation;7

3A. The So]ut1on of the A]gebra1c Problem

Among the methods su1tab1e for the solut1on of the resu1t1ng large
algebraic system of equat1ons are: the direct Gauss e11m1nat1on method, the
successive overrelaxat1on method, and the a]ternat1ve d1rect1on imp11c1t
iterative method. These.baslc methods are-used_w1th>many-var1at1ons.1n
actual implementations;';For:instance, one device (cf. [7]) isva'rearrange-
ment of.the,equations which,ieadshto the most beneficfa]:structure of the
coefficient matrix. lHowever;‘this optfmiiation of the matrix structure is
not trivial and has not heen carried out "-For the Gauss e]fminatfon the
matrix is therefore too 1arge and not of suff1c1ent1y small band w1dth
The alternating’ d1rect1on implicit iterative method 1s also not part1cu1ar1y
suitable for our case, because of the irregular mesh and nonconstant
coefficients [8]. Therefore, the successive overrelaxation approach is .
imp]emented. Since the coefficient matrix does not depend. on the solution
it can be.computed once and for a]], so that the implementation of the
method becomes reasonab]y short The orerrelaXatTon pr0cedure requires
quite a large number of 1terat1ons. However, since the pressure changes
‘from one time step to the next is smooth, it 1s 1mportant to use as ‘the initial

guess -the pressure d1str1but1on of the prev1ous time step.

i

“ . _709,




‘and over the 1nterva] 3-0 ‘

~ Hence , C ﬁ

4. The Derivation of the bffference Equations .
The- f1n1te d1fference Lquat1ons are based on the f1ve po1nt star w1th

equal meshs1ze in the z-d1rect1on z 1ncreas1ng downwards but unequa1
1

meshs1zed in the r-d1rect1on as shown’ 1n the figure.

M

-_ 4(_ ‘ o .The number1ng of the po1nts is Tocal for

5 the der1vat1on and w111 be~ changed to the

O ——.
) 0 .2 usua1 doub]e subscr1pts in- the programm1ng

3 P 1mp1ementat10n
L ‘

‘The terms 1nv01v1ng the z- der1vat1ves are s1mp1er If we denote»theA

meshs1ze in the z-d1rect1on by A, then over the interval 0—4

9(2)8p/az

(p - ) (g, + 9g)/28

1}

(Z)ap/az (p3‘;‘po), (g3 + g,)/28

b

'I a ‘a ‘- . "-:" . . - ‘ ‘-. - .
ey (9(2}§32) -[p3(g3 *ﬁgo)_ .p9(29o t 93 % 94) +pglyy * 94), /2f A

)
i
~For the derivative in/ the r-direction we have to choose a quadratic

function through the three points 1, 0, 2:

- ar .
Py = ary + br] +cC
p, = ar? + br, +c

o %o

Py = ar§.+ br2 +c,

and‘hence‘pr 2ar + b |

and 1/r (rpr)r 4a'+'b/r;
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If we denofe

N'S
[

-

]
>4

then
p2 - pO = (é'(rz + ro) + b) A+
| Py =Py = (é (rg +ry) +0) A,

The determinant of this system for a and b is

+ A = A

' ?‘2 -, r]‘ = A+ S s .

with the obvious notation.

Therefore, we obtain |

L |t m ook, 1 [( )/, = (py = py)/
a = — : o= pz = po A+ “ po = p] A-
Ay (py - p])/f_- LN I a :
and {
| : -
E'= 1 qrp+r, -(pz p )/A
b et (p - p1)/A |

R

Tz o) (B )AL - (gt v oy -, e ]

These expression are now inserted 1nto the approx1mat1on for I/r(rp )r, and

the terms proper]y co]lected After some simplification we obtain

1 1 2 A, 2 2 A A
-<rpr)r =— P (= - —=)p (-— st o
r _As A roh. | A, A rA rods
2 A |
*pp (—+—) }.
A, rody




Together with the formu]a.fqr the z-derivatives the approximation to the
differential equation is readily obtained and solved for the pressure at

the center of the star

C3P3 + cqPg)/(cy + ¢y + cg + ¢y)

-+

po B (C1p1 * Céﬁz

with w 2

| A A
‘ Ty ASA_
o A 22
c;=(2+—=) —
; -Po ASA+
o3 = (g, * 95)/2
'4 = (g, * 94)/2 f,

