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ABSTRACT

This thesis presents a discussion of a method, by which certain
characteristics of the infiltrated zones arcund bore holes can be made
to pood use in determining the fluid content and the formation factor,
of the horisons in which we ars interested,

To obtain the necessary field data o new combination of electrode
gpasings is proposed, namely a short latteral gpaeing, with twe normal
spacings, It is shown that apparent resistivities, obitained with these
spacings, ensble us to obtain the true resistivity, the reslstivilty of
the invaded mone and the diemeter of the latter.

To be able to use the invaded zome resistivily in the determination
of the formation tactox; and fluid contents a group of laboratory experie
ments were carried out, using consolidated sandstone ssmples and
drilling muds or liquids heving the propertios of the mud filtrate.

The sandstones were invaded by the mudas or their equivalent filtrates
for different conditions of initiel fuilld contents, Then the resistivity
changes were peasursd by a four elestrode ammgemm coupled to an
amplifier-restifior cirouit and a sensitive tsst meter.

For the case of oil and gas sands the displacement of the none
wotting phase by water 15 treated analytically using the concept of
relative permeabilities of the reeervoir rocks and the results are
compared with the experimental data,

From meagsurements on coresamples the astual resistivity profiles in
the infiltrated sonss of formations were computed, These showed that in
all eases the resistivity of the invaded zons may be approximated by a
sonstant,.



The relations between resistivities of rocks and their fluid
sontents are considered in the light of experimental results and
several new formulae are introduced, governing these relations,

Finally ¢he water saturations of the invaded sones of oil and
gas horisons are correlated with the water saturations of the
mdisturbed formations.

A brief outline is given of the computation of fluid contents
and formation fhotors of porous rocks from the measured valuss of
infiltrated mone- and true resistivities, using the new resistivity
formlae and data obtained from analysis of the self potential curve
of electrologs.
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INTRODUCTION

Quanditative analysis of electric well logs, or elestyrologs, has
as its moin purpose the determination of the relative saturation of the
£fluids, contained in the formations traversed. 7he fluids in which we
ave mainly interested are oil and gas.

To be ables to interpret the resistivity measursments given on
electrologs into terms of fluid econteni of the formations, we must know
the basie relations betwesn the content and charascter of interstitial
fluids and the resistivity of the rosk. Important factors in these
relations are the effect of the solid framework of ths roeck on the
elestrolytic condustion of current by its interstitial water and the
amount of "eonductive solids® present in the regk., This means that
essenticlly there are four umknown parameters governing the formation
resistivities, nomelys The saturation of oil or gas, the condustivity
of the interstitial water, the "ecell consitani® due %o the inert fyramee
work, and the amount of conductive solids present,

In onder to atbempt to solve for thess quantities, we must first of
all determine the %true resistivily of the formations in guestion, Addi=
tional information can be obtained from detewmination of the true
resistivity of the sones of porous formations immedintely surrounding
the drill holes which have been inveded by the filtyate of the drilling
fluids, displacing part or all of the initially present interstitial
fluids, Finally, important information cen be rained from enslysis of
the self potentisl measurements which are made simullaneously with the
rosistivity measurements in electrologging practice.



This thesis outlines a method of compubing the true resistivities
of the undisturbed formations and the invaded gzones from the apparent
resistivitien measured on the electrolog. , |

Furthermore, experimental studies were made on the basie relations
botween the resistivities, the fluid sontent, and the rock charactere
istics of the formations,

Finally, the displacement of the interstitial fluids by the mud
filtrate upon invasion and the resulting relations between resistivities
of the infiltrated sones and those of the undisturbed formations are
studied both thaoroticaily and experimenﬁam.

No attempt is made to outline all of the work done and literature
published on the subject of electrolog interpretation. Previous work
by other investigators is only quoted where it has a direet bearing on
the experiments and analyses reported’in this thesis,

Becouse of the many factors involved in the interpretation of
resistivity moasurements in drill holes, the rescarch was limited in most
cagses (0 the bare essentials snd thersfors this work should be rogarded
striotly as a reconnaissence type investigation of the problems involved
in quantitative analyses of eloctrologs.
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spparent resistivity

mad resistivity

resistivity of infiltrated scne

true resistivity of formation

resistivity of m%rstitial water

resistivity of infiltrating 1iquid

vadius of drill hole

diametey of drill hole

redius of infiltrated sone

diameter of infiltrated zone

gpaeing of elestrodes in normel arrangement (See Fig, I-l)
spacing of electrodes in lateral arrangement (See Fig. I-1)
water saburation as a fraction of porespace

oil saturation as a fraction of porespace

gas saatufation as a fraction of poregpace

modifted bessel funotion of fivet kind, of order zero (I & Io)
modified bessel function of second kind, of order sero (K # Ko)
modified bessel funetion of first kind, of order n

modified bessel function of seeond kind, of order n

# A higtorical review of the development of these relations is given

on Pages 5 and 6,
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r = distance from origin
'8 = %,é for normal arrangement of electrodes
8y = %E for lateral arrangemsnt of electrodes

8 = % for lateral arrangement of electrodes

Physical Deseription of the Problem

Whon measuring resistivity in o drill hole (see Fig, I-1) the
surrent 12 sent between two current electirodes and the potential
difforence is measured between two potential electrodes, For the normal
arrangsement one current elestrode and one potential electrode avre at the
surface, which for _tkeorotical purposas is considersd to be at infinity.
For the latersl arrangement, two current electrodes and one potential
electrode are in %he hole and the sesond potential elestrode is at
infinity (zero potential) or wo potentisl electrodes and one current
electrode are in the hole end the other current elesirode at the surface.

To calculate the potential disiribution due to the current bstween
the current electrodes, all slecirodes In the hole are assumed to be
dimensionless (point electrodes) and located on the central axds of the
drill hole,

Further agsumptions are that the woll of the hole is cylindrieal,
and that invesion if present iz egquel in sll radial directions.

This mweans that in the case of no invasion we have two media of
constant reeistivity and with oylindrical bowmndaries, In 2he case of
invasion wo have three media with two eylindrical boundaries and ib is



normally assumed that the resistivity of the invaded sons is slso @
gonstant,. We will later inspect the limitations eof this latter
agssusption zmd see that the behavier of the resigtivity in the infile
trated sone is of primary imporiance to our interpretation.

Fip. I=2 represents sehomatically the conditions for which we want
to caloulate the potemm distribution caused by axial peint electrodos.

If we ealoulate the potential distribution due to one eleetrode, we
can f£ind the dlstribution for any number of axlal current electrodes by
mere suparposition, so we will limit our derivations to the case of one
eloctrode on the axis,

Historical Roview of the Development of the Theory of Resistividy Logging

The theory of resistivily logring as outlined above was largely
daveloped in Russia,

In 1933, only shortly after eleectwologging became generclly accepted
as commercinlly useful, V., £, Fock (3) worked out the tasie theory of the
relations between apparent and true resisbtivities, However, his treate
ment was limited %o the case of no invasion,

Some years later the ressarch department ef the Schlumberger Corpor=
ation, in Paris, extended the theory tc include the effects of invasion
and started the computation of master curves {7). The results of thia‘
work were not published until 1947. In 1938 the complete theory with
meny oxamples of computation procedures was published in a book by L. He

Alpin (4), written in the Russian language.®
Another book, by V. N, Dakhnovw (5), elso in iussian, was published

® The dielectric analogy of the case of no invasion is treated by Smythe
in hie book on static and dynamic sleetriscidy., (1)
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in 1941, Dakhnov's work is based mostly on the theory as outlined by
Alpin, and deseribes several methods of the use of these theories in the
interprotation of electrologs.

Some of the more important conclusioms of Dakhnov's work were
roviewed Uy Hubsrt Cuyod in a series of articles in the 0il Weekly of
1947 and 1943,

The most complets set of data on the apparent resistivity relatione
ships was published in 1947 by the Schlumberger Corporation (7) in the
form of a booklet containing assemblies of resistivity departure curves
for use in quantitative interpretation of electrologs.

In this thesis no sttempt is made to outline the previous work done
cn the theory of sleectrologging. Omly the parts that are necessary %o
wnderstand the proposed method of obtaining ndditional data from electro-
logging are deseribed.

Darivation of the Potential Distribution in the Case of No Invazsicn

The primary condition on which all following derivations are based
is that ot no point of the system under consideration there cen be
accuwnulation of charge. This means that for any volume element the t{otal
current coming in must equal the total oulgoing current,

If we consider sush volume element, enveloped by a surface A (see

Fig. I=3) wo can express the above condition analyviieally bys
[[ynaa = 0
A

where yon is the component of the current density y normal to the surface,
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By Gresn's theorem:

JI J yendh = f ” veydv & O (1-1)
A v |
This holds for any volume so that ¢ ey must he gevro,
By Ohm's laws |
y & gF s & (1-2)

whers  is the condustivity, R is the resistivity end E is the field
strength, Tho field strength, E, can be expressed ass

E & - oV
where V is the potential, Substitubing into (1le2) gives:

QT = V°(+E) g -y o(-ﬁ—v?) (1=3)

Vhen R is a constant we can writes

v'T = ~+V2V s O or VzV s O (1=4)

which is Laplace’s equation,

We know that for no invasion R is a conatant in both media and in
the case of invasion that Ry is also a constant, so ithat we may use
Laplace's ecuation for the potential distribution in both cases.

48 8ll the boundaries in our system have cylindricel symmetry, we
want to use eylindrical coordinates. Equation (1le4) then becomess |

L & @Dedy 3Py ey - o
3+dladygplegd = o

etV s R(z) @ @) 2z (8)



Thon we havaes

@z(&%+§~§)+§$+m§§§ = 0

Dividing by V and multiplying by »2s

2 42 25  $2 g25 _
%(%ﬁ*éi%“%ﬁ;?*z ad = o (1-5)

3
S s
P

z 0p as V is méependomt of ¢, and hences

(ﬁ»«l;ﬂp

This holds for all values of g and r so that obviously both sides must

nﬁ’

be equal to the samo constant,
2
Lot 4 &4 = -1
Z ds =
2
msgivaad-g %z = Op 80 that Z & A 8in k3 & B cos ks.
ds

Bauation (1-3) now becomess

st k» & v thens

vzg-fgﬁ+v§~(v2-,o2)nua {16)

This is the medified Bessel equation of zerc ordar,
Ite soclutions are the modified Bessel funciions of zero orders
R(v) = C I, (v) DK, (v)
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The general solution of (1l=5) ¢then be0Omess
V = (2 8inlks + B cos ke) |CI, (kr) # DKy (kr)] (1-7)

Before solving the constants by applying the boundary counditions of oup
gystem we will list some properties of ¢the modified Begsel functionss

(M) « IPh (W = S m%—-—r (a)
Iﬂ k e g':o pg ﬂ“pl
K (W) = -5 | ;—-1-:3{;)—3 (v)

From these oxpressions a series of recurrence formulme have been
derived, relating functione of different order and dorivatives of the
modified Bossel funotions, (1)

We will make use of the followings

K'(v) = «Ky(v) (e)
Ip'(v) = Ij(v) {a)
L' K=Ky I, = & (o)
Also of importance are the extreme valuess
Llo) = 1 (=) =mes
Ky{0) = oo Kp(eo) = 0

Finally we will use an expression for the inverse distance from the
origin in terms of modified Bessel functions, namelys

..%. = % foos ks Ko(kr) dk

For the derivation of 2his expression see appendix (i),
With the ald of the outlined properities of the modifisd Bessel
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functions we will now proceed to determine the consgtants of our general
solution for the potential distribution, We will eall ¢the potential inm
the drill hole Vj and in the surrounding formation Vs,

Furthermore we can write Vi = V, - V', whore ¥, is due divestly
to the point source and V' represents the effect of ﬁhe boundary. 2As
V1 and V, satisfy Lap}.ace'a equation, V' necessarily dees so two,.

We ¥now that V 4a of the form 4/ ¥ (fyom the analogy of the
potential arouwnd a point charge in the dieleotric case).

The recomponent of the field sireagbth is given Iy

Eys-g-l; so that yrg-%;‘%=

= ourrent density in r dirsction.

Assuming & small sphers around the electrode with radius € and surface
S, we have for the total ewrrent:

2 - [[iMe « -k hund - A0 -

Therefore A = %—T? gnd Vo = z%—% | (1=8)

With R ® Ry and substituting the expression for 1/ ¥ this bacomess

o = 28 = 2Wx2 [ Ko ) oos (s) &

¥, satisfying Laplace's eguation must Ls of the forms

(8 Ko # B I,) (Cooska# D ein ks) |
As the potential on the axis i3 finite and Kj(o) s o , 4 must bo gere.
This mokes V' = B I, (C cos ks ¢ D sin ks), or in 1% most general forms

v o= 2%‘;‘3 [V’(k) I(kr) (cos ks e D' sin ks) dk



b}

The comstand %}% can be ineluded in vy (k), but is placed bofore the
integral sign in order to obtain the same type of formula as for Vy.
For Vo we must consider that the potential at infinity must bs zevo =0
that the Iy term cancels out and Vo becomess

Vo = %’3 | 9 () Kolir) (cos ks - E etn ka)

For both Vy and Vy the additional conditions V (r,3) = V (r,-s) exists.
This means that the coefficients of the sine terms must be zerc,
The final expresaions for Vi and Vy therefore ares

N o= % J [ xolie) 4y (k) 1, (kr)] cos ks

2
and V2 = 5?’1% [ ¢ Kr) oos ks ax.

We are primarily interested in the potentisl distribution in the
bors hole and therefore we want to find the velue of ¥ (k). To do this
wve must moke use of the boundary conditions.

it the bore face, the potential must be continuous, or (vl)mo =
(Vz)me. Using the properties of the Fourrior-Bessel integrals we ecan
ghow that in this case we may equats ¢the integrands directly. This
givess

Kollrp) ¢ (k) I (kry) = ¢ (k) Ky (kvg) {1-9)

The recomponent of the current density muast be econtinuous., Since

Yo = ég we haves



12

B b, = B GP,

or with % 2 Ts

2
(%_zl)mo s T (TzZ)MO {1-10)

Differentiating the expressions for V3 and V, under the integral sigm,
substituting inte (1~10) and equating the integrends givess

K (kry) @ ¥(k) I0(kry) = T P(k) K' (kr,) (1-11)
From (1=9) we have

@ (k) x( kr,) = X {kr,)
yik) = &ro) o)

Subgtituting into (1'-11) 8

K'(lee,) Es (krﬂ-é(’{:g:)w(k) =) 2 Te(k) x (kvg) {(1-11a)

Yo now use property (e)s

'k =« K'I = %

Rearranging (l-lla) and substituting givess
@) K (kmp) T (ko) = @ () [ g & X (i) Tliemg ) ] - g

or P(x) = (1-12)

T () W e
Substituting (1+12) in (1-9)s

krp (T=1) K (kxg) K' (i)
Y& = g7 kro (1<) 1 (%l‘o) k' (Iwp)

This gives for points on the axis (ILy(o) = 1)



1}3

?l = -::LB;E +lﬁ
ATE 272

4 similar formula was worked out in Smythe's book (2) for the dislestrie
0000
Let kvy ® % and let us make the following abbreviationss
xE(x) K (%) s =xX (x) X' (x) B Y
2I(® I3(x) = xI(x) I'(x)8H
xI(x) K (x) » «xI(x)X (x)8P
2K (x) I3 (x) = xK(x)I' (x) EQ
Obviously i m PQ and property (e) can now be written as
P = l-Q or Pé¢Q = 1
Substituting the above definitionss

. '--—a*-% L—-(T-l)ﬁ!cos (gx)J~=dx

14 (T-l) (1"‘«) To

The integrand can be reworked tos

M cos f= d x 1 N
i ( =
o = (zhe) 4 1.0 m (ke -l) o Q

Here Ta% mmtik-lz;lgulaﬁs%
1

coa(=f x) d x
®

E
. - Y
Letleae thenﬂgflae
The final expression for Vi, subatituting the above results, becomess

e J "
v = u?,? arr*"x- frﬁ..eos(..&.x)dx (1-13)

FPor the mommal elestrode amngemnt, electrode ¥ is at mero potential,

so that the measured A ¥ equals the potential at ¥, Eleotrode B is fap
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enough away s0 that its influence may be negleected, and therefore we
heve to considey only the potential ct M due to a single noint elestrode.