This represents the formu]a for the overrelaxation procedure, wherek“

the new pressure value Po at the center of the five-star i computed from
the pressure at the surround1ng po1nts from the previous 1terat1on

At the surface of thejreg1on under 1nvestlgat1on (z = 0) the normel
derivative 3p/3z must van1sh s1nce it 1s assumed here that uo f]ow takes
place through it. The correspond1ng f1n1te difference approximation is
obtained by obeerving thatka]] the values at point 4 are equal to those

ﬂ
This leads to|

at point 3.
|
M
Po = {eqby + Py + cgpgd/ey *cp *cg)
with - . S -
| s, &
I T Gt e
‘ ‘o . ASA-
s, %
c£=(2+-—-)..__.
% ASA+
C3 = (gO + 93)/fo-
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The no- f]ow cond1t1on, i. e. ap/Br- 0 a]so app11es to the po1nts at
the we11 rad1us be]ow the formatlon. In th1s case the v1rtua1 po1nt T is
arb1trary, and we choose 1t at the same d1stance from po1nt 0 as po1nt 2y

so -that A_= A 2A , and a]so set p] =:p2: Then p becomes

pof=.Kcsz.+-°3P3 +egp)lley * eyt cg)
with o e

=2 828k

[

cq = (g * 94)/ 2f, |
Since the.pressure at the boreho]e 1ns1de the mudcake is assumed
known and at the other two, edges of the reservolr is rep]aced by the
pressure at 1nf1n1ty, 1 e., p = 0 the f1n1te d1fference formu]at1on of the

prob]em is complete.

For the programm1ng 1mp1ementat1on the mnemonlc nomenc]ature shown in

T'qv : the f1gure has been used for 1nstance,

Wo———oEF G "CW'et°~
5 . .

We observe that the assumpt1on that the reservo1r propert1es -do not
vary in the rad1a1 d1rect1on has 1ed to a s1gn1f1cant s1mp11f1cat1on, if
the meshs1ze in: the z-d1rect1on 1s chosen. to be constant - The coeff1c1ents
Cw, CE depend on1y on. r, and the coeff1c1ents CS, CN only on 'z, and these

vectors: can be set up before the start of the success1ve overre]axat1on.




5. : The Overall Mesh -meenclature-

The.mesh is shown dn the f1gures below. The genera] dndex. used is Js,

with the 1ndex An the Hor1zonta1 d1rect1on JH and its. Max1mum va]ue JHM

o JH=) . 3HM

r
1o | i
! - |
b _E‘i!_:r.\f_ |
“ ) L
s J\(DT ' I
e
Tom i |
.3 y
6 RY
"DE\.R(_I)"“ T T DELR (I_HM:;) S

and the index in fhe,!ertical direction JV with the m@ximuﬁ JWM. Similarly,
the meshpoint at the bbttem of the borefhole, i.e., the deepest=point foh
which pressure data is furnished; is denoted by JVDT. . :

' The‘constantJmeshsize A in-the z-direction js,called,DELZ,qwhile the .

variable r-mesh is chosen with-the index at its left endpoint.. This means

that at: the pointJJHfthe.ﬁ s DELR(JH) and A_. is DELR(JH-1).. The distri-
but1on of. the r-mesh is spec1f1ed by the -fucntion- DELRFC iAs-the.fermulas'

above show, only the mesh rat1os are needed, and they are 1oca11y ca]]ed
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DELE‘f A+/A
DELW = A_/A

and their sum |
DELS = (a, + A_)/a = A /a.

6. The 0verre1axat1on Procedure:

In an iteration’ step (counted by the index IC) the new pressure P is
'~computedwfrom the-pgngous pressure PREVP accord1ng to the formulas aboveq
The maximum number of 1terat1ons is NIT The pressure P 1tse1f is pre-
scribed at the bore ho1e, namely the pressure data PDATA inside -the mud

cake, and 1t van1shes at the two. outer edges.

|
7. The Motion of the front , %

The invasion rad1us is computed at hor1zonta1 ‘Tevels. Az/apart, i. e.,
at the levels where pressure resu1ts are ava11ab1e. The mot1on of the
front between ‘the mud filtrate and the format1on br1ne is computed from the
permeability, the v1scos1ty, the porosity, and the pressure gradient.

Since the motion of the frqnt,1s two-dimensional, the computation of the

invasion radius becomes somewhat involved.

/M/Cmﬂf

W/ | £l
Syy o - : B sE_—TPAf/ |
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For the compufatfon o% the velocity'veétbﬁ_of the front, the pressuré
| gradient is needed. We express it again by a local nomenclature as shown
in thé figure above. The chomponent of grad p‘(calledfPGRDR) jgrgomputed'
Cas IR |

3p/ar = (pg - p,)/8y,

where 4, is the meshsize in r, belonging to the left endpoint (éee above);
the z-component ofgthe pregsure_gradient:(ta]]éd_PGRDZ)iiSJEOWbutéd:as the
‘wefgﬁged average bétwegh-fbe'tWO‘édjéceht mesh]ines (théumeShsiie:A in z

- *{s ‘constant). Eetfthevprééént prition"ofvthé~frOht'be'ins?dé the r=interval

with the ratio p(z)~(;a11eg RATIO), then

3/3z = (1 - p) (pgy = pyy)/28 + plpge - pye)/28.
Since. the front will horma]]y»move.to'the right and doWnWards, the
upward front.poinﬁ is.used to determine the frdntkdispTaceméhtfoﬁ”a con%tant"
‘z-line (see figure,-for tﬁéfiine av).

Lo frodt g | “”a“:““{'The vector ry is known at the begin-
: ‘r& : ﬁdl) ‘ . . (" ’ o

" o ning of -the displacement of the

front. With the displacement vectors

Jv ~ rpandrg we interpolate between .~

) S S P - :
rgE=rptr, and :3 to find the horizontal displacement P
L = I3+ 8y
or in the components

g

Fpi= T3 *Bry, 2z, = 23-+_BZ4-_3 ‘

This determines the Factor (called FACTR)
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B = ‘23/24

r
RADD) |

and the displacement r. to be added to the previous front position (called

rp = ry - z3r4/z4.

~

The velocity components u,v in the r and z direction, respectively, are
4 . o o
; u = -feap/or

vV = 'g¢3p/32s

so that the displacements rs and rs on the two 1ines turn out to be, after

!
a time increment of At

i u = -fip/or At
| z = —gép/az At

These increments are c§11ed GRDRR and GRORZ in the program, and are used

to compute B and hence| the desired invasion radius (called RFR) at t + At.

In order to compute the pressure gradient for the front motion, it is
necessary to determine%the present position of the front with feépeci to
. the mesh. This is acc@mp]ished by simply comparing the invasion radius

with the mesh points iﬁ the r-direction in turn. Thelfgpnt index (called

JFR) denotes the neare%t meshppint inside the front.

i
1
i
|
i
]
i
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APPENDICES

A.  Some Theoreticaf Remanks

1. The reduCtien to the Laplace equation.
i _ o
The basic equation (1)

12 (r 2y s L2 (g(z) By -0
rgr o ar f(z) 8z 3z

kiup
ok/u¢

can be transformed_bi introducing the new independent variable

z = rZdt/ Va(t).

where f(z)

g(z)

3 1 3
Then —= —_

3z Va(Z) 14
and“hence i

o 9(2) %) - 8 (ki
f az 9z kVa.ag u$ 9z
If the function’a(z) can be chosen in such a way o k/u¢ is constant then

the basic equation reduces to the Laplace equat1on (r By 4+ ——2—- 0
A ror or | 8;2

for which many propert1es are known, in part1cu1ar the fundamenta] so1u-
t1on (see, e.g. [9])‘and the behav1or at 1nf1n1ty h
The equation is a]so s1mp11f1ed though not o) drast1ca]1y, 1f we

apply the same transformat1on to z and set

; }/_f k/ub = A exp (q(c))
In th1s case we obta1n

12 (928« exp (- Q2 (eq —E)
f 9z 3z . k] 14
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and the difterential equatﬂon transforms into

1 (r 3B 4 __E. dq 3 0
.r ar¢' ar atz dg 3z
‘ ]
The f1rst der1vat1ve term can be el1m1nated, if we -introduce the new de-~

pendent variable v by sett1ng

b = ve-a(2)/2
The resulting equation becomes then:
. ‘ V 2 _ )
1 a2t ade, 1@l

. rar ar . 3;4 2.dz2 4 dc
Ifnow]d—q—+ (—q)

2.dg2 4 dt
where a2 is constant, we obta1n

“ Vzv + a2v =0

a Helmho]tz;type equation hhich has been tnvestigated,in‘the literature'
(11]. The integration of the nonlinear equation for q'can bevcahried out
wtth the results - . |
| c q( ) = n. cosh? a(z - Zy )
so that the pressure and the new dependent variable are related by
: _ *p = v sech a(g -g,).