This means AVygy = V3, where A Vi is the potential differance
measured by the galvanomeler in the resistivity logging sircuit, between
¥ and the surface electrode N,

However, the resistivity logs are calibrated to read directly in
terms of so-called apparent resistivity, Ry Tho apparent resistivity
{8 defined as the resistivity of a homogeneous, infinite medium
surrounding the elestrodes, that would give the same potential at ¥, due
to the ocuryrent between A and B, for the given elestrode spacing, as
the potential messured by the galvanometer,

Ve may write therefore Vi = Zj-% with ¥ = AM, This is of the
game form as equation (1»8), which was derived for Vp.
The equation for Rg besomess

Ra = 4TT(-)
AsMisapoimenmaxin,vealsohavo s ® M, Let-gt“ﬁa.
To
Then we have from (1-13) end 1-14)s

Rg = Rmi"aRnsJ-Lcoa (ex) dx
or 3‘ = 10—3 _(1—!- cos (ex) dx (1-15)

For the lateral arrangement (see Fig. I-l) we have either two current
electrodes and one pickeup electrods in the hole or two pigckeup electrodes
and one current electrode. (The second current slectrode may either be at
a sufficiently large distance in the hole or at the surface so that its
influence can be neglected,)
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It gen be shown that the resulting voltage differences for similew
spaeings between the electrodes are the same in bobth cases.®

We will 1imit% our discuselon thersfore to the case of two relatively
closely spesed cuwrrent electrodes and one picke-up elestrodo in the hole
and ths other picke-up electrede at infinity,

The voltage difference between i and N (N has sero potential) may be

expressed in this ease ass

AV 12-% (ﬁ"ﬁi) z (M), = (M)

Vhere (V1), and (Vi)g are respectively the potentials at i due %o
the point sources A and B,

- Wj_)jé - (V],)n 4 T
o j -

La%!m"apmaxgp 81:-1, stﬁ

@%al(@-zﬁ)ss while b = 3§ - i@

JFEg 34 |
(Vi)g = M,?, 277‘2r fr!—coa( x) &= with 1= 1,2

IR IRy AT AT o 2% e
Rz (=B- ) » S’

(eos 81 % = cos &%) dx]

2K
= Bg ¢ g0 (411.) JI.;P (cos 81 % - 60w 2p %) dx  (1-16)

£ = - - - -
= B+ h-E) Tre I%*Q(mamlx aoss?x)dx (1-16a)

* This statemend is known as the resipreocity theorem,
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4 comnonly used epproximated foruuia for the latercl arrangement io
dorived as followss#

Given cue poind eloctrode as current souree, we will designate the
potentials at %he pilekewp elecirodes ! and N respectively as Vi and Vy.
The potential difference moagmwsd by the lateral arrangement then is

v, v%-vgs.wé

AT Al! AE?

vheve (Bg) )y 18 the apparent resistivity eorresponding to the charastes-
igtic volume of %he lateral spacing in question,

Ve now assume that I and H aye far fyor the point source & and the
distance between them is smell compared %o A0 oo that in the region
between them the potential decrsases approximately linearly with the
distanse and therefors the fisldstrength in the s-direction (Bg) is a
sonstante

Ve then have Vy = Vy = As o B, where Wi A 3, Vy>Vy and the
pogitive s direetion is the direstion from M te N,

We male a second spproximation by writings

s - & = M b, = .-4-3

¥ 4d o« &N (04) B
viere OA = % (4R ¢ 2E) =g
This holds trus only for AU/AN =1 (or 0AD ) and is in general a good
spproximation for large latteral spacings, e.g. for the conventional 104,
16 or 18! spacinge.

% As the physical pleture is somewhal ensier understood for the ease of
wo piek-up electrodes and one curren? oleetrods in the hole, we will make

the derivation for thias arrangement. The resulis apply equally well,
however, to the alternative arrangsment,
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combming, the above expressions we haves

(Ra)( s M'EQ’ g2 with BEg 3—%3% eonstante

ds V = lﬂT% -—% 5 W(x)cos('gﬂx)dx
Bg = .{ -l-% —-2;5 (x)sin(g‘x)dx}

-_Tr% E_T_Tﬁ xyf(x) sin (-—5 %) dx
B

Substitution of this expression gives for (Ry),s

(Rg), = Rm"'yraﬂn‘% };xv(x) sin (ggx)dx

o

ormplacingigtgm
= ;‘_;,1’1 1682 [ xy(x) otn (ax) ax

If we call the apparent registivity for a normal arrangement with “
equal to the Qg of ouwr lateral arrangement (=8), (Ra) and write
s%)n then we have from equation (le15):

I = (Fa) = 107-3;8 fw(x)eossxdx

and% 2 - 2/ sf % y(x) oin ox dx + 2/ fy(x) cos 8 x dx

and therefore W = x-sﬁ

Thie permits us to plot ths departurs curves for the lateral arrangement
if we have calcoulated them for the normal arrangement, For small lateral
spacings however it is better to use formula (1-16),
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Potentinl Digtribubtion if Invasion has Oscurred

In‘%hia case it is aosumed that thers is an infiltrated sone of
radiug vy ond of & constent resistivity Ry. We will see later emactly
what happens to the resistivity in the invaded sone and in how far the
latter agsumption is justified,

Usning the above assumptions we have o thres-layer problem, ansalogous
to the twoe-layer case of none-invasion, but with two more wnknowns and two
more boundary sonditions.

For the potential in the hole we write agains

VimV, eV aggg [ [% 0=) ¢ y ()% ()] cos ke ac  (2427)

In the infiltrated sone r neither approaches gere nor infinity so that
the potential Vy will be expressed as the gensral solution sontaining
both KQ and Ico

Vs 2 %T% j [% (0%, () # 3 ()T 00} | oos (ka) a (1-18)

Finally the potential in the undisturbed formation, as in the ecase of none
invagion begomess

o0

J
V3= ,2-7% J ¢ (k) Ko (kr) oos ks dk , (1-19)

Ve now have the following boundary conditionss
1) 2V forrar,
or Ky (kwg) ¢ w(k) Ig(kry) =2 X{k)E,(wy) o 3{k)I,(lkr,)

f G [00-) [0 - 56] 0 o
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2) Vom V3 for ©e vg
or X (k) Ko (krg) ¢ 3(k) Ip (kry) = @ (k) Kollwy) (1e21)

3) Continuity of radiel component of current density ot first boundarys
ke (0] e {2k
Eg N OTF /parg R4 or

which givess

Ko' (mp) & Y/ (k) Io? (keo) = Ty X (k}EKo! (img) # 3 (k)Lo* (iws) |

wheres

N = gtl; Ko ' (kro) & = Ky(kr,) and X, (keg) m Ty (k)

80 thad
~Xy(irg) ¢ Y (k)Ta(kwo) m T3 [ = X(k)Ky(kwo) + (3 (k) Ty(kre)) (1-22)

4) OConsinuity of rodial component of current demnsits at second bowndarys

1 /0¥, 1 /DVa\
ﬁ<‘s‘§urars_ = Rg(ﬁ)rsri
or «X(k)Kjllrg) ¢ A(X)I3(kry) = = T2 P{k)Xy{lry) - {1-23)

R
where TQ-% .

Thus we have four equations (1-20) through (1-23) with four unlkmowns,
namely V (), < (x)y B (k), and P{k) which we wani o solve for
Y {k), as we are primarily interested in the potentisl in the hole
itself.

Ve will use the notablionss

kP, = X Ko(x) = K To(x) = I
Ky (x) = Ky I(x) 8 Iy §§ =n
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K(n) 2 K{nx) I{n) 8 I(nx) #(n) 8 ¥(nx) eto.
Wik By plk) B ¢ X {k) 8 X () 803
From (1-20)s p = X "D-% + 33  {a)
From (1-22)s W = RO -B e 8
| 51
_ 3Y4(n) - <Ky(n) |
While (1=23) givess (Pé _;L'TQKI(@; {a)

From {1-22) and (e)s

. 30 X&) i(n)
i R(n)

3Lh{(a)X(n) « XKy (niK{n) ¢ 3I{(n)Ky(n)T,
3 i - ? M et
=T5%5 (n)K(n)

X =

34 - XE, ¢ [5PT
X = o, &

or oToll, X & Xii, m/3Q ¢ (3P,Ts
Uy {1eTa) X = 3 (Gy# PpTa)

Hors we can writes

Paln = Qy @ Tg(l-%) 8Ty =ToG, ¢ QGuaiy e %(1-‘332)
@0 that we haves
iy (et cz 3 [ 15 ¢ q,(1-15)]

or KBy = ;3(5{:%4 &)

T »
y 2 - 1 %
1Ty 1/ioel ?..@/éi-l pr e =




this gives x = .l@%& (a)

Equating (a) and (b)

(x=1)k4 31 T(ABL - XK) + K
1 = D
Subatituting X from (d)s

3. l.%:&a -] % - &A[Il'<l/13' * Qn)x].{& !& Kl

I

AGIHHELAM e Q) TEIT ¢ THAM ¢ G) T
oy gﬁnz Il

K
B

3 R 4 Q(1/DY » Q) = Tyl ¢ TyP(L/DY & Q) . P2 g
] ]

and aea P2 1l » Q or Pelml we have

= LY
ﬂ T (1-TyHaN ¢ (1/D) e Q) (Q ¢ TyP)

3= -
TF - G« G | o ¥ O
3= T-7) [@nﬁ o(fl/'%' * Q) (Lo flﬂ] (o)
From (d): & = 1/0' + (£)

(1 -1y) | M8 oq%l/m * Q) (/e ¢ Q)
Substitution of (e} and. (£) into (b) gives:

Ve 7 [Ma Ty =(2/D74Q)Ky] # Ky (2-1y) [isgH & (1/D' » @) (1/e # Qj)
T1{1leTy) HpN #(1/D' = Q) (L/6 = Q)

L G [wRe(1/00eq )R] o P(1-Ty) !%Jm - (1/p - cﬂg_ggl/c - Q)]
]

H{1-Ty) [ M8 ¢ (1D ¢ Q) {1/ ¢ Q




o)

1/0[ ~(1/D'eQ )P ] ¢ P [itd o (1/079Q) (1/e#Q)]
- xQ% Hp & (/D7 » Q) (/e + Q)]

1/e W = P/eD' « PQ,/o & PN & P/eD! & PQ/D! & PQ, /o PQg,
N2, ¢ N/cD' ¢ NQ/D' & NQ,/o  NQQ,
Using Wi = PQ ¢this becomes

va 1/c Boll ¢ PN ¢ HN/D! ¢ NQp
¥R, « N/eD' o NQ/D' o NG,/ 0 ¢ NQG,

Y=

1/c X, & Pil, & /D' & UQ,
VE R e 1e0 & U0+ Gy/e ¢ QG e

This expression can be used directly or can be reworked te take &
alightly simpler form:

letting D = %ulw@havm

- oA s Paw s B - )

Also using @ = 1 - Pp wo obdain for

_ Lcil, =i (14 1/D) & K(1ePp) & Pip
V= 8 -1/ (T+1/D) - QL ¢ 1/5)  Q(1-F,) + 1/e(l <)

. WD =y e (WP, - PY) : .
IIU"’ l/QD‘Q/D’PKJQ‘(QPa-W%) ( 24»)

In %lio same way as for non-invasion:

N1 = 35’“?;4- fxy(k) Iy (k) cos (m& ) akrg)

2Tr3r
On the axls I, (k) =1 and r=s _
So for the nopmal arrangement with B = A and 8 » gﬁ we have
o

(e

Ry = %!a!ﬂrw = %4#1’%&[ Y (k) cos (sx) dx
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[>0]

R, - )
9?"{3?;”1*7?8 £W(k)coa(ax)&x (1=25)

where Y (k) is given by (1=24).

For the lateral arrangement we c¢btain in the seme manners

% s 1+ GT% (1/31% 762) [1/ (k) [ coa (83 %) - cos (sgx)] d=x

(1-26)

where 9] = ;E and 8y s ;ﬁ and (k) again is given by (1-24),
© )

Values of By ean be obtained by plotbing the inltegrands and finding
the aves under the curves by using 8 planimeter. Both integrends
converge very faste |

In this way curves can be plotted for Fg a3 o funstion of Ry, 8,
rg and Ry, These surves ars often celled repistivity departure eurves,
and a large assembly of them is published under that name by the
Sehlumberger Vell Surveying Corporation (7).



The eonventional way of plotting resis?.ivi?.y departure curves is
to give Rg/Ry a8 a funstion of s for several velues of Ry/Ry ond
dg/de for a given ratio of Ry/Ry. Instead of using s, the abscissae are
mostly in téme of 8/2 = g‘; = % o Flg, II=l gives g family of these
departure curves for the sase of no-invasion, for the normal electrode
arrangement, TFige. II-2 gives departure surves for the case of invasion,
with v = 29y and Ry = 10 Ry also for the normal device. For larger
values of vq the ourves will be shifted upward, as mdicatedlby dotted
lines, Fig. II=3 gives the departurs curves in the ease of invasion for
the laternl device.

The present use of resistivily departurs curveg for determination
of Ry is as followss (6)

An experimental curve is plotted in the same way ag the rosiastividy
departure curves, using measurements of Py from electrologs for different
electrode spacings. Thie curve is compared with masier curves made up
in series as described above (7), and R¢ is fowrd by interpolation
botween the two closest fitting theoreticsl curves. 4s can be easily
seen from the sghape of the ocurves in Figs. II-1 to Il-3, at least fouy
points will be needed ¢o make an accurate plot of such experimental
surve. 7This means that the logs hawve to be run with four different
normel epacings., Though this is possible with the modern seven condustopr

eables, 1% is not yebl a universally common practics. Some authors have
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ealaim:ad that o good determination con be made by uuing an experimentcl
departure curve constructed with the ald of two points only. Obviously
1t s uwiterly impossitle to construst e curve whose losatdon and shape
{3 of paramount Luporience, using W poinis only. The ambiguity of
this situction Lo clearly demenstrated Yy Fig, 1Z-4 which gives Ky as
a funotion of Ly for different values of T4 and vy, We ses that any
Rg gives an infinite number of possible @om”éina%icns. 4 seeond Ry
found for ancther given electrode gpacing will eliminate part of the
possibilities, but gtill leave ‘oo many to malte “he method workatle,

in Post S0Sed.

Alternative Method of Finding Ry aend Rg

For the reageong dessribed sbove, it appears e be worth whilse %o
£ind o more direst woy of interpredation, and we have fté;emfore woriad
out a new method, which makes use of one lateoral and two normal curves.

In order to evaluate Ry acourately we want a moximum amount of
information on the infiltrated sone. lbre gpscifically, we mﬁ %o
determine the truo resisiivity of the infiltrated gons. It is common
knowledpe that small spacings give informetion about the resistividies
close % the borshole and it has often been gbatod that the "normal®
cuwrve which usually corresponds to a spasing of 10¥ gives a good
approximation of the invaded sone resistividy. However, if we look ab
Plg. 112, we oz that oven for the smalles? specings of the normal
aFrangement the influance of Ry on the moasured Ry is very large. Fig.
II-2 ghows thad for very emell spacings of the latersl device, R, is
more independent of the resistiviiy of the formation beyond the
infiltratod sone (Ry).
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I% seoms therefore advisable to use a small lateral spaeing, to
obtain data on the infiltrated zone and noymal spacings %o f£ind the true
resistivity of the undisturbed formation,

The optimm lateral spasing %o be used, will be the cne thal gives
apparent resistivities which are very nearly equsl %o the trus resistivity
of the infiltrated sone and which ars as little as possible dependent
upon Ree

The seecond of these conditions is beat fuifilled by the smallest
possible lateral spacing. However, most of the apparent rosistivities
for very suwall spesings have, for usual ranges of Ry, values, which are
lower than the infiltrated sone resistivity, because of the large influence
of the borehwle itself. _

In other words the apparent resistivities that would be obtained for
a wide range of valuss of Ry, varying from very small to very large Ry's,
will not be distributed symmetricelly around the trus Fi, but the whole
group will bo shifted towards lower values.

Algo small inaccuracies in the determination of tho hole dlameter,
will give larger errors for the oxtremely small spacings, than for larger
ones,

The optimum spacing therefore will bs a compromise between the
influence of the borehole and the effeot of Rgp on the apparent resise
tivity.

To determine this optimum spacing, the apparent resistivity was
computed for a series of small spaeings in tho range that appeared most
promising, and the most effective one was sclected.