A]though these transﬁorhat1ons might shed some light on the s1tuat1on
in very spec1al cases they are unfortunately not app11cab1e to rea]

reserv01rs where the format1on properties cannot be chosen free]y. We '

have therefore not pursuec ‘this line of investigation.

The partial differentia] equation (1) appears to be amenab]e to'the

'method.of'separation of variables. The equation itself is indeed separa-

.

b]e‘and'the'domain consists of coordinate 11nes However, the boundary

cond1t1ons at the welTbore are of mixed type and the method breaks
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down (cf. [10]. The s1tuat1on 1s d1fferent, if the boundary cond1t1on be- _
i

low the wellbore werelto be approx1mated by p = 0.- Under these assumptions,

an attempt was made to obtain a solution by superpos1t1on but -the problem

remains untractab]e un]ess further restr1ct1ons are 1mposed

It shou]d be ment1oned that the assumpt1on of 1ncompress1b]e f1u1ds,
although apparent]y qL1te reasonab1e for the 1n3ect1on fluid and the forma-
tion brine, has 1mportant-mathematlcalaconsequences;w The-basic equation
(1) does then not eontain any ttme derivativesvas did the basic equation
in [1] Th1s 1mmed1ate1y prec]udes the poss1b111ty to treat the prob]em

in separate layers. The d1fferent1a1 equatlon 1) would then reduce to the

ordinary differential equation |

r dr dr

with'the unique so]ut%on .
) | | (r) = C + C2 log r »

and this solution cannot be adJusted to the boundary cond1t1ons p(w)
“and the- prescr1bed pressure at the borehole.

!

B._ The Boundary Cond1t1ons at Inf1n1ty

For the numer1ca solut1on of a part1a1 d1fferent1a] equat1on in an

1nf1n1te;doma1n 1t 1s necessary to restr1ct the solut1on to a f1n1te do-

| main. The boundary cond1t1ons at 1nf1n1ty are then 1mposed at the boundary
of this finite doma1n‘of computat1on Since more appropriate boundary
cond1t1ons may be 1mposed, if the behavior of ‘the solution, for" instance
the.rate.of decay, at{large d1stances from the or1g1n is known ‘a first
step to ¢ompute this cecay is out11ned here. S1mi]ar“consfderations'have
proved successful for jordinary ditterént1517équatiohs chi“[T1]) and for

;éél




o G R
hyperbo]ic partial differential equations [12], [13] In the Simplest

case of constant format1on propert1es, it is conf1rmed that the pressure

' decays inverse]y proportlona] to the d1stance from. the pressure source

We . assume that the pressure behaves 11ke

, oy
p~ (r2 + 2%) F(Z/r)
Then a stralghtforward computat1on leads to '

L (rpp), = -2R7%F + 3r2Ri5F £ 2(2/mRE & @2RTE 4 (2R

r
and

2 g ~E9 9, (R F e - zR‘3F) +g (322R . 73 2(z/r) R I Y )
2z az | '

where-R2 =fr2 + z2
For the spec1a1 case of an 1sotrop1c and. homogeneous formation per-
meability we have g, = 0 and g/f =1, and hence F (z/r) = constant represents
a solution p ~'1/R
- [ 2p=5 2n-5 _ -3 _
f ;-(rpr)r ; (gpz);‘;_(-?g_ + 3rfRT + 3z RZ-RT) F=o.
In the general case we assume that:the anisotropic facotor a and the

permeab111ty k tend to constant va]ues, o, and k » S Z gets very 1arge

()
Then we obta1n aga1n g, =0 and g/f 6.' Sett1ng tan 6 = z/r, the f1na1

equat1on for the angular cependence of the pressure becomes eventua]ly

secze(a + tan 28)F + tdne(z - 20 + sec?o)E! + (3 cosze +3a - sin?e -2

-U.)F

For.the soTutlon_Of this ratherbcomp]icated‘ordinqry,differentia1_equetion'

“one has. to resort,to numericel integration. This clearly. indicates. that

‘it is quitefdifficult tp.compute;the pressure decay far away frdm the

pressure source in an fnhomogeneous medium.

=83~




AN IMPROVED METHOD FOR MEASUREMENT OF FILTRATION
'PROPERTIES OF DRILLING FLUIDS

A. Mehdizadeh and I. Ershaghi

INTRODUCTION

During drilling operation by the rotary method dr1111ng mud is
filtered against permeable beds. Mud f11trate invades the format1on to a

certain distance depending on properties of the formation and the pressure

differential against the formatijon. Prediction of filtration propert1es

of a given mud under donnhole conditions is an important part of an over-
all plan in minimizing damage to producing formations.
Ample evidence exist in the literature pointing out to the 1nadequacy

of conventional filter ce]]s 1-3

Dynamic filtration tests simulating down-
hole conditions 1nd1cate fi]trat1on properties of dr1111ng fluid may not be
predicted accurately from stat1c tests. Physical models to simulate bore-
hole conditions are often not readily available for rout1ne fie]d applica-
tion. _ %

Because of tne neéd for some actual dynamic filtration test data for
use in mathematical modeling reported in this publication, we'modified tne
API cell and constructed a portab]e unit which can provide improved.
estimates of filter 1oss data | This seotion of the report is aimed at
describing the deSIgn and presenting some typica] dynamic filtration

measurement. M

Description of the Proposed Design

The convent1ona1 fi]tration cell proposed by the American Petro]eum
Institute (API) was modtfied as described below: |
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1. The bottom of the ce]] 1S\equ1pped w1th a core ho]der which can hold -

L

cores one 1nch in: d1amete‘ and up to 1/2 inch in. th1ckness The core ¥

i

mater1a1 is used as a f11ter media. .
2. To create cont1nuous ag1tat1on -of the mud samp]e, a heavy duty electr1c

stirrer 1s f1tted -through | the top. of the cell. The shaft passes
| .
through a.seal bear1ng des1gned to withstand 200 ps1 pressure Constant

speed stlrr1ng is provided by an 1/50 h p. motar. Speed adJUStmentS

are made us1ng a spec1a1 tape wound rheostat w1th a ca11brated d1a1

N

A cross sect1ona1 view of the mod1f1ed ce11 is shown in F1g ].“

Exper1menta1 Test Results ;
v Lr . e il‘

Various f11trat1on tests were conducted u51ng the mod1f1ed ce]] to o

! V .
1nvestlgate the dynamic and stat1c f1]trat1on behav1or of water-base muds.

The compos1t1on was ma1n1y benton1te in water rang1ng in concentrat1on |
from 20 to 40 1b/bb1 Salt concentrations were as hlgh as 3 1b/bb1 |
Statlc tests were run at arpressure of 50 psi and ‘the cumulative f11trate”
volume was recorded w1th t1me. Dynam1c tests were run at rotat1ona1 |
speeds rang1ng from 30 to 50 R.P.M. under similar pressure o
Exper1ments conducted using- f11ter paper ‘indicate h1gher f11trat1on

\ .
losses under dynam1c cond1t1ons, Fig. 2. Changing the filter med1um to a -

p1ece of rock samp1e (Berea Sandstone) and work1ng with 1ower mud concen—
|

trat1on resu]ts 1n the same relattonsh1p between the dynam1c and stat1c

tests, F1g 3. However, the cumu]at1ve f11trat1on for s1m11ar e]apsed o

times are much Iower when rocks are used as fi]ters The permeab111ty of

. the rock seems to have 11tt1e 1nf1uence on the cumulative f11ter 1oss hAs'

shown 1n Fig 4, for a permeabi]ity range from 250 md to 550 md the resu]ts

;are very c1ose Rocks of much Tower or much higher permeab111t1es were

';not 1nvest1gated Intuitively one expects some changes at such extremlties
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From the cake buj]dup’on core samples,; estimates of cake permeability
wére_made using a seri%s mode] of the Darcy's law. Typical values were in
the range of 0.0060 md. v