The computations were carried out for sverasge invasion diametor,
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given values of Ry/Ry and values of Fy/Ry which covered most of the
conditiong that are normally encountered,

4s stated before, the approximeted formula for Rg caunot be used
for small lateral spacings. However it is pogsible to obtain valuss for
(Ra) y; (= apparent resistivity for lateral arrangement) from the departure
eurves for the normal arrangemenis using the following method of
sonversion:

Congidering the lateral arrangement as consisting of onse current
electrode A and two potential electrodes % and N we can writes

Vy = G(Rﬂ or fﬁ = .,iﬁ.f.)é.
4 TT{83) J 4 T (AM)
. ’J(Ra)a or L ‘R"‘f.%
4 TT (%) J 4 TT(aN)

Here (Rg)y and (R@)E are the apparent resistivities corresponding
to normal eloetrode arrangements having respestively the spasing Al and
AN,

Denoting ths voltage drop between the pobtentisl elestrodes of the
lateral arrangement and the apparent resistivity for this arrangement

respestively by V, and (R@)[ we havas

V= -3;;3‘;-?-'-’1 (/2 - 1/8%)
adae V, = Vy=Vywe can write
Yy = Ve 1

7 Tl/zs;%-l/@

8 - 81

(Re), = 477

(1/88 - 1/A0)



po thad
(R‘i)j [(H@)I/Rm i (%a)g ] |
e Bt/do o 1 V(e - Ve

(241)
?or any given lateral ayrangement and hole diameter the factor

Kg =

V(AM@)%’-/ (&7/d5)
can be caleulated direstly,

The quantities (Ra)1/w, and (Ra)a/n, are found from the departure
gurves for the normal device for any given set of conditions (Rg, d3
and Ry), under consideration, cémaponding to the valuss of &i/d, and
i/, .

Using values of (Ra)1/R, and (Rg)a/Rg obbtained from the Schlumberger
conventional departure curves (7), (R@)fmm has bsen computed with the
aid of equationg(2-1) for three values of Ri/Rm, average invasion
diameter and soveral values of R¢/Rm and are shown in Tables Ile4, II-B

and I1=C,
TABLE I~
dg = 5 dg Rifdo = 1,75 Rifdy = 2.25
Ry = 6 Ry Ry = 11 By Ry = 21 Ry
RefBy | (Rade/Rg | Ro/Pm | (Radem, | Bt/fMa | (Radgry
30 6,07 55 9485 105 18.6
6 Seddy 1 9469 21 11.59
1 5,29 1 | 732 1 11,19
12 5,08 11 73 Jd | 10,32
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TABLE II-B
dy = 5 4, X/d, = 2,75 ii/d, = 3,25
Ry = 6 Ry Ry = 11 Ry Ry = 21 By
Ry/By (Radefry | Fa/Pm (Radi /Ry | Fo/Ra | (Rade/Rg
30 7435 55 12.2 105 29.22
6 7.08 1 11,75 21 20446
1 5.29 1 10,64 1 1489
12 4e8 A1 9.12 a1 15,08
TABLE II-C
ds = 5 dg Ai/dg = 3.5, Ai/dg = 40
Ry = 6 Ry Ry = 11 Ry Ry = 21 Ry
Mffa | (Ralr/rg | Refa | (Radefng | Beffm | (Rale/ng
30 10,0 85 20,3 105 31.6
6 8,34 1 12,87 21 214
1 4e86 1 9,18 1 18,8
12 he2ly 11 9407 1 17,7

Similar tables were made up for other small leteral spacings and
also for various walues of Zﬁ/do.

From comparison of elght of these tables it was found that the moast
satiefactory spacing iss

M/dy = 2,75 29/dp = 3425
As shown in Table I~A, for smaller spacings, the average values of
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(Ra) /ry, chift below the actwsl value of Ry/Rg.

For sopeings lavger than the optimun spacing, the effest of Ry
besomes more and more pronounced and tha avernge valuss of (Rg) /hg ave
found %o be larger than the /Ry in question,

For increased Wi/dy we find a slightly less regular distributien of
(Ra) /R, with respect $0 Ry/fy.

Using the above determined optimum gpacing, we can now make up a
geries of mster ourves, representing Ro/Rm es a fumetion of Ry/Am for
different values of RyfRy and for different ratics of the invasion
dicmeter, dy, over the hole dlameter, d,.

These master curves will bs called "apparent resistivity curves.®

7o obtain a complete set of thase apparent resistivity curves, the
ugse of the heretofore published resistivity departure curves for the
normel electrode arrangements, doss not suffice, ‘becatise of scareity of
data in most ranges. |

For instance the Schlumberger dsparture curves, which form the most
complote set published to date, give only thres values of Ry/fig and four
values of d3/dpe. For the computation of the vast majority of our curves
we have to o back therefore to the formula, which we derived for (Rg) ,
end ig given by equation (1-26) and as direst computation will be more
agourate than the semiegraphieal method outlined befors, it is advisable
to obtain the apparent resistivity curves using equation (1-26)
exclusively.

Fig. 1I=5, gives an example of a set of apparent resistivity ourves,
for the lateral arrangement.

To obtain a set of master curves which will completely cover all op
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most of the conditions arising in practice, there is one mwore somplica=
tion that has to be taken into ascount, naomely the varistion in dismeter
of the arill hole, dge

The averags drill hole dimmeter depends upon the asize of bit used ,
- for drilliing, The bit siges vary from well %o well and are often changed
geveral times during the drilling of sach single hole.

Apart from the variations dus to different bit siszes used, the
sotual drill hole diameter will also véry with the character of the
formations traversed., Hard, well consolidated formations will mostly
give a hole of relatively uniform diameter, sli;litly larger than the bit
pise. Poorly consolidated formations will of‘ten; cave in, which results
in enlarging of the hole diameter. Clays, shales and slates usually
swell, upon coming into contact with the drilling mud, which is mostly
less ealine then the formation water. This results in deerease of the
hole diometer. Fissile shales on the other hand will eave in very often
and the swelling may even aid the fracturing as the expansion is
restricted in vewtical direstion and the resulting curvature tends to
split off slices of the material, Limestones, snd beds of rocksals,
gypeum ond anhydrite, loose material due to solution in the drilling
mad, which tends %0 emlarge the hole diameter.

It is obvious therefore that the actual hole dismeteyr is not a
oongteant in any given hole, but is subjest to many changes from one
depth to the other. NMostly however any given formation which is more ow
less homogeneous, will show a constant deviation from the average hole
diameter, within its boundaries.

To deternine the deviations it has besome a common practice to mm



a "ealliper log,"* sither simulianecus with the elsctrolog oy separately.

The ealliper log gives the hole diameter as a fHimetion of the depth
in the well.

Vhere no ealliper log is aweilable we will have %o rely upon the
average hole diameter, as estimited from the bit sise. This howsver moy
intzoduse very serious errors.

7o take into aseount the various sizes of drill holes, diffevent

sets of electrodes should be available to £it the most common hole sises.

For instance one set of elestvodes can be made such that Eﬁ/a@ = 275
and B/do = 3425 for @ hole with a diameter (d) of 8%, This will give
A4 = 22% and M = 267,

Similarly another set san be made %o fét a 12% hole, resulting in
A = 33" and W = 397,

The intormediate sises of drill holses or the exiremely small and
large omes and also the deviations from %he average hole diamster within
one wall, can them be taken into ascount by making up "apparent resise
tivity chartas® for the above electrode spasings and deviating éalueﬁ @f
dgo

Using for example the arrangement with 1l = 22° and AN = AWF, a
geven inch hole will give rutios of AW/de and A/ds respectively of
014 and 3.61 and for these valuss a set of apparent resisﬁivity charts
may be propareds

In the seme way eharts can be made up for other ratios of 4u/dg

* The mechenism of the ealliper logring device consigte of a set of
rings which are in contast with the bovefass at all times and the o
sion or soadraction of which asots on o variable resistor oy on the m@tgon

of an industion eoil, which in turn affeet changes in a current whish are
precalibrated in terme of the hole diameter and arve registered as such by

the logging apparatis,
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and AN/dg corregponding to one of the stardard size arrangements and a
complete range 'af values of dpe. Approximately 10 seis of charta will be
required to cover the range of values of do usually encountersd in
practice, For extreme siges of drill holes, special arrangements of
electrodes should be prepared, to give as nearly as possibles /A =
2,75 and AN/dp = 3.25. |

Wr having determined the lateral spacing to be used, we will now
discuas the requirements for the normal spacing from which we want %o
obtain an approximate value cgf Ree

From the -eonventional resistivity departure curves we easily ohbserve
the faet that very large normal spacings, give apperent resistivities
that are good approximations to the true resistivity,

However this holds true only for formations that are thick enough,
ec tﬁat the influence of the boundaries at the top and the botiom of the |
formations may be neglected.

It can be shown that in order to meet this condition, the thickness
of the formation must be at least five times the normal spacing used, (8)

For inetance in a drii_l hole of 8% diamster and using a spacing E,'
equal to 10 dg, the effeset of the boundaries san only be neglested for
beds that are 5 x 10 x 8% = A00% or approximately 33 ft, thick.

As many commercislly important formations have thiclmesses much
smaller than 33' we want to use the smallest specing that will gtill give
an apparent re‘aiativity, which is a fair epproximation to the true ‘
registivity, |

The best compromise between the two fretors deseribed above appears
%o be obtained, by an electrode spacing (AN) equal %o 5 %imes the hols
diameter.
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In the case of an 8% hole, apparent resistivities can be obtained
 with such spocing, on beds 17 ft. thisk or thicker withowt the nccessily
of correstion for the effeet of the formation boundaries. For thimner
beds, oorroc%ion faetors may be epplied for the boundary effects, as
deacribed Wy Cuyod (8).

The lower nmit of applieability of such correction factors, is a
bed thickness of two times the aspacing., In our case this would he a |
bed of 80* { m 6,7 ft.) thick,

Again standard arrangements may be made up by .fitting the actual
gpacings to the most common hole sizes (8% and 12%) and variations of
the hole diameters are takén into account by a number of _appamt
resistivity charts made up for values of AW'/d,, smaller and larger than
5. | RO

Fig. II=6 shows a set of appamt resistivity eurves for AM/dy = 5.
Rig denotes tbe apparent resistivity as maaurod wit.h the leng normal
device.

On the proposed master curves for the lateral device the apparent
resistivity is given as a .ﬁmction of the true invaded sone resistivity
for various values of the true formation resistivities (see Fig, II«5) ,' o
while for the long normal devise the apparent resistivity is given ag a
function of Ry for various valuee of Ry (ses Fig, ITI-6). The reasons
for this choice of parameters are that the apparent meiétivmy for the

lateral device in many oases is nearly equal to R{ and varies only little
with R¢ while for the long nowmol device, the apparent resistivities are

closer %o Ry and are influenced to a much lesser degree by Ry, Actuslly
all the variables are given as dimensionless guantities in the forms
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Rg/Rys Ry/Ry and Re/Rye

The interpretation method to be used with these curves conslats
baaieally of the following steps: |

1, Teke the apparont resiativity obtained with lateral spaeing as
a first approximation to Rq. _

2, For this value of Ry find the Ry corresponding to the apparent
reaslstivity obtained with the ldng norual deviee, from the apparent
resiativity curves for the ratio of ZN'/d, in question.

3. With the obtatned valus of Ry £ind a better approxtustion for
Rg using the apparent resistivity curves for the lateral device.

Ao This omeaaiv. approximation is continued %ill nc fusither
substantial changes in the values of Ry and R¢ are found,

5« The final wvalues of Ry and Ry thus obtained will be ths astual
* true invaded sone resistivity and %fue formation resiétivi%y, if the
actunl invasion Alameter equals the invasion diameter given on the get |
of resistivity chartes we used for our deteraination.

This last comdition brings in the necessity for a third cm"vo, for
vhich we have chosen a "short" normal curve,

The spaeing for this curve is not oritieal. Any spacing of either
normal or laterel device, that gives an apparent resistivity whiéh is
warkedly influenced by Roth the invaded some resistivity gud tho true -
fomtiog resistivity, will suffice.

4 good and convenlent value is obtained by takimg & normal curve
of which the specing i equsls the ZJ of the short lateral device
aslready being used, This obviates the nessssiiy for am‘ additional
eslectrode aa the apparent resistivity for this normel ouwrve is simply
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measured betweon the first plekup elsctrode of the lateral dovice and
the purface pickup elestrods of the long normel device, We will uss
therefore (a:1) B (AM), = 2,75 dg for the standard gondes.,

In contrast with the long normal spaeing deseribed befors we will
term thie specing the “short normal spacing,® although it ig considerably
larger thenm the conventional short normsl spacing which is only 10° leng
and in ocases even approaches the 38" sonventional normal which is often
callod the "long normsl spacing.® For the short normal spasing a group
of eppavrent resistivity charts is made up in the same way ez for the leag
normal spacings (see Pig. II-7).

The function of this short normal curve is to check agsumptions
regarding the invesion diaaetar.

The interpretation procedurs myy be started assuming normal invasien
(dg = 6 & ). Using the apparent resistivity oharts made up for dj = 6 &,
we then find a value for Ry and another for Ry.

With the aid of these values we can then determine the apparent
reslstivity that one should obtain for the short normsl spaeing, using
the apparent resistivity charts for that spacing. »

If this theorstical value checks with the actually measured walus,
the assumption regarding the infiliration diameter is right. Hbms? it
the theorstical and actual values for the short normal apparent resise
tivity are not equal we must correst our assumption regarding dy as
inddoated in Table II-D, Table II-D only shows the direstion in which
the actual infiltration diameter varies from ktho assumed diameter, bud
not the magnitude of the corrections. The correstion pm@e*dm is best
illustrated by an oml‘u
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Letl ug first assume dy = 6 dy, and suppose that the computed true
resistivities, using this assumption, show R{<Rge

Por the values of Ry and Ry as determined we then find the appavent
resistivity which hs short pormal device should register, using the
charts for dg = 6 dy made up for the short noml device.

Thie computed value of Ra is then couwpared with the apperent resioe
tivity actuslly measured with tho short normal devisce., Lot us asoune
that we find the computed Fg te be larger than the measured Rg. "Z‘ahla
II-D showe that for this case the sotual 44 >assumsd d4.

Our next assumption therefore will be 44 = 8 do. Faé this casusption
we now repeat the entire interpretation procedure, If this time we find
that for the short normal device the computed Ry is smalley than the
measured Rg, we know that now the actual dy < assumsd df and therefore
6 do < &4 < 8 dge -

If we wont great precision in the determination of dy we may inter-
polate dg between the values of & d, and 8 dy uaing the differences fourd
in the computed and .msurad values of Ba as a hagis for the m%orpoiaﬁm.

- The value of dj thus determined indicates the set of charts to e
uged for the eomputation of the final values of Ry end Rg.

Usually we will be able to make a wough first estimate of the amount
of filtration from the apparent resistivities of the short normel and the
long normal device, especially if R; and Ry are sufficiently different, as
oan be judged from the apparent reaistivities for the short lateral and
the long mormale | |

Much infiltration will result in largér differences between the
short normel and the long normal then little or mo infiltration,
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I tb@ro ig no infiltrodion, the above interpretation procedure
will result in Ry = Ry for any assumed invasion dinmeter,

As will be ssen later it is possitle that Ry = Ry in cases where
invasion is present, as for instance when a water sand is invaded Yy a
ad filtrate of the same resistivity as the comnate water, or when in an
oil horison the opposite effects of the oil replaced by water end the
saline connate water replaced by the lese seline mud filtrate ars equal,

In such cases a study of the S.P. curve and (.or)' the invasion 3¢
neighboring formtions will often give slues as to whether invasion io
presead or not,

TABLE XIeD
Ry > By Rg < By
computed R; . measured R, . compubted Ry - measursd Rg
actual 44 <« assuzed d4 actual d4 - assumed dg
~oomputed Ry < measurad Rg computed R, < measured R,
actml dg -~ assumed dy actual ¢4 < acsumed dy

. . The above described method gives ue aa final answer the quantities
Rgy Ry and dg,

Ry 4s used directly in the quantitative determination of the fluid
sontent of formtions. |

In later parts of this thesis it will be outlined how we may use Ry
to help golve othor unknown factors in fluid con%ent determinations.



The %technique -employod in the laborstory investigations on the
character of the mumtﬁ gones around drill holes, in poroim reservoir
rosks, makes use of two distinet soté of apparatus. Tho first sel i3 uped
to saturate, infiltrate or flush agndétone samples, while the sscond sst
sonsists of an arrangement which enables us to measure the resistividy of
the cores. The investigations were carried out using sandstons samples
fron ocuterops of fomﬁom which are lnowmn to be oil-bearing in cther
parte. These samples were saturated with misxtures of srude oil, gas and
water of varying salinity. After saturation, they were infiltrated by
fresh water and the changes in resistiviiy, and relative saturation of
the above components wore registered,

Also & standard type of drilling mmd wae £iltrated through typiesl
gamples and the resistivities of the sample containing the mud filtrate
and of the etﬂuont. mﬁmte were mepsured,

The @npmt used to saturate, infiltrate or flush the sandsione
samples employed appsyatus as indicated belows

The mlea were mounted in the bottom part of a eylinder of a
standard 100 pound beroid wall-building tester (9). _

The necessary pressurs 'was supplied by a large size nitrogen botitlas,
squipped with a regulation pressure reducing walve and a 300 pound outled
valve in line with the lstter,
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To insure acourate measurements of the pressure applied a 160
pound pressure gauge, with 3% disl, was installed near the inlet of the
baroid tester.

The filtrate was collected in a 100 ¢s gradwated cylinder, for the
flushing sxperiments on water sands, while for experiments of longep |
duration & 250 aec bottls with rubber stopper, filter funnel and capillery
air vent were used, to minimige evaporation,

The samples wore shaped to fit the ingide of the baroid tester by
cutting them to the approximate proportions with a dlamend sew and grinde
ing them to & good oylindrical shape with a rough earborundum grinder and
(or) & rotary wire brush. The final sise of the cores was approximately
2,8% diameter x 2" height. The inside diameter of the wall building
tester is 3", so that sufficlient clearance existed for mounting end
insulating, |
‘ Before mounting the cores they were first costed with sastolite, 2
normally mr-o-ntﬁng casting plastic, to which a eold-setiing p&omter
had been added. The plaestic was allcwsed to harden at room tempsrature,

In this way a very firm band with the core was obtained, whiia the
repidly setting sction of the cold-setting promoter limited infiltration
to a single gramlar layer.

After hardening of thia first coating the botiom edge of the core
was sealed to the inside of the baroid oylinder, with a scoldwater putly,
in such a way that the lower surfage of the cors was flush with the lower
rin of the oylinder., The cylinder was then placed upright and the
amular gpeoe between the core and the immer wall of the cyllnder was
f£11led with castolite, which was cured for approximately 45 minutes at
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The drilling muds used were samples of aguagel, seogel and natural
clays, obtained from the Baroid Sales Division of Los fngeles., The
proportions were weighed with an ordinary balance (acourasy .05 gram) and
md welght was measured with a btaroid mud balansce., The muds were mixed
with a high speed Hamilton Beach soil dispersion mimer.

To obtain oil or gas saturations in the cores, comparable to those
coeurring in thick reservoir horisons, the samples’wero first 100%
saturated with water and then oil or gas was foreed in, by the sapillary
pressure mothod, For this purpose special adapters were mashined to
hold a porous poreelain diaphragm and to £it the baroid oylindersy details
of this oquipment snd the prooo&uro used, are desoribed in a second thesis
by the author (10). |

The resistiviiy measurements were carried out with a separate set
of appémf.us.

Fig. III=1 gives the general lay-out of the measuring eirouit used.
The oircuit consists of a four-eleotrode arrangement, comprising two
curyent electrodes and two potonml "piok-up® electrodes and apparatus
tc messure the current, through the surrent slestrodes, and the corres-
ponding potential difference between the pick-up electrodes, with a
minimum of distortion ia the potentisl distribution in the sample,

The surrent was supplied by a Hewlett-Packard 1 Watt audio
oseillator, For reasons, to be outlined later, a frequency of 1000
cycles/seo. wes used, In geries with the current elestrodes a group of
standard resistors respectively of 10 00 , 100 2 , 1,000 0 and 10,000 Q2 ,



OSCILLATOR

1A

70 0007t )
ANAN e
/,0000 A 4
¢ AR /
M Y
TR )
\
ANAANS \
g. L.\L. — N
R
L..H M N\ m
u o ®
10,0000 _ ﬁ
s00n. e W ey A
hs ®
o/ DECADE w
O O O = * N AMPLIFIER
*TDIVIDER | * s 1. .
./m. _li ¢ o | o—
1 .
Fig OI-1I - = RECTIFIER




42

one of which could be plugged into the civeuit at a time, The resisters
were '811 standard A.C., non-inductively wire wound, resistors with an
acouracy of 0.25%, The group of resistors were mownted in a grounded
chaseis and theo plugs were shislded chasais plugs. A third plug carrying
two separate leads mede connections with both ends of the resistors in
their respective positions, enabling msuﬁemnt of the woltage drop
‘across the resistors.

To eliminate spurious affecta in the circuit csused by capecitive
end inductive coupling, between elements of the circuit and also to aveld
pick-up of 60 ecycle "noise" all leads had to be carefully shielded, and
all shielding conmnected to a common ground. This however introduced new
difficulties as capacitive coupling between wire and its owm shielding
would ccuse deviation in part of the current end inscouracies in the
measurements, as well as distortion of the potential distribution betwesn
the electrodes, For this reason amphenol polyethylene cables wore used
for all leads, The cables were of the armoured, sinéle sonduetor type
(RG=62/u), These cables have a capacitivé coupling between wire znd braid
of 13.54«F per foot. This was found to be still too high for our require-
mente and therefore the original wire of the sable was pulled out and
repleced by No. 40 wire, This cut the capacitive coupling down $o approxie
mately 3 ««F per foot, which was small enough for our puvrpose.

In order to measure the gmall voltages across the potential electrodes
end the standard resistor in the current circuit, acscurately, on emplifier=
rectifier combination was used, The input leads to the amplifier eoculd
be plugged into one of three positions on a centyal switoh box, thug
eomect.mg with the potential electrodes, the resistor in the current
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gireuit, or the output terminals of a deocade divider used for calibration,
The voltages %o be measured were of the crder of 0,01 Volt 4.C.

They wers amplified approximately 800 times and then rectified by a

peek voltage rectification arrangement, The amplifior will be discussed

in more detail, The final D.C. current was measured with & sensitive

research test meter on the 100 A seale,

As, for resistivity measurements, we are only interested in the ratic
of the voltage across the potential olectrodes (A V) and the corresponding
eurrent (I)s The actusal amplification did not have to be determined and
only linearity of the test meter reading had to be checked or ealibrated.

To ealibrate, the output, of the oseillator, wag put across & potene
tiometer consigting of two wire wound resistors of respestively 10,000
ohmg and 500 ohms, From the latter one fixed and one varigble contast,
taking sbout 1/100 of the total voltage across the potentiometer, were
connected with the input terminals of a decade woltage divider. The imput
impedance of the decade divider was 10,000 ohms while the outpud impedance
varied up to 10,000 ohms., Three dials in series mbled us, to divide
the input into one thousandil, ome hundredth, and tenth parts. The output
was connected with the central awitch‘box ag indicated before,

To ealibrate, the oseillator output would be varled so as to give e
100 «A reading, with the decade divider shorted ocudt. Then uaing the
diffemnt d4ials the voliage was divided intc equal parts of the original
and the corresponding test meter readings were noted, Then a table was
m up of test meter readings and corresponding proportional parts.

The stability of the amplifier with time was very good so that new
calibrations were only made every two weeks. Al1 experimental readings
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were corrected using the above calibration tables,

Fige I1II=2 sohematically represents the amplifier and restification
cirouit, The amplification circuit consists of three stagess. Tho first
stage i3 & medium «twin triode (6J6), with a cathode follower arrangee
ment,; to provide a high input hpodanco.

To compute the real input impedance of the scathode follower
arrengement we will use notations as indicated in Fig, III-3
The input impedsnce is defined ass Ry = ~§

Us Uy ¢ Uy and i= %
so that Ry==d , Ry ©(3-1)
151 :
If we negleot the influence of R3 we can write for the plate currents
. \ -
p* Ry ¢ Ry
% o :
while Upmip Ry = ﬁ n (3=2)

From (3«1) and (3-2)s

R
S Tk
In our case, with np-Z%W:aﬁo p <= 38 and R = 5 Heg

we find Ry w 7.75 Ry m 5.3 HMeg .
The approximate gain of the first stege is calculated as followss

R B2 =0
xl“u =U1‘02 = 0,885

The second stage consists of a high mu twin triode (7 F 7). The twe

stages have a ocapacitance-resistance coupling.
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For the two parts of the 7 F 7 ecoupled in parallel the plate

registence is 22,000 ohms while « & 70, With a load resistor of
el DX 72,000 .

75,000 ohms this would give a gain of TET000 + 23,000 = 54

However, the cathode resistor of 3300qgives negative feed baock,
the portion fed back being 0,042, The overall gain therefore is:

K 54 = 160
2SI T R0

The final stage of amplification consists of a 6 AQ §, beampower

amplifier., The suppressor grid is connected to the cathode while the
screen grid is comected to the plate., The plate voltage B3 is approxi-
mately 275 V. The load resistor is 13,000 ohms., Under these operating
econditions the tube characteristice are approximatelys

Plate resistance (rp) 58,000 ohms

Transcondustance gn 4,000 mhoa.

A =gy X Tp = 232
The quiescent grid voltage is maintained at - 15 V by & bias battery,
The gain for the third stage is ocomputed ass

el B b3 2900 "
K3 ® 555000 + 13,000 ~ 27

The output of the power amplifier is cormected to a peak voltage
rectification eircuit as shown in Pig, III-2, This eirguit containg
g 6 H 6, twin diode, low voltage rectifier in parallel with a C.1 leg.
resistor and a sensitive multimeter., The combination is in series with
a 2 « F eapacitor.

The diode will only oonduct current when the plate is positive
with respect to the cathode. The electrons going from the cathods %o
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the plate will charge up the capacitor, with the positive and negative
8ides a8 indicated in Fig, III-ia, The ocapacitor then gives a continued
slow discharge through the .1 Heg. resistor and the meter.

The charge on the capacitor will keep the anode from becoming
| positive during most of the A.C. ¢ycle. Unly when the positive voliage
pesk of the 2.C, voltage becomes larger than the slowly decreasing
negative charge of the capacitor plate, the tube will conduct, recharge
ing the camitor to the peal voltage lavel,

The variation of the direct voltage across the meter and the bloed-
ing resistor, will therefore be as indiceted on an exaggerated scale in
Fig. III=4b, With the eapacitor and bleeding resistor sufficiently
large, thess varictions become completely negligible. Fig. Ili-iz clso
indicates the direction and path of the D.C. current which of course is
opposite ta the direction in which the electrons travel,

Ag indicated by Pig, I11I-1, the input to the amplifisr goes via
an input transformer. The transformer has a lil ratio snd serves mércly
to isolate the floating ground of the electrode system from the grounded
common level of the amplifier. The amplifier was grounded in order te
prevent spurious oscillations gensrated by the tubes on small flustua-
~ tions of the bias volltages,. random "noise® ploked up by the leads, or
induotion from the filament connections,

As the impedence between the potential electrodes is in some cases
of the order of 50,000 _QA the input impedance of the transformer must be
at least several Megohms to keep the orror introduced by eurrent drawn
bty the measuring system, below a few per cent., As the total input
impedance of the transformer may be represented by the equivalent
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impedance of the primery with open secondary, in parallel with the load
{mpedance of the secondary, the impedance of the primary must slso be
geveral Megohms,

To meet these requirements and also to have sufficient shielding,
a special transformer was built by the Pasadena Transformer Enginecers Ine.
with a primary inductance of 1180 H, For the specifications of this ine
put transformer and the computation of the inductance of the primary see
appendix paragraph B, In order to have a sufficiently high primary
impedance the frequency used for the measurements was chosen at 1000
ocycles, A higher frequency would make capacitive and inductive coupling
of some parts of the eircuit t.o ground large enough to cause noticeable
inscouragies. A lower frequency would make the input impadance of the
amplifier %oo small,

At 1000 ¢oyeles the primary impedanse equals:

Z, » 2 me Lp = T.45 Megohma

The secondary load impedance was 3.3 Megohms. Therefore the total
input impedance for the tranaformer with its secondary comnected to the
first stage of the amplifier iss

%*mthﬁm@m

For an impedance of 50,000 ohms between the potential electrodes the
current drawn by the amplifier will be 1f of the total. This is within
the permissible limits of accuracy.

The power supply to the amplifier is taken from a power pack of
gtandard design as shown in Fig, 1II-2,

The transformer has a center tapped main secondary coil giving
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350 V on each side. In addition two small coils give 5 V for the filae
ment of the rectifier tube and 6,3 V for the filements of the amplifier
tubes. |

The reotifier tube 1s & No. 80 fullewave rectifier, To insure that
~ the A.C. component in the ocutput will be absolutely negligible, a filter
arrangement with three 8H chokes and three 8 « F capacitors is installed,
Each of the three choke-capacitor combinations cuts the A.C. eomponent
to about 3% of the value put in,

Finelly in order to minimize feadhacﬁ through the power pack, which
might lead to disturbing generations of osecillations in the amplifier,
a low impedance path is provided for A.,C. soross the output terminals,
by two 8 «F capacitors,

The voltage B3 when providing the plate voltage for the €4Q5 tube,
that “’» with a 71,000 ohms load across the output, is epproximately 300
V, giving an operating plate voltage of 250 V for the beam power amplifier.
Similarly By under load conditions 1s approximately 150 Volis, giving
operating plate voltages of 120 V for the 6J6 and 90 Volts for the 7F7,

The supply leads to the amplifier are shielded with 1/2" copper
braid.

In order to make the operating conditions as stable as possible the
A.C, supply for the power pack and the audio osecillator is obtained via
a line voltage stabiliger set at 115 Volts, output voltage, by means of
a Varlac potentiometer,

While assembling the equipment the bshavior of all parts of the
circult was carefully checked with en osellloscope, to insure thet no

spurious oscillations were present and that unwanted capacitive and
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$nductive ocoupling between circuit clements were negligible at all times,

As stated befors, the resistivity measurements had to be made on
the bottom face of cylindrical cores having a diameter of approximately
2,87,

In choosing an electrode arrangement suitable for such measurements
the following factors have to be considered:

1, The formlae used for surface measurements of resistivities are
all derived for semi-infinite media.

The cores o!‘ which the resistivity has {0 be measured are limited
both in depth (or height) and in diameter. The influence of the walls
on the potential distribution for a given current are directly dependent
upon the spacing and arrangement of the electrodes,

2. In the resistivity formalae it is alsoc assumed that the electrodes
are "point elsctrodes.” The error made due to the physicsl dimensions of
the electrodes depends upon the ratio of the distance between current
electrodes and potentisl electrodes and the diameter and smount of pense
tration of the elsotrodes.

3. In order to make good oontact with the samples the electrodes
must be pushed firmly onto the face of the core so that they will pene=
trate a emall emount hetween the sand grains, |

Electrodes of too amell a dlameter will be flexible and will bve
bent pidewards by the sand grains., This would continuously change the
distance between the points of contaet and using predeternined formulae
f‘or‘a supposedly fiwed electrode arvangement would give apprasiable srrors,

The gmallest diameter that could be used for firm electrodes that
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would not be ‘bent by grains of well cemented sandstone was found to be
0.03%, Penetration of the electrodez below the surface might be up to
0,05" %o make a good contset. For hemispherical electrodes, the error
made by assuming the electrodes to be point electrodes will be 1% or
leas, if the distance at which the measurements are made is larger or
equal to 20 times the radius of the electrodes., This gives a lower |
1imit of 0,3% for the distance, the potential electrodes may be separated
from the current electrodes.

. To eatimate the influence of penetration of the electrodes into the
‘medium of which the resistivily is to be measured, on the sccuracy of
the computation using formulse for point electrodes, the following deri-
vation was made:

Suppose we have a cylindrical electrode of negligible diameter and
length B (see Fig, III-5). For en element of lemgth db of the electrode,
we may apply the usual formula for pointi electrodes if db approaches
gero, Taking into acoount the image above the aurfac§ wa have for a
burdied point electrode ¢ 3%%%"5%’%
a distance r and ¢ is the resistivity of the semi~infinite medium,

The potential due to db at & point p, at the surface at a horisontal

where ¢ is the potential at

distencexfrom the axis of the elestrode, will bes

dpp mgh= 8B

B

B
80 that ¢p = jo _TB %h B E'IT'% £(32 fiz)l/z

= kL [m {b ¢ (WP a‘x‘?)l/z}f
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fom o [0 (R (DM 1) V2]
2 1/2
= B dn(de (@)
The potential at p due to a point electrode at the surfacs, emitting

the same current would bes Vp 5 IO
2TX

The error as a percentage of Vp therefors iss

AVp=100| 1-Fm [-B+ ((-%)z-rl)l/g}]

Fig. 1I1-6 represents AVp as a funotion of B/X, The actual potential
is always smaller than the potential due to a point elestrode carryiﬁg
the same ourrent,

Fe see that for s penetration of 0,05% and X = 0,3%, the error is
less than 0.3%, so that if w§ uge the lower limit of spacing imposed by
the slectrode diameter we oan neglect the influense of penetration.

The minimum distance between the electrodes being fixed by the
above consideratlions, we must find an arrangement for which the influence
of the walls of the oylindrical cores will be as small as possible, It
mist be pointed out however that the influence of the walls gives a
deviation from the formulse used, for which we can make sorrections. On
the other hand the error dus to the deviation from the assumed point
elestrodes is very difficult to estimate quantitavely, due to the
irregularity of the contast. Therefore in compromising between distansce
from .t.he wells and mutual distance between the electrodes, we will
ellow a sufficient safety margin above the lower limit, established for
the latter theoretisally.
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Considering possible arvangements that would £it within .the
ecircular area of the core-face, it is obwvious that the Wenner nfmngo-
ment, having equally spaced electrodes on a straight line does not make
efficient use of the aree evailable, |

It seems logiosl therefore to choose an arrengement in which the
ourrent electrodes lis on a diameter of the eircular area and the
potential electrodes are placed symmetrieally sbove and below that
diameter, |

In deteraining the optimm position of the potential eleetrodes,
there is another important factor to be considered, namely the potential
gnd.teht in different parts of the fisld, In general, near the current
alectrodes the gradient is very steep and emell fluetmuoné of the
ourrent or inssourasies made in the determination of the distances
betwean the aelectrodes will give relatively large ervors in the messured
voltages, when the potential electrodes are too close to the eurrent
electrodes,

Fig. I1I-7a gives the potential distribution, on the line connecte
ing the two current electrodes. We see that to minimize the above
difficulties the potentisl electrodes must be located in the centrel
part between 30% and 708 of the distance iB, sway from A, where the
gradiont 1s lesa .eteop.

fhen the potentisl electrodes are not losated on the lins AB we
gtill can determine the zone where the potential gradient is small and'
about constant bty prejection of the limiting pointe P and Q along the
equipotential lines through these pointa, Fig. III-7b shows the
equipotential pattern dus to two current elegtrodes and the area in
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which the potentisl elesirodes preferably should be lmted '(aﬁta‘ide
the dashed and dotted lines).

The requirements for the location of the potential elsetrodes ean
now be summed up as followss

1) Hore than .3" from the current elestrodes, preferably
AC = CD > 4% ,

2) Outside the sones of large potential gradient, e.g. outside
dashed linesy in Fig. III-7b.

3) Far enough from the circular boundary 6!’ the cores to be only
moderately affected by the distortion of the lines of current due %o
these boundaries.

4) Heeting the above three requirements the location should be
chosen 80 as to give the largest possible potential dyop for a given
current so that inherent errors are, percentage wise, as small as
possible,

As can readily be seen part of these requirements tend o move the
locations C and D in opposite directions to those required by the other
part. Therefors a compromising position must be found,

A good compromige 1s obtained by plasing C and D on lines perpens
diecular to the diameter through & and B, just outside the dashed lines.
This fulfills (1), the distance AC being approximately .45%. It
obviously satisfies (2), and there are a maximum number of equipotential
lines betwesn them, thus satisfying (4). The effeet of the boundaries
was determined experimentally and found of the order of 10% of the
measgured voltage. This means that if we can determine the correstion

fector for the boundary effeet with an aeseuracy of 10% or less, we keep
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the total error due to the boundaries below 1%,

The preferred poaiti.ona of C and D are indica%ed 1n Fig, I1I-Th,

Based on the above principles two arreangements were tried outb; one
with AB m ,905% (hereafter referred to as arrengement No. I) and cne
with AB w .624" (hereafter referred to as srrangement No. II).

Though No. II had _alightly less influencs of the wallg, its
sensitivity to the amount of contact area between the sample and the
electrodes wasg considerably grﬁater, mzking the accuraci with which
measurements could be repeated amilor.

Therefore No. I arrangement was adopted for constant use, while
No. II was kept for occasional déublo checks, For both arrangements
einpirical enru"es were made giving the effect of the boundary on
measured resistivity as a funotion of the dismeter and height of the
sample. _

The correction to be applied for the affesct of the cors boundaries
was determined experimentally, The empirical data were separated in
two groups, one representing the affeet of the eylindrical boundary of
the core, the other giving the affect of the bottiom,

The e:qaorimﬁs were carried out in the following menners

A geries of cylindrical glasses vérying in diameter from 5.8% %o
2.85"% wers oui;. down to a height of approximately 2* and then filled
with water of a given resistivity to the exast height of 1.5%.

Theon the electrodes wers put, in a symmetrieal, central position
above the water level and lowered to make contact with the watér, eare
being taken that the penstration was always close to 0.5, Then the
apparent resistivities were meassured mnd plotted against the diameter
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of the glasses (I.D.)s An exampls of the results obiained is given
by Fig. III-8, |

The sane type of measuremsnuis were made with a series of glasses
of the same diameter (2%) and a height varying from 5% to 1,5% and the
results were plotted giving the apparent reaslstivity as a function of
the height of the glasses., (See Fig, III~9)

These measurements were repeated for various water resistivity over
& range varying from 55 52 om to 15,000 5L eme The true resistivitiss
were determined by mezsurements in a large conteiner after preliminary
measurenents had shown that its walls had a negligible offect on the
reaistivity measured at its center,

From curves of the type of Fig. III-8 and Fig., I1I-9, the doviae
tions were measured as a percentage of true resistivity. For a given
helght or diameter these deviations were independent of the water
resistivity which also follows readily from the faet that in all cases
the ratio of the resistivity outside the boundaries and the water
resistivity is infinite, If beycnd %he boundaries is a medium of finite
resistivity, ¢ 2, the effect on the apparent water resisiivity is &

funetion of the factor K= QQ 2: S "

¢
However if ©9 ® ™ we have K = &— /¢ = 1 = oonstant, The
_ 1e Q4 0

deviations determined by a sufficient large number of experiments were
sveraged and then plotted 88 indicated by Fig. III-10 and Fig. IIi-11,
The latter figures wers determined for arrengemsnt No. I and throughoud
the later experiments on ihe sandstone coreg they wers used to compute

the correction factors to be applied to find the true resistivities of
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the cores.

8imilar curves were made for arrangement No, II. To chesck whether
the order of magnitude of the corrections agrees with what theoretically
alght be expected, we have caloulated the sffect of a straight bowndary
on & Venner arrangement under the conditions of a similar resistivity
ratio and relative distances.

Tho saleulation was made using Tagg's formulae {11):

d 1 1
= ledks e o »
Va 91[ a(lod/a -4 48%/a -fl)] (3-4)
Here g is the spparent resistivity, 1 the water resistivity and
k=1l d=distancs from center of electrode arrangement to the

boundary s 1.5 for a sample of 3% diamoter., & = ég for the Wemner
arrangement, 80 that &/a = 4.5 . Substitutmg these values in (3«4) we

Sam €1 (1418 (g-glp] = 1096
This meens & correction of 9% has to be made to obtain €1 from €5
This is of the same order of magnitude as the correstions determined

haves

experimentally for our arrangement, It must be pointed out} however
that the conditions of our tests are mush different from the ones
sssumed for the above caloulation, the most important fact being that
in our case boundariss occur at both ends. This would double the
correstion to be applieds Our eorrestion, though of the same order of
magnitude, is cpnaidoramy lower, whish indicates clearly the advantage
of our arrangement over a Wenner arrangement in the case of circular
boundaries,. |

The electrode setas were construeted in the following manner:
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Steel nails of 0.5" length and ,072" diameter were soldered onto
the bottom end of small tie points. Then the plastic %op of the tiee
point was fitted into a plece of steel tubing (0,D. z.462") flush with
the rim of that tubing, The lower part of the tie point was centored
by a snuggly fitting lucite collar, while the spase in between was
£11led up with & mixture of beeswax and rosin. The bottom part of the
M tubing was sealed around the nail with shellas, thus providing at
all points a firm connection and good insulation between the electircde
and the steel shielding, The end of the nail was filed to a blunt
point, thus decreasing the diameter at the polnt of contaclt with the
surfase of tho sample to approximately .03%. The end of the electrodes
protruding below the shielding was about .35* long.

The four electrodes were placsed into a plece of 1/2% thick lusite
(4% x 5%) and cemented in place by Duco cement, the distances being
approximately as indicated before. |

After the electrodes were thus firmly sealed in their permenent
places, the exnct distances between the centers of the electrode points
were measured with a micrometer. These measurements are listed below
for arrangements I and II, and were used to compute the resistivity
measured in terms of current and voltage drop.

Arrangement I (Fig. III=12);

AC = 446" BD m 486" AB = 905" CD = 1,283%

AD = 1,0407 BC m 975"

Ave &2 { (;ﬁ*j&)*(ﬁ%m*%)} T

oF g’s-“-z-xxé.,?u; Q. em
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Instead 1f I, the voltage drop ( V)1 across & standard resistor R

in the cwrrent ocircult was measured sc that we ean substitute
Ie Eﬁﬂl which givess
.

A
?sm—%—xxa;[xé.'ilo SONY |

For arrangement II3
A = ,423% DB w 478% 4B = 607" CD = 1.,124%

AD & 759" BC = .801°
A
8.
For these distances €= ANy X Ry x 8.45 Qem

The electric commeotions with the rest of the circuit were made by
single pole plugs, fitting the tie points. They were soldered onto the
electrode leads and fitted with shellac into steel tubing of .462" I.D,

The braid shielding of the leads was connected to the stesl slestrode
shielding by 1/2° steel braid olamped over the upper part of the steel
tubing. |

The protruding edge of the plug shielding fitted tightly over the
shielding of the tie points, thus making & good connection electrically.

The plug-in system was made in order to faeilitste interchanging
arrangements No. I and No. II.

Electrolvte Resistivity Cell

To follow the changes in resistivity of the effluent water, which
was noeeuary. in some of the experiments, the apparatus described hefore
had to be adapted to measure the resistivity of small quantities of
electrolytes. _

This was done in the following manners

A small eylindrical glass container of 1.,5% diameter and 0,4% dspth
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was plased concentrically inside a larger shallow beaker of similer
shape and epproximately 3 ineches in diameter.

The upper edge of this beaker was out off straight and fitted
anugly in @ groove cut in the lucite plate in which the elestrodes are
mounted. This groove was conbmtr_ic with the geometric center of the
electrodes, The height of the layger beakeé was chosen such that upon
plasing the rim of the beaker in the eircular groove, the points of the
eleotrodes vo\dd just reach into the smaller container, To make &
measurement the latter would be filled with a carefully measured guane
tity (12 o»’) of the electrolyte of which the resistivity wae to be
determined, and the pointa of the electrodes would be dipped into the
liquid by plaeing the lucite plate over the rim of the larger beaker,
fitting the latter in the oircular groove of the plate.

To insure that the position of the electrode points, with respest
to the small container and the fluid level, was identical for all
measurements, a mark on the large beaker was lined up with o mark on the
lusite plate when plaeing the beaker in position and the entire system
was loveled using a two dimension spirit level, placed on the lusite plate,

Because of the fixed configuration the resistivity of the electrolyte
to be determined is equal to the apparent resistivity as measured in the
small container times a constant correction feotor, which corresponds to
the cell~gonstant of a Kohlrausch eoll;

This constant wae determined by measuring the apperent resistivity
of electrolytes of which the actual resistivity was found by measurements
on large quantities (approx. 500 ee) using our conventional messuring

systom,



The lerger part of the experiments were carried out with samples
taken from outerops of formations that are oil bearing in nearby
regions, |

Prominent among these are the follewing types: |

1) A very pure quartszitic sandstone (Berea formation, lowsy

Mississippian, Chio)# '

2) sandstons from the Pico formation (lower Plicsene, California)

3)  Sendstones from tbom formation (upper Miosene, California)

Other types of sandstone used wares

1) Seugus (Pliccene - land laid) |

2) A very tight Mesozoio sandstoha, probably Jurassis, from

outerops near Redlands, California, |

Thinsection (pointecounter) snalyses and sieve analyses of most of
the sandatones used are given in nnotheé theses by this author (10).

To start an experiment, s oylindrical core of approximately 2,8%
diameter and 2% height would be mmﬁed in the bottom part of a cylinder
of & baroid wall-building tester as desoribed in Part I1I, Care had to
- be t&ken that the ﬁeﬁ surfaces were left free and cleen,

After mounting the core, the oylinder, plus core would be weighed
on a balanoe, securate to one-tenth of & gram. The eylinder would then
be placed in the baroid tester and dry COp gas was forced through the
core for about ome~half hour. For this purpose a top 1lid of the baroid

# Obtained by the courtesy of the Union Oil Co., Production Department,
Whittier, Californis,



61

tester waas comnected %o a 40 1b. earbon dloxide botile. The sarbon
dioxide would effestively replace all of the air present in the intere
gtices of the core. After this a measured amount of water would be
forced, repeatedly through the cors until the resistivity of ths core
a8 measured with the four eleotrode gystem would no longer change
indiceting that no more gas was belng removed from the core. To allcw
any trapped COq to be completely dissolved in the water, the flushing
was interrupted frequently for several hours, Then resistiviiy became
congtant it was assumed that the core was 1007 saturated with water, Aﬁ
this time the aylinder was weighed eagein and the differencs, equalling
the difference in dry and wet weight, of the core, in groms was taken %o
be equal to the porcsity, in cubic centimeters. Using the predeteruined
dimensions of the core the porosity as percentege of total volums wao
easily computed, For several cores these porosity determinations wore
checked againat values of porosities found from thinsections by the point
counter method, and it appeared that the lstter valuss were often a few
per eent larger., This is probably due o isolated pores {non-effective
porespace) which ghow up in the sections, but not 1n the meesursuments

by {mbibition. Apart from this deviation overall agreement was very
satisfactory.

During flushing the water was fereed through the core using nitrogen
gas from a large nitrogen botile. Rather than changing connesctions, two
soparate lines for the baroid tester were used, one permanently fitted
to the connection of the carbon dioxide bottle, the other conmected %o
the nitrogen bottle. |

Al) core resistivities were msasured by the four electiode aystem



62

and amplifying circuit doacribed- in Part III, Electrolyte {water)
renistivities were memsured in the same way if sufficient quantities
were available, For quantities smaller than 300 sc, the electrolyte
resistivity cell was used, | :

The permeability was determined by measuring the amount of water
that would flow through the core in a measured length of time under a
measured pressure gradient (spproximately 3 psi per ineh).

The baroid iostor was always used, complete with a copper scrsen
and two rubber gaskets at the bottom and one rubber gasket at the tep,
to seal the lid,

After the above preliminary messurements were eompleted. oil, salt
water or drilling mud could be placed in the upper part of the cylinder
and forced to filtrate through the core.

The oil saturations, however, were mostly obtained by the ocapillary
pressure method, using speciasl adapters to fit the barcid eylinders. (10)
Cas=0il or gas-water mixtures could be created in the core by
letting nitrogen gas escape through the core (with no liquid in the

upper part of the cylinder). '

As desoribed in Part III, the drilling muds were mixed from dry
powders of aquagel, seogel, kaoline, baroid and natural olays (obtained
by courtesy of the Baroid Sales Division, Los Angeles, Califcrnia).

The mixing was dene with a high gpeed soil dispersion mixer, using
mizing times of approximately one hour. This gewve sufficiently stable
auds for our purposes. (12)

As the f{ltyation of drilling mud is a slow process taking epproxie
mately 24 hours to obtain 100 em of effiuent filtrate from the core,
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the filtrate was collocted in a glass bottle by o filter fumnel, the
bottle being closed by a rubber stopper to minimize evaporation., Aftor
given amounta of filtretion the preasurs was released and the resisgiivity
of the core measured.

Additional messurements were made of the resistivity of the effluent
filtrete at different times, using the elsctrolyte resistivity call,

| When obteining oill saturations by the eapillary pressure method,
differential pressures across the oil-water interfaces up to 25 psi were
useds At this prossure the "irreducible® water saturation waz approached
very closely for most of tho samples used., The extracted water was
measured in g smll graduate oylinder connected by a rubber hose and
glass dubing %0 the outlet of the taroid tester. At the end of the
extraction an additional check on the smoumt of water extracted was made
by weighing the cylinder containing the core together with the remaining
oll snd the adapler,

Comparison with a similar weight messurement before the extrastion
gave an asswruts check on the amount of water removed., The volumetris
and weight measurement gave very cloae agreement differences averaging
not more than 1% of the computed saturation,

Finally upon completion of the oil saturation the resistivity of
the core was measured.

After the required oil saturcstion was reachsed, the sampie could be
flushed with water end the resistivity change measured at regulay
mtemls; A-léo the amounts of oil and water in the effluent mixture
are measurad volumetrically as accurate as possible,

Vhen carrying cut resistivity measurements on the corsas, the pointed
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olectrodes, were brought into good contect with the surface of the
sample by pressing firmly downward on the lusite plate, supporting the
electrodes. Care had to be taken that the pressure was applied evenly,

All voltages were measured on the same scale of the multimeter,
Always the largest one of the voltages between the potential electrodes
and scross the standard resistor in the current cirouit, was measursd
first and adjusted by the output regulator of the oscillator to read at
the top part of the multimeter scale. Then, without any changes to the
‘main eircuit, the amplifier input was changed to the other voltage via
the central switch board, After reading the second voltage, the
amplifier would be plugged basak o the first ono. and another reading
was taken of the first voltage. The two readings for tha first voltage
were averaged and the obtained value used together with the seecond |
- voltage reading, This procedure waé uged to allow for small changes in
tho current electrodes during the measurement,

The entire measurement was alwsys repesated for a lower oseillator
output, thus oblaining two independent readings for the voltage-current
ratlos, used for the reeistivity computations,



The mechanism of fluld displacement in sands has been treated for
the case of uni-directional flow by Buokley and Leverstt (13).

A brief outline will be given of the part of their discussion that
is of interest to our case, wheroupon derivations will be mede to apply
to the case of radial infiltration.

For simplicity we will confine our reasoning to the cass of an
oil sand being flushed by water; but the same principles apply equally
well to gas sends,

The net rate of aecumulatioﬁ of the displaeing fluid which {s equal
to the net oil displacement will be proportional 'to the difference between
the rate at which the displacing fluid enters any given volume of the sand
and the rate at which it leaves thet eame volunme,

Confining our attention to a unit volume of the sand and denoting
the total fluid flow through this volume in cm’/sec by p, and the fractions
of the fluid flow comprising of water when entering and leaving the volume
respactively by a and a' we haves; | |

Entering the unit volumes ap on° of water per second

Leaving the unit volume: a'p om’ of water per second

Remaining in the unit volumes p (a - a') = Aap er® of water per

gecond |

Aa is the rate of accumulation of the water in the unit volume,
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If Sy 1s the water saturation end © denotes time we may write therefore:

%—% s -é-ggn where (¥ is the fractional porosity.
If u indicates length in the direction of the fluid flow we omn write the

following materiasl balances

(%) -3@, e

Here we have replaced a by the infinitesimal ratio %—{1 s Where £y 1o
the frection of the flow comprising the displscing fluid (fy 2 a). 4ind
instead of p (the flow through 1 em’ cross~sectional area) we write the
retio ef the total flow, qp over the total eross-sestional area (A).
Equation (5-1) may be trensformed in the following manners

Lot.‘ ___Ia/\ We then may write:

(3%) = - A(38),39), (32
As wi.ll be shown later fig 13 a function of Sy only when we neglesd
eapillary and grevitational forces. Therefore
Sw & Sy (w1, 6)
We now impose the additional condition Sy = constant with tims, that
is we gsoncentrate our attention upon the progression of the locus of

points for whish Sy has a certain constant value.
This implies thats

2 2 2 (T:?)
% = (’%)u + (3-?)6 ( )sw 20 or (3-3-)8“ __ﬁ

Substituting the expression for (3%)“ frem (5-2) we haves

9
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32, = N32), -3 3R, 6

For the case of uni-directional flow the losus of points for whish
Sg constant, is a plane perpendicular to the dimtion" of flow,

Equation (5-3) states that the rate of advance of such plane where
a certain fixed saturation prevaile, is proportionsl %o the ‘chango in
composition of the flowing stream, caused by a smell change in saturation
of the displacing fluid,

Neglecting the effects of capillarity and gravity, fip ie related to
the properties of the system in the following manners

¢ = —ly 1 (5-4)
Kalug ¢ Ko{//‘o 14 wa/*o

where Ky and Ky are the relative permeabilities of the sand to water and

0il respectively while « g and « o are the viscosities of the water and
the oil,
Relation (5-4) follows directly from the definitions of relative
permeabilities.
A repregentative value for the absolute viscosily of a 30° A.P.I,
gravity oil imder reservoir conditions is 2 eentipoises so that
=~ -é— if we assume «(w = 1 centipoise. Using equation (5=4) we can

determine fy as a funotion of Sy from the relationships of relative
permeabilities to water saturation, which have besen determined experie
mentally both for oil and ges-water mixtures, for various unconsolidated
sands and for consolidated sandetoneé (14, 15, 16, 17),

Reforring back to squation (5-3) the basie relation betwesn the
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position along the path of flow, gaturation end time may be writtem

ag
Aua% (%-SS‘;) A6

or in terms of total amount of displacing fluid entering the system (Qp)s

uas«-;ﬂ %—%*G (5=5)

For Qf = O we have u = (ug,), so that C & (ug,) = distance at which a
given Sy oseurs initially.

Consider & sesctor of a cylindrical slab of permeable rock into
which radisl infiltration takes place with its apex at ths center of the
drill hole. Let the intersected surface area of the borefase be 1 cm?,
If the radial flow per 1 om” of the borefaeo»ia egain p em>/sec, we see
that p o’ of fluld flow through any concentric section of our ssctor in
one second, The sector as described above is shown in Fig, V-1,

We now gonsider a smll section of the sector, of which the center
18 at a distance of u cm from the boreface and which width end height
are both 1 oms The curved boundaries of this se¢tion will vary from

& L
(l'g r\l ﬁ) to (» ’ru -l where vy is the drill hole diameter.
(]

- 1,2 1,2
The volume of this section 1s _" (Fp * u ¢ a; = TTlrg eu -2V o
< o

o« Again 1€ a and a' indicate the fractions of water in the

rg ou
o
influent and effluent mixturss and Ag = a - 3! we have:

In 39;:-2 en? yemain Aa p omJ of water per sec. so that
0

( ) g........é.ﬁ.ﬂ:. oF (ﬁ) % (5-6)

U g (Eagtl R er +u
o
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The minus sign ig necessitated by the fast that fiy desreases with
inereasing u.

A is the surface of the boreface of the sandssetion wnder conasider=
ation,

In 2 similar manner as dessribed for the cass of uni-direetional
flow, equation (5-6) may be transformed intos

e G o
or in terms of the total amownt of water infiltrations

28

Jo(u &_ro) 4 ul-—-ﬁ (Tﬂ)e J‘!T ae
or %g-turoocs#(ﬁ)% | (5-7)
For Qp = Oy that is before infiltration has started, Sy will be squal %o
the connate water saturation of the undisturbed formation and will be the
same for all radlal distences from the boreface. The discontinuity ot
the boreface may be Nphéod by a contimmﬁ@ inersase of Sy from ita
actual value in the formation to 1.0 between u= é O and us » 0, All
values of Sy that will be found within ths infiltrated zone s fter infile
tration has taken place for a given length of time, may therefore be
essumed to exist initially in the interval betwesn u= ¢ Cand u= = 0,
From the initial condition ug, = O for Qp = O we find from equation
(5-7) that C = O o that we may writes u? e 2upy = 2P =0

with = (a—g)

K 2 &
This gives u 2% % ;l' 2 W, 8p)
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and as u i¢ always positive this becomess

ue (Fo2 ¢ 2 p)§~ To (5-8)
For a given Qp we can calculate therefore at which distance from the
boreface an arbitrary saturetion will prevail, if the initial saturstion
and the relative permeabllity versus saturation relationships are known,

Rose (18) has shown that the relative permeability characteristics
for both wetting and nonewetting phase, are dependent only on the sature
ation values at which the respective relative permeabilities become szerc.
These values in turn are closely related to the bound water content of
the formations. We may assume therefore that all rocke with the same
bound water content, have roughly the same relative permeability sature
ation characteristics and it seems likely therefore that there exists a
fixed relationship between the saturation distribution in the infiltrated
gone and the bound water content of the formation,

The above assumptions are supported by the work of Tixier (19) who
obtained a reasonsble correlation between the average water saturation
in th§ infiltrated gsone and the original water oontemt of the formations,
from field studies in the Rooky iountain oil fields.

For thick oil sands the initial comnate water content is approxie
mately equal to ths irredusible or bound water saturation in the entire
gection, except for a transition zone near the bottom of the sand,

Unfortunately data in the literatuve giving relative permeabilities
and bound water contents are very secaree.

Some data are given in a paper by E. R. Brownscozbe et al {20) and
sons information eould be assenbled from indepsendent papers on experie
ments performed on the same type of sandstone,
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ds a first example we will use the date published on Hiehols Buff
sandstone,

The relative permastility relationships were experimentally
deternined by Botset (16) and are reproduced in Fig, Ve2.

Flg. V=3 gives fy for:-z-! a% and /U'/,u§ = .06
o

while Fig, V-4 gives g-g versus Sy for the same two cases. FRose
estimates the bound water content for the Nichola Buff sandstons to be
approximately .35 .

From Figs. V=3 and V=4 and using equation (5-8) we can compute the
infiltrated sone saturation distribution assuming the mifial connate
water content to be equal to the irredusible water saturation (Sy)o = 35 .
Az we are considering only tho effects of lateral invasion the initial
saturation is constant for ell values of u > 0O,

From evaluation of experimentel resulte to be deseribed later, we
know that an infiltration of 25 em® through each em? of the boreface
represents an average amount of infiltration in most ocasee., For the sake
of simplicity we will assume that

Toml0om (dy, =8") and = .25
We have thens u= (100 ¢ 2p)%. 10

10 254df, 10004 fy

el Pm-m R TTTe
of uwlo (1¢3-:-§-;£!)1/2-1o {(5-8a)

The saturation distribution for this case is now computed graphically
by taking u as absisea and Sy as ordinate.
The initial distribution is thus represented by a straight hovriszonial
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Line (Sp® JJ35) fronmu= G to use © and a streight vortical line

(= Q) from Sy 8 435 ¢0 Sy = 1.0 o For ell volues of Sy we mow
caleulate u from equation (5-8a), The resulting saturation distrimtion
iz plotied by laymg off from any point Sy on the initial curve a
distence equel to u on a line parallel %o he absiseca, The resulting
cwrve is shown in Fig, V-5,

Ve see Tthad the ourve for Sy and u is muliiple walued for 21l
values of ue

Buckley and Leveratt obtained s similar resuld for the case of
wiedirestional flow, Obwviously this result is a physical impessibility,
As pointed out by Ducldey and Leveratt, the correet interpretation is
that a portion of the suxve ip imeginayy and that the reel saturation
versus distence greph is discontinuous with a diseontinuity at a certain
poin® w.

To find w we musd mals g new moterial helance based on tha faot
that in the sectoy undsy concideration the totel inflow equals dthe
frastional inereass in water saiurstion times 4he nore volume in which
tho inerengse takes placa, |

The latler perdt of the equality moy be repregented Yy

(28

, |
Lafs;:;nl“, 9o O(Sglydu

and we have therefore
&

It %, A(s dus Q'ﬁ?agaim
joro (swlu v ’:5%

The integrand is plotted and uy is determined such that the area under

the surve belusen the ordinates u = 0 and u = u) equals 100,
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o

o W effects of sapillarity the agtual saduration graph will have
no shovp discontinuity but the corners will be somewhat rounded. The
diseontinuiyy for the adeep pord) of the saturntion distribution curve
coincides wilth what is termed the outer bmmdarf of the invadsd zone and
the radiug of the inveded zone equals Tg = ule

Ve gse tind The saturation in the irveded sone is not constant, bub
varies with the radial distance from the borefasce. For practical
purposes nowusver, it may bhe approximated Wy a eonztant saturation of
intermadinte uagnitude, In cur oxample this valus would be at Sy = 85

I% might be oxpecied that the dagres of infiltration will influsnse
the averoge saburation within the inveded sone. To eheck this possibility
the saturation Adetribution will be somputed for two other invesion
dianeters.

Wa will first compute the distribuition in the case of 1little infile

tration. Lage(%lznsem?tmi%"%aazompezoo%gmmm

d £
a0 (1-4 5507 .10,
&Sq

The resulting values for u ave plotted in Fig. Ve3 curve (b; and
the relations '

Yy

¢ Q)2
J%;ﬁ“ A(Sa)mdmﬂ%‘%ﬁ"zﬁ
Q

is solved graphically for ug.
Ve obtain wup = 20,4 em. Thic means dg = 30.4 om and d¢/dg 8 3.04 o
We see that in this case the subordinate phase of displacement is
more rrominent, that iz the saturation within the {nfiltrated gone changes
more rapidly with wadial distance than in the case of larger infiliration.
ipproximating the astual distribution again by a constant, (Sy)i, we £ind



owever that the average saburation has not changed appreslably and is
gbill approximately .85 .
Finolly we will compute the saburation distribution for largs

infiltration. Leti%&aww%mti%f%zawamﬁ?s&m%éﬁ.
: Sy

This givess us 10 (1 ¢ 48 %.g.g)é' - 10

The resulting values for u are plotted in Fige. V=5, curve (6).
(V3

3
rrom | 2. a(epy ane e ap
o %o A§

we find uy = YW em or dy =10 doe

Tio observe that for large infiltration radil, the subordinate
phage of displacement is really wnimporbtant and the amsumption of a
congtant infiltrated zoms saturation is very reasonable. The average
saturation still equals .85 .

The above compulations lead us to the following conclusionss

The spproximation of the infiltrated gone saturation distribution
W a eénetmt, for oil sands, is more ascurate for large radii of
iﬁfﬂtmtﬂ.onp than for smaller cnes.

The average saturation of the infilirated sone of an oil sand
(Sg) g is independent of the amount of infiltretion,

In the preceding paragraphs the residual saturation in the infile
trated pone was .compuﬁad for a gertain type of sandstene and a vieeosity
ratlo “<E = & ,

Ao 2

The latter is a good value for gas saturated orudes under averaps

reservolr sonditions. However, most of ocur lavoratory investigations
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were carried out using a 30.2° A.P.I, gravity oil at approximately
'70° P and atmospheric pressure.

The viscosity of the oil under these conditions is in the neighbore
hood of 17 centipoises. This velue was taken from a greph given by
Beal (21) relating absolute viscosity to degrees of gravity for gas-free
orudes at various temporatures. |

In order to convert the laboratory dats to reservoir conditions,
we will compute the residual oil aetin-ation for the same sandstone as
above and a viscoalty ratio

--3 ® 0,06 (or « g = 16,7 op).

2&—@3 8 function of Sy 1o given in Fig, V=4,

Ao the influence of amount of invasion was shown to be negligible,
we will only carry out the computation for average invawion (-Qf) = 25 .

For this case we hads u= 10 (1-20%-%)%-10

‘Z‘he ecorresponding saturation distribution is given in Fig. V=0,
The looation of the discontinuity (boundary of invaded zons) was found,
by the method deseribed before, to be 6/6em from the boreface.

We see that (Sy)4 = .78 or almost 9% mﬁller than in the case of
displacement of oil of 2 ep.

It must be pointed out here that the computation of saturation
distributions by the above method depends strongly on the extreme values
of the gaturations at which the oil and water relative permeabilities
become zero, These have heretofore not been determined with sufficient
acouracy to make the above method of quantitative importence, Howaver,



7%

the method 18 very useful in outlining qualitative relationships.

In a gae sand the theoretical irreducible water saturation is
probably smaller than for the same sand partially saturated with oil.
However, in practice, capillary pressures are limited in magnitude and
the actual water saturation prevailing in the larger part of a thick
ges sand will be close to the irreducible or bound weter saturation as
dofin;d in the case of an oil sand.

Ag pointed out by Rose (18), for a given reservoir rock, the zage
relative permeability, in the case of a gas-water system equals the
oil-relative parmeability in the case of an oil-water gyatem, 4lso the
water-ralatﬁ.vo. permeability is independent of the nature of the none
wetting phage,

The computation of the saturation distribution upon invasion of a
gas sand will furnish us therefore, additional information on the
relationuhip between infiltrated sone saturation and non-wetting phase
viscosities,

A ropmaenﬁtive value for the ratio of the gas-viscosity over the
water-viscosity iss “g/“w = 0,02

This gives:

.Y
fw‘lﬁég/{!‘lc' 50 Ko/ kg
KW/“g )
The computed £y is given in terms of its natural logarithm in
Fig. V-7, The required values for Xy and Kg=Ky were taken again from

the relative permeability data for the Nichols Buff sandstone. (See Fig, V=2)
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2_& was computed usings
d Sy

dln!ladlnf!df!'_&df!
d Sy df, 48, 1448,
The valnoﬁ of the various quantities are tabulated in Table VeA:

TABLE V-4

S | nfw 251%& e
.5 0 41 | 30 014
.55 00046 -8.1 30 0L
.60 .0010 -6.9 20,7 020
.70 .0083 “w? | 207 | am
.80 .0725 2,61 20,7 | 1.50
.85 .187 1.7 20,7 3.98
.88 .37 -1.08 23,3 8.73
.89 454 .79 | 233 | 10,6
.50 .520 -0.65 24,0 12.5
91 A | 032 | 33.0 25,0
92 1,00 0 0o -0
Using again the formilas uwm 10 (1 & 20 E_!g)ﬁ’ - 10

4 Sy
we find u as a funotion of 8y (See Fig, V-8),
For the distance of the discontinulity to the borcfaoo we find

u) » 50,25 om
As the upper branch of the graph of u = g(Sy) varies only between
S¢ = .92 and Sy ® .91 the inflltrated sone saturation ies between
these limits for all interior points of that sone, regardless of the
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amount of infiitration, Fig. V-2 shows the saturation profile for
two other radii of infiltration, namelys |
vym 28,5 0mn (um 18,6) eand 1y =100 on (u = 90 om)

For the relation between the water saturation of the infiltrated
sone and the viscosity of the non-wetiing phese, for Niechole Buff
sandstone, the assembled data are given in Table VeBs

TABLE VB
Ao gl g (Sy)s
16,7 0,06 .78
2 0.5 | .85
0,02 50 -

We gee from Table VeB that the dependense of (Sy)4 on the none
wetting phase viscosity is larger in the reglon of low viscosities
(erude olls) than in the region of high vissosities (nstural gases).

For ofl-water mixtures, Leverett (1) has demonstrated that the
relative permeabilities dppond to some extent on the fastor %T-g where
T 48 the displseement pressure of the sand to the nonewetting phase,
xamlmgthorthesamph,-g-tmpnsam gradient and D the average
pore diameter.
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This complex parameter cam be reduced to & simpler form in the
following manner.
As shown by Rose and Bruce (22) we may write for the displacsment

pressuret
ma y At et

where ) 12 the interfacial tension for the fluid system in question,
k is the Koseny constant of the rock, 1its specific permeability and
£ its fractional poroeity, v

For simplicity we write 77 = C3 (*})é with C3 depending only on
the Xogzeny constant and being therefore nearly constant for most clean
sands,

The average pore diameter as used bty Leverett was defined by

D=s5.63x207% (K/)f or D=y (K/0)E
We have therefores

ﬂa ¢ al 4

PD - B/W c""izl’(mr 3FH K

Finally the quantity K x P/N is proportional to the rate of flow, F,
L ~ ¢ L

8o that PD C F °

The fractionsl porosity (f)of reservoir rocks will differ for
various formations at most by u factor of two or three and playe theree
fore o minor role in the determination of the infiliration charscterise
tics.

A quantitative analysis of the factors eontrolling the role of mud
invagion, avound bore holes was given by Williams (23).

The computations earried out by Williams showed that an average
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value for the rate of mud inf:ltration (V) into a permsable formation ie
0.10 bhle/w/f% (expressed as iy of filtrate lost from the hole per hr.,
per foot of hole), Extreme valuvs for this quentity are 1,00 and 0,01
bbla/hr/ft representing an extramely rapid and an extremely clow rate of
infiltration,

The experiments and caleulations by #Williems also show that for a
given gpeed of eirculation of the drilling mud,the rate of redial
invasion of the mud filtrate is independent of time. A4s the mudcake is
very impervious, in comparison to the reservoir rocks, the rate of
invasion is essentially only dependent upon the mudeake charecteristics
and the total differential pressure between the mud and the formation.

For redisl flow, the cross-section perpendisular to the flow is
proportional to the distance from the center of the hole. The rate of
flow through a unit crossesection therefore is inversely proportionmal to |
the radial distance from the axis of the hole. Thus between the outer
points of an infiltreted zone with a diameter 10 times the hole diameter
end the points near the boreface, in the same mone, there exists a
difference of & fastor 10, in the rate of flow,

To obtain an estimate of the importanse of the difference and
variations in the rate of flow with regard to the saturation distribution
in the infiltrated sone, we will use the experimental date given by
Leverett (24).

These dats represent the Talations between fy and Sy for preasure
gradients ranging from 9 om Hy/on? %o 0.06 em Hy/em? obtained on o sand
of 1,04 darcies permeability. These wvalues are eguivalent to a water

flow of 012 on® and .82 x 1074 o’ Dar ex? cross-section per seeond,
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The infiltration rates ss given by Willlams, compere to this as
follows for an 8% holes

1 bbl/hr/ft of hole = 166 on3/sec/om? of boreface

0.1 bbl/hr/ft of hole = 0166 cm>/sec/cn? of bLoreface

0,01 bbl/hr/ft of hole =m 00166 om3/sec/on? of boreface

At a distance of 9 times the radius of the hole from the boreface,
these values become respectively: | |

0166, ,00166 and 1.66 x 10™4 on’/sec/on® |

¥e seo that Leverett's data cover most of the renge of astually
ocourying rates of infiltration. |

Fig. V=9 gives fy as a funotion of Sy for F = ,012 on’/sec/on?
end Fig. V=10 gives the seme relationship for F = .82 x 1074 on’/sec/on?
as presented by Leverett. |

Fige. V-9 and V-10 also show g-a as a funotion of Sy for both
cases.

The water ssturation distribution ie again computed in the manner
previously desoribed, for average invasion diameter,

The results are shown in Fig, Vell, Curve (a) gives the saturation
distribution for F = .0l2and curve (b) shows the distribution for
Fumo.82x 10°‘on3/aoc/cn2.

The distribution graph for average infiliration rate for this pare
ticular sand, will be between the two curves just below curve (a).

We see that there is a marked difference between the average
infiltrated sone saturations, for the two extreme cases (81.5% water
gaturation in ease &) as compared to 72% for case (b), |

Here again it must be stressed that these values only give an
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indication of the order of magnitude of the variations involved, but
cannot be used for any further quantitative compubtations for consclidated
sandgtones.

In practice it is quite possible to estimate the rate of infiltrae=
tion roughly as followss

The radiuvs of the infiltrated gone is fouﬁd from the elestrolog by
the procedure outlined in Part II of ¢his thesis.

In eddition the time in hours i3 estimated between the moment
that the formation in question wae first traversed by the drili, and the
¢ime that the elestrolog is rum,

This gives a relation betwesn the distanse penetrated by the filtrate
and the time interval over which infiliration has &m taking place.

Williems ocaloulated sush relations for various rates of infiltration,
and presented the results as a family of curves, giving the distance penee
trated, in feot as a funstion of the %ime during which invasion takes
plese in hours (25).

A copy of these curves is shown in Fig, V=12, with the infiltration
rate given both im bbls/hr/ft of hole and in em’/sec/om? of boreface.

The eurves were made up for & hole diameter of 8-3/4%, which
represents an average sige hole. The variations in computed infiltration
rates due to different hole diameters are not large enough to be included
in our celeulations.
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Until recently it was ‘genex‘ally accepted that when a porous rock
was saturated 100% with an electrolyte, the over-gll reaistivity of the
rock was proportional to the resistivity of the electrolyte.

Analytieally this could be expressed ass '

Ro = F Ry (6-1)
where Ry is the resistivity of the rock, 100% saturated with the
electrolyte of resistivity Ry. F waas assumed to be a constant, indepen-
dent of Ry and physically had tho seme meaning as the cell-constant in
electrolyte condustivily measuring cells.

In the early part of the experiments comnnected with this work, it
was noticed that when a sample was first saturated with an electrolyte
of lew resistivity and then flushed with large quantities of a more
diluted eleotrolyte, the resulting resistivity invariably was lower than
the value computed from (6-1), It was definitely esteblished that
during the flushing process the resistivity gradually inereased due to
replacement of the saline interstitial water by the fresher water. Afler
a quantity of water equal to three %o four times the total pore volume
bhas passed through the sample, the sample resistivity starte approaching
en agymptotic value, After twenty times the pore volume has passed '
through no further chenges in the resistivity are noticed. It is the
resistivity prevalling at this final stage to whish we referred above as
the resistivity after flushing.
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To explain the fact that the resistivity obtained after flushing

- was smaller than the one computed from (6-1) we sssumed that a part of
the initial connate water was not removed from the sample, but stayed
aligorbed on the surface of the solid framework of the rock, The fagt
that the process was not reverasible, was explained by aaaﬁming a certain
portion of salt fons being adsorbed at the roekvaurfaoes, without the
'noemltw of a "fixed" water layer. Thus the water could be replaced
but a portion of the salt ions remained in the sample. Different rocke
exhibited such phenomena to different extentss %olean® sandstones
showed a very small :éotontion; while shaley sands, or sandstones with a
large porticn of "fines* gave a mmch larger effect,

Tixier (19), comparing resistivities of infiltrated mones, with
those of the undisturbed formations in the field, came to a similar
conclusion, namely that part of the initial cormate water wes not removed
upon invasion of the formation by mud-filtrate, |

The above conclusions did not seem to be in agreement with the
findinga of Meorgen, iuskat end !iusull (26) who experimented on the
mobdlity of inbomiﬁial wator in sandstones, using both radiocactive
tracers and NaCl as indloators. They found that for the partisular
sandstone they were using, all of the connate water was replaced after
approximaetely ten times the pore volume of the sample had been flushed
through. The possibility existed, however, that the sandstons they used
(Hiohols Buff se.) happened to be a particularly "clean sandstone® where
the retention effect would be negligible.

This was shown not to be the case by Patnode and Wyllio(té’?) in a
resent publication. These authors made a large series of flushing
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experiments using NaCl as a tracer and amongst the samples studied were
sandstones of the game formation (Nichols Buff) as those used Yy iorgen,
Mugkat end Russell, Patnode and Fyllie attributed the eapparent decresse
in the formation fastor with increasing interstitisl water resistivity
to the influence of conduetive solids, which are present in most sande
stonea. _

To prove that complete repleasement of interstitial water takes place
upon flushing with sufficient quantities of other agqueous soluticns, they
neagurad roaiativlﬁios of an artificial core made up from alundum which '
contained no eondustive solids. They found that for this case no
lowering of the formation factor took place with inerease in water
resistivity and accepted this as proof of the complete replacement of
interstitial waters in porous media, upon flushing.

It aust be pointed out here that the alundum cors oan be compared to
a completely clean m. which would have no retention of commate water
in any case snd the experiment therefore proves nothing sbout the
mobility of the connate water in gands in general,

In order to decide definitely Wr or not connate water and the
salt iong originally present are completely displaced upon flushing in
average sandstones the following experiments wers mades |

Two samples of sandstones for which the apparent variations in
formation fastor had been found to be especially large were first sature
ated with & concentrated NaCl solution, of approximately 1N, After they
had been completely saturated, fresh or less saline water was forced
through and the resistivity of the effluent mixture was measured, with
the eleotrolyte resistivity cell deseribed in Part III,
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The effiunent water obviously is a mixture cf the replaced original
interstitial water and the water used for the flusghing., By measuring
its resistivity at intervals and knowing the resistivity of the two
components we ocsn calculate the fractions of each component in the
following m"

The concentration of s mixture of two electrolytes of given consen=
trations is given bys

C= X3 0 ¢ 23 Co

Where G, C3, and Coare the consentrations of the mixture and the two
components respectivelyj Xj end X5 are the amounte of the components (1)
and (2), expressed ag fractions of the total volume, Obviously
I; =1 - X5, 80 that we have:

CmXy 0 ¢(2-1X) 0y

Ve now assume that the resistivity of an clestrolytes is inversely pro-
portional to ite oconcentration., This holds ¢trus for dilute solutions,
and is a faiy approximation for concentrated solutions, ¥We may then
writes ,
X leX
® 28 $
akl A Y

R

or 6=2
' SRR (B - Ry e
Here Ry is the resistivity of the slestrolyte mixbure.
The volume fraction of the mimture represented by solution (1) iss

X 28l | ~ (63)

Ry/Rj = 1
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Using formula (6-3), the emount of displaced comate water was

computed in each sase,.
The results are summarised in Table VI-A,

TABLE VI-A
Symbols useds
vy ® suscessive quantities of effluent mixture in em’,
Ry = resistivity of effluent mixture in O om.
X3 = fraction of original interstitial water in the effluent mixture,
> (X3)4 vy = totel amount of original interstitial Qater displaced
(in o0d)
84 = emount of original interstitial water still retained in sample,
a8 a percentage of the total porespace.
Ve ® totel accummlative amount of effluent mixture (ea),

I, Saugus ss, P = 21,5 em® m 11,158 K = 5,32 mi11i dareys
{Rg)1 = 12,3 O om (Rg)a = 1950 L em

vy By X (%) v Vo |Z(Xdgvy | 8y

25 20,8 «603 15,08 25 15,08 29.9
|28 69.4 JA72 4029 50 19,37 9.9

25 303.‘ 0034'6 0086 75 20.25 5.8

54 488 .0190 1,03 129 21,28 1,02

78 1160 .001.1 032 20’7 21060 ——

II. Modelo ahaley sandstones
P = 32,5 om’ = 15,048 K = 1,47 milld dareys
(Rg)i = 11.9 2 em (Ry)2 = 106,6 52 cm
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vy Ro X (x1) vq V¢ |Z(X)gvy | 8y W
47,5 | 226 | 47 2.5 | 475 | 2.5 30,8
50 50,55 | .19 5,95 | 97.5 | 2845 | 12,5
105 84.4 029 3.26 202,5 31.71 2.4
140 102.5 .005 0,70 | 3425 | 32.41 0.28
» 103.7 .0037 0,29 | 4215 | 32,7 =
4.5 | 1066 | 0,00 0.00 | 436 32,70 -

The miplos show clearly that the interstitinl water is completely
replaced after ten times the pore volume has passed through the sample.

In the first examples, apparently some polutipn took plass and Rg
probably is too low in the last two stages.

In the seocond exsmple, both solutions were rather concentrated to
reduce effects of posaible pollut.{on of the effluent mixture., In order
to avoid errors by using formula (6=3) an experimental graph of X3
versus Rg was made up, and used to find X3 for the effluent mixtures.
This graph i shown in Fig, VI-1, Also shown ia the curve corresponding
to eomputed values of Xj using formula (6-3),

Wo see that even for ooncentrated solutions formula (63) gives
fairly ascurate results,

The results shown in Table VI=A definitely make the salt water
retention hypothssis untenable, The explanation of the apparent decrease
of the formation factor with inecreasing water resistivity offered by
Patnode and Wyllle is a very logical one., In addition, these authors
demonstrated that the condustion by part of the solide in reservoir roocks
could be treated quantitatively for the case of water sands, The overall
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resistivity of a water saturated sandstone was expressed in the forms

badeod s ok | (60)
Here ¢ ¢ equals the resistivity of the oonduetivé solids, ss distributed,
and Oy the resistivity of the water as distributed. Cg s-!‘ Ry where
Rg is the "bulk" water resisiivity and F the formation faetor, which
would be found 4f none of the solids were conductive,

Formile (6-4) implies that the wator saturated rock has an equiva-
lent cireuit consisting of two parallel resistances, one representing
the resistande of the water phase and the other equal to the total
resistance of the condustive solids, as distributed.

Physically this would be true, 1f the water and conductive solide
were electirically insulated one from the other and both offered e
continuous path for the current. This is not the case in a water
saturated sandstone. On the contrery, the condustive solids and the
water are everywhere in contast with each other and petrographic studies
of thingections of sandstones strongly suggest that in general the cone
dustive solids do not form continuous layere or films over the sandgminé,
but ocour mostly in isolated small quantities rendomly distributed throughe
out the rock,

Patnods and Wyllle proved that if the unknowns of equation (6-4),
Fand g, were solved from two meagurements of R for corresponding
values of Ry, one could ealeulate R for any other arbitrary value of Rge
The calculated R's were compared with measured values and a very good
agreement was obtained. This was token by Patnode and Wyllie as a proof
that formila (6e4) correctly ‘rcpreaonts +he current condustion through
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water saturated sandstones, Actually the above results only show that the
eondustivity of a watersand mey be represented by an equation of the

W%-'.i' The experiments of Patnode and Wyllie give us no

conclusive information regarding the quantities s and y. 7
The same authors studied the behavior of mud slurries with regard
to ourrent conduction and found the empirical formulas

deE 0-boegd (6e9)

Re F Ry
where Re u.tho bulk resistivity of the conductive solids, N is the
fraction of eonductive solids by volume and X 1,

moaginiaofthotypo%-soi » sndwocanumthatfor

rocks the quantitygk 1s the equivalent of the combination g; -3 .

It was also found that for slurries containing only conductive
solids, there is & linear relationship betweern the percentage of solids
(1-P) and the conductivity of the solid phase (1/¢g). Hera P denctes
the wolume fraction of water, which 1is equivalent to the poroaity in the
ecase of a water sand,

This suggests that s homogsneous mixture of conductive solids and an
electrolyte behaves exactly as & mixture of two electrolytes. For the
latter we had derived the expression: |
Applying this formula to a mixture of conductive solids and water we
obtains
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Re " Ry Rr Ry
where Xp end X; are the volume fraotions of the conductive solids and
the water respectively.
Rearranging givess

TR B
It seems reasonsble to assume that the combination of rendomly distrie
buted condustive particles and water in a sandstone, behaves the same

with respect to current conduction, as a slurry made up of the same
awout of similar condustive solids and water.

The resistivity in the rock is then equal to F times the resistivity
of the sluxry (or the equivalent combination of aonductive solids and
water). Here F must be defined as the formation factor which we would
find, if the condustive solids were replaced by water of the same type as
that ocoupying the porespace.

The overall resistivity of the rock now becomess

F : ¥
Re TR TR T TR R TR (&7

letting PRe = /', I Rewm and 1l « XguXg m n we have:

R'n&,#n
1 o a 1le- _ '
w jepedeliEo

Wo see that (6-8) agrain 1s of the form % =3 e i and therefore agress

with the experimental results of Patnode and Wyllie, Horeover formula
(6=8) is also epplicable to slurries containing both conductive and
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non-gonductive solids, F then represzenta the effect of the non-condustive
solids on the resistivity of the system,

Patnode (28) found that for elurries which contain only solids of
high resistivity (essentially non-sondustive solids) the empirisal
relation F m P"1*0 exists, where P 1s the volume fraction of water.

Assuming mt the combinastion of conductive solids and water is
equivalent to that of an electrolyte mixture this same relation ehould
hold alao for slurries and rocks containing condustive solids, 1f F is
defined as in equation (6-7).

If we have two values of R for two corresponding values of Ry,
we may solve equation (6=8) for the two unknown quantities %:‘-ﬁ;ﬁ and
;—l o The resulting expressions for these quantities will be the same as
those found by Patnode and Wyllie for-g-; emd% .

We finds

I _B) By [(R); - (R) (6-9)
F = TR) (Ry)a [ (Fy)y = (Ry)p -

1-Xg R)y (R)y = (R)s (R) _
=5 Rp © (Ro)) (Ro)z | (Ry)1 = 2%72[ (813)
where (Ry)y and (Ry)a are the resistivities of the sandstone completely
saturated with water respectively of a resistivity (Rg)y and (Ry)a2.

Once ? and %—%? are determined we can caleulate any value of Ry
resulting from eny water resistivity, Ry or vice ¥ersa. In all the above
expressions Xy ig the volume fraction of water in the combination of |
conductive solids and weteps Similarly 1 - Xy = Xg is the volume fraction
of conductive solids in the same combination., If P¢ denotes the amoumt
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of eonductive solids as a fraction of the total rock volume we then may
writes

P
xg--i-:z;;wr-}-ﬁ where pt'F‘

P.
and xf'l'x"'ﬂ‘?;'f%;
Two experimental checks were made of the above formulse for overall

resletivity ueing the same sendstones for which the mobility of the
interstitial water was determined, |

g & Sauguﬂ 88 K& 5,31 mo w Pm 11.155

(Sample 8-3)

(Rg)y & 12,3 Q. om. (Ro)1 = 549 <2 em.
1%y _ 12,3 x 4025 - 156,300 x 549 _ 3
Fie T T m o (B S = W x
Statlerly g = L0193 § =58 |

3, W2
This givess %u.w:zlo o

For (Rg); = 342.,7 we obtalins (Ro)3 = 3282 S)_ om,
The measured value was (Ry)3 = 3230 < om,

II. lodelo shaley sand (Sample li=A)
K‘lo‘? Me dﬂmyﬂ P-u.w

(Rg)y ® 11,9 2 em, (Ro)y = 367.7 5L em.
(Rg)z = 1024 <2 om, —  (Ro)ym 2876 O e,
252 e 322207 T . 0m

-3 o 20286
aoum%-..azxm L
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For (Ry)3 = 106,6 <L cm, we f£ind (R0)3 = 1700 5 om,
The measured valus was (Rp)3 = 1646 <2 em.

As stated before, the experiments of Patnode and Vyllie carried
out on a muwsh larger scale, all verify the validity of a relation cf

the typo % g gg for the case of watersands,

Before the idea of current conduction by part of the solids in
porous rocks was introduced, the relation between rock resistivity and
hydrocarbon content was generally given by an empirical formula of the
types

& = (Y (6-11)
- (s9)?
or R ® Ry (Sy) ad 4 om %.
This relation was first given general significance by ‘tho work of
Archie (29), who found experimentally n =~ 2.

Since Archie's work, several other investigators carried out
extensive experiments using many types of rocks and fournd that the walus
of n will vary considerably for different types of sandstones.

n was believed to have a specific value for any given rock.

Dakimov (5, 30) obtained from experimental data 1,7< 0 < 4.3 .

Bailey and others (31) found 1< n <2,5 ,

A1) these experiments were made on sandstones of which the content
of eonductive solids was unimown and eompletely neglected., It is obvious
that, if the effect of condustive solids is neglested and irchie's
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formila applied as such, the apparent values of n will not only very
from rock to rock, but also will depend upon the water salinity.
Computations from onr experimental data indicate, however, that
Archiets formula does apply, with n equal %o cr nearly equal to 2 in
eases where the influense of conductive solids ie negligible or emll,
beeause of the high salinity of the interstitial water.
Table Vi-B shows examples of these data,

TABLE VIeB
K . Ry Ro R
Sample No. P(£) |m. dareys| Sy | S2om | lom | Sem n
Berea ss (0=7) 27.3 22,0 A9 | 40,7 | %68 | 14860 | 1.96
" " (0=8) 28,9 | 40.2 188 | 30,3 | 404 | 11470 | 2,0
Plco @8 P=fa | 33,3 | 218 0295 | 36,1 | 386 | 4550 | 2,02
LI P-4b | 28.4 | 390 2L | 359 | 2| 7610 | 2.4

The deviations from the value of n w 2,0 may be partly due to eombined
experimental errors and the influence of conductive solids. Even if
these would be eliminated it would not be likely that n would have a
completely eonstant value, but the variations in n will in general be
small, Considering the enormous differences between the types of sande
stones used in obtaining the data of Table VI-B, and the relatively emall
variations in n, it 43 believed that most of the anomalous values of n
found by the aforementionsd authors, are due to neglecting the influence
of the eondustive solids.
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To take the effect of conductive eolids into ascount, we must go
back to the expressions for R in terms of ¥, Ry and ths amount and (or)
resiastivity of the eonductive solids,

It 4g in trying to expand these formulae to inslude the presence
of hydrocarbons that the differences betwaen the equations of Patnode
end Wyllie and those resuliing from the assumption of a homogensous
nixture of the condustive media become evident,

If one assumes an independent condustion through the sonductive
solids as suggested by the formulas

doberk
the presence of oil would not have any effeet on that part of the total
condustivity represented by 1/ Og.

It is obvious that the conduction through the water iz influsnced
by the presence of oil in the same way as in the case where none of the
solids arve condustive. This means the term 'ili; is replaced by
o
F Ry

Again eombining the two condustivities for the parallsl paths we

ebtains

n
% - ]Jegoé.is-g-:- - (6=12)

The outoome of experiments to test formila (6=12) proved the
assumption of en independent conductive path through the solids
untenable,

The mo to that effect will be illustrated by an examples

A pample of Berea sendstone was saturated with water of two
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difforent salinities suocessively and F and ¢ were computed, using
equation (6=4), after the resistivities were measured in both cases.
The following date were obitained:
(Rg)1 = 13.6 ) em. (Rp); = 190 52 om,
(Rg)a = 3009 O em. (Ry)2 = 8500 2 em.

This leads to F = 14,1 and 1/C¢ = ,0000476 or €¢ = 21,000 _ om,

The sample was then satursted with eruds oil by the ocspillary pressure
method until an oil saturetion of 0,70 was obtaimed. This means Sy = 22 .
The resistivity of the ssmple was now found to be 82,800 2 em,

Applying formula (6-12) gives:

m = ﬁ:%ﬁb' + E{*gz%g—o’-g which mekes n imaginary,

Physically, the above result means that, assuming an independent
eontinuous peth through the conduotive solids, the conductivily of the
eonductive solids as distributed would be larger than tho combined cone
dustivity of the entire system, which of course is not possible.

This forces us to abandon the concept of a network of conductive
gsolids with an independent resistivity of the condustive solids as
distributed,

The alternative hypothesis of homogeneous mixture of the conductive
media leads to the following relationa:

For a water sand we have, as describsd before:

Rom=F Ry
Assuming now that the influence of the non-condustive solids and
hydrooaybons on the condustive miwture is the same as the influence on
the water conductivity (as distributed) in the absence of conductive



golids we obtains

PR Uy & U
Here Re' -~ Rgy 28 in the case of ofl saturation the amomnt of inter-
gtitial water in the rock is diminished, while the content of conduetive
solids stays the sane, Therefore the proportions of the two components
in the "glurry® are different in the two cases.

Te can write the above axpressions as followss

F
e 2 -F
o TR w R w (6-14)
' P
- R
In the case of a water sand we had xw-a-!;-;ai;f- which gives
. ,
i"%"’l ]

Substituting gives I,' = B;-T%—:-I ‘ (6=15)

Referzing back to the parsmeters (s FRey nm LgRp end nm 1 = X

we have

ot s Aty ¢ e wi
Slmilarls p .8 m

if we have two equations of the type

F Ry (Ry)y | |
ot & (Ve = 57 0]

(Ro)1 =



9%

where the respective values of (Ry)y and (Ry)y are known we ean solve
for the ratios /n and /m from whish we obtain m/n,

Combining one of the equations (6-16) with equation (6-14) we have
for the oase that Ry is the same in both expressions:

Ry [Ry =Xy (Rg=Re)] = RSZ [ By= Xy (By - Ry
Substituting the expressions for Xy snd Iyp' and rearranging, we
obtains

sz'z =R 2 -

This is e oubic equation for Sy and Sy could be found 4¢ Ry i3 known,

Ry is the bulk resistivity of the conductive solids occurring in
reservolr rocks, In general, these consist mostly of argillacsous
materials, combined with substances like limonite, ete, The bulk
repistivity of such meterial must have a value within a definite rather
limited range, comparable with the bulk resistivities of sﬁaloa. As
pointed out by Patnode and Wyllie, the actual resistivity of neighboring
shales might be a good approximation exsept for cases where the content
of limonite and similar substances is large. We might therefore assune
& value of R¢ within its probable range and solve for Sy.

As the errvor in Ry may be appreciable, it is of imporbam§ to lmow
how gensitive equation (6-17) is to variations in Rg.

To demonstrate the effest of sush variations, equation (6-17) was
epplied to the case of the Bersa sandstone (sample 0-10), and solved
for 8y, assuming values of Re respectively of 10, 50, and 100 ) em,
These values are representative for the range of values of the
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reglstivities of ghales.
Por our example we hads -

ah = % - 1490 Ry » 1009 < om.
Rg = 8500 <. om, R = 82,800 <2 em,

Substituting these values in equation (6-17) gives us three values for
Sy, of which two are negative and therefore of no physical meaning. The
thind value is the actuslly prevailing water saturation.

The following values were obtaineds

Re ( 2 om) Sw
1lo0 0.245
50 0.227
10 0,210

The experimentally determined value of Sy (obtained both volumetrically
and by weighing) was .220 ,

This demonstrates that even with a large uncertainty in Re, the
"homogensous mixture” hypothesis leads to formulse that approximate
actual conditions well emough for all practical purposes. The results
obtained also prove that a rough estimate of Rf gives a fairly accurete
value for Sg. | |

Knowing the actual value of Sy we are in & position to compute the
true value of Rg, This is most eaeily done grephically. Using this
procedure we find Rz = 33 O onm.

The discussed expseriments and derivations serve to outline the
general relations betwsen the resistivity and the fluid content of

porous rocks.



In practice, the electrolog gives us for each formation two

quantities; namely, the true resistivity of the undisturbed formatien,
and the resistivity of the infiltrated zons,

In éome cases, however, the upﬁ:er part of a formation may be
gaturated with oil or gas and the lower part w.ith water. This is often
ths cass in wells at the periphery of & field oy strusture where the oile
vater interface outs the tilted beds., Vhere we have such a combination
of an oil zZone and a watar szone in the game raservoir rock, the elestrolog
furnishes us four quantities) namely, the true resistivities of the oil
sand and of the watersend, and the invaded zone resistivities for both
20008,

The fact that both sones are in the seme reservoir rock is cone
eluded from the gelf potential curve of the log, which shows the
combination as one unit,

Pig. VIe2 gives a somewhat idealiszed exsmple of the elestrolog
cwrves for such combination, |

From the values of Ry and Ry of the water sone and the Ry of the
oil sone, Sy may be calculated following the procedure outlined for the
example of the Berea sandstone, after having assumed a value for Rpe

Using the additicnsl equation furnished by the moasurement of By of
- the oil sone it is posaible, howsver, %o compute thei ectual value of Rg,
4f we lmow the relation between Sy and (8y)y, the water saturation of
the infiltrated sone. It was shown by Tixier (19) that the latter
relation is of the form (Swgvi = Sw{fwnm n ~2, The details of this
relation will be discussed in the next part of this thesis.



1014

8. B

SO0 mVoLT

/00 L m.

2/00

LOIYS NORMAL
AM = 38"

2200

APPARENT RESISH/VITY

oF OrL ZoOoNE
—>

2300

APPARIENT RESISTIVITY

oF| WATER Z0ONE

Flg.IZ -2



i02

Summarising the relationships for the case whers ws have a distinet
oll zons and water zone in ths seme rock wit we haves

From tho Ry and the Ry of the water sand, demoted respectively by
(rg)1 and (Ry)y we find from equations (6=9), (6=10) and the definitions
of m and ns

L (rg)y = (R9)
Ry (Rg)y = Rmf(f‘t

Henhs

(6-18)
where Rpe 9 the mud filtrate resistivity.

Denoting the Ry and Ry of the oil sone by (Rg)2 and (Rg)a we may
write the equation (6=17) ass
)2 85°

2_ (Bl By - (Bela & By
ol (Re)) = Bl (Re)2 Sy = —

{6=19)
iy Q%M "R Ry
(Rg)1 - Rf YT (Rg)a Sy = TR

{6-20)
Agsuming