The proposed filter cell is one step improvement beyond the conven-
tional API cell used ig the industry "The improvements offered by the
proposed design are the ability to measure filtration loss of drilling
fluids agalnst rock samp]es rather than f11ter paper, conduct1ng the test

under ndn-static mud cgndition, and estimating filter cake permeability

for nUmerical'simulatibn of borehole dynamics'during the drilling operation.
! . : -
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Fig. 1- Cross Sectional View of the Proposed Modified
API Filter Cell.
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VISCOSITY OF GEOTHERMAL BRINES

i

Many theoretica1 stud%es published on reservoir and productton
character1st1cs of geothermal systems have used f1u1d propert1es repre-
sentative of d1st111ed water Presence of dlssolved jons 1in water may
1ncrease the v1scos1ty ‘by a factor of 1.018 to 1. 7 for concentrat1ons
rang1ng from 1 to 22 Wt. % at 25°c Th1s increase is also dependent upon
temperature -and pressure The exact nature of v1scos1ty change at
elevated temperatures and as a funct1on of d1sso]ved so]1d concentrat1ons
must be 1nc1uded in a]] reservo1r ‘and productlon computatIons

Data on temperature dependence of dynam1c v1scos1ty for NaC] so]u-

tions have been pub11shed by severa] authors A very comprehens1ve

literature review on th1s subJect was:. pub]1shed by Ozbek et al. in 1977

fThey deve]oped an emp1r1ca] corre]at1on to relate the dynamic v1scos1ty

N

:of NaC] so]ut1ons with temperature and molal concentrat1ons Data used

“were ma1n1y from Korosi and Fabuss and Kestin. The corre]at1on is va11d

to ]50°C and cannot be extrapo]ated to h1gher temperatures . Numbere et al.?
developed a correlation for v1scos1ty of NaCl solut1on us1ng the Fabuss
and Korosi data. The corre]at1on is based on the rat1o of br1ne v1scos1ty
to water v1scos1ty as a funct1on of temperature and mo]a] concentrat1on
Potter used the concept of equivalent water temperature to relate the
viscosity of NaCl solut1ons to water He indicated that the correlat1on
may be used for extrapolat1on purposes up to’ 325°C ‘

Potter and Haas 1nd1cated that the ‘NaCl solution may be used to

model the propert1es of geothermal fluids. Studies conducted on the .
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dissolved ions in geothermal fluids indicate considerable variations from
one area to the'other. In general, geothermal brines are chlorine rich
with the elements Na, K, and Ca the dominant species.

The purpose of this study was to measure dynamic viscdsities of
NaCl, KC1, and CaCl, and compare their behavior at e1evated temperatures
and at various ]eve]s of .dissolved ion concentrat1ons.

“ The study was prompted because of observat1ons made earlier with
respect to the e]ectrical.res1st1v1t1es of geotherma1 brines.. - Reduction
in electrical resistivity at elevated temperatures may be attributed to a
decrease in solution viscosity. It was our expectation to observe a
‘difference between the behavior of KCl-or'CaCT2 solution amd corresponding
NaCl solutions. The level of and-directioh-of.difference was not_c1ear.

Experimental Procedure ‘

Viscosity measurements were conducted by usimg a higﬁ—temperature
capillary tube method designed to operate up to a’ température of 315°C
and 14 MPa. Figurei] shows a schematic diagram of the ekpertmental
apparatus. 5 S | o
' Flow in the capi11ary tube wjth a 1engtﬁ of 30.48 cm was'monitored
by measuringlthe'preSsure.differential across the capi11ary tube using a
GOULD STATHAM differential pressure transducer (PD 2002-100=11).

The capi]]ary*tube.was'heatedlusing.f1ex1b1e heating tapes.
Therminol 66 heat transfer fluids was cirCu]ated~around the capillary tube
‘to equilibrate and maintain uniform temperature throuéhout the tube. Two
J type thermocoup]es measured the inlet and the’ out]et temperatures

Fluid f]ow measurements were conducted under steady state cond1t1on
by using an accumulator at the upstream and back pressure regu]ator at the
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- downstream of the system, ﬁhe hydraulic accumulator, rated at. 21 MPa,

had an internal volume-ofr1b39-cc.. Pressurization was accomplished by.
using nitrogen pressure | |

‘The purpose of the back pressure regulator was to maintain-a

pressure very close to the- upstream and to ma1nta1n the fluid in the -

system in the 11qu1d phase - Fluid was. cooled. down by using .a- heat trans-
fer.co11r1mmersed.1n water<befpre enter1ng the back pressuregregu1ator.

Viscosity wa§ measur%d;using the Poisevilie's epuatioQ. The, flow
system was ca1ibreﬁed usin&.distilled water.

Experimenta]rResulfs' ,ﬁ

Viscoéity of ‘NaCl, KC1 and CaCT2 solutions wereAmeasured-at'concen-

trations ranging from 0. 99‘to 16.667 wt.% and at temperatures up-to :275°C.

Figure 2-4 show. the combined effect of concentration and temperature.on

the dynamic viscosity of t?ese so]ut1ons As expected for all coneentré-
tions viscosity drops rapndly in the temperature range of 25°C to 150°C.
The rate of y1sc051ty drOpwreduces at higher temperaturesf»~The;concentra-p
tion effect 1essen$ as higher temperatures are approached.

- Comparing the viscos#ty;data-for KC1 and Cac12 solution with NaCl

solution, one notices signjfitant differences over the temperature range
I

studied here. ForlKC]‘solptions, viscosities are generally lower than -

corresponding NaC]fso1utioms and the difference is temperature dependent.

- Above the 100°C, the deviat1on from NaCl values increases with temperature.f'

\
For CaCl2 solutions at temperatures be]ow 100°C, the v1scos1ty values are

comparab]e,to simi1ar NaC1“solutions, Above 100°C, however, the viscosity l

values are lower fhan the'Eorresponding NaCl solutions and'the difference

- increases with temperature. s




Another way to demonstrate'the difference hetmeen the KC1 and CaClé
solut1ons 1s the use of mu1t1p11ers. F1gures 5 and 6 show the change in
.'mu1t1p11ers with temperature and as a funct1on of concentratlon. : |
A To test the appl1cat1on of the mu1t1p11ers two separate solut1on e
mixtures of the above compounds were prepared. V1scos1ty of these
'solutions were“meaSured‘as=affunction‘of-temperature; Through the use of
3mu1tip1fers the‘mixture'vfscositiesﬂwere predicted' A compar1son of prbeg

dicted and measured values are shown in F1gures 7 and 8. The agreementr
is excellent. The use: of NaC] data wou]d have caused errors s1m11ar to
‘ones shown below:.

e . 2s0%

.~ Using Ustng . Using Usingr _
wt.% NaCl data Multipliers % error NaCl data . Multipliers % error
9.091  0.435 0.415 4.59 0.11 S 0.09 18.18
13.044  0.470 0.46 213 - 0.4 0.115  17.85

Theerrorincreases with”temperature. ’At high temperatures errors‘in'the
order of 1% to 20% would cause similar order of magn1tude of erroxs in the
estimation of product1on rates. *

" The relative change in viscosities as a function ot concentration-
for two temperature 1eve1s 25°C and 100°C are shown in F1gs -7 and 8
These graphs conform to the observatlons reported by Ucok et al. on the
behavior of res1st1v1ty data. AV1sc051t1es of CaC]Z-so]ut1ons at concen-
trations above 10 wt.%mare‘generally higher than comparab]e NaCl{and KC1
so]utionsq As shown'in,Figs..B and 9 of reference 5 a similar effect is
seen for the resistivity of'CaC12‘solutiOnt"Higher-resistivities'measured
for CaCIz solution correSponds to higher,vtscosities which impede the
ionic mobitity. ﬁ | |
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'follow1ng conclus1ons

1..

‘CONCLUSTON'

From the exper1menta1 stud1es reported here, we have reached the

V1scos1ty data fro Naﬁ] 301ution'May4not be-adequate to represent

_v1sc051ty of geotherma] brines.

fBehav1or of br1ne res1stivities'at elevated temperature correlates

well with the so]ut1on‘v1scos1t1es at such cond1t1ons

!

Est1mat1on of geotherma] br1ne viscosities may be improved through

'.the use of the mu1t1pﬂ1ers shown- in. this paper
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Fig. 4~ Eff;ect of Temperature on Vi‘écbsity of CaC]2 Solution.

-100-




MULTIPLIER

O
T

o) | e |

0 - 0 20

TOTAL SOLID CONCENTRATION, WT %

Fig. 5= Multipliers for KC1 Solution.
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Fig. 7~ Comparisoffn of Measured versus Predicted Viscosity
of the Mixed Brine (9.09%].
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of the Mixed Brine (13.04%).
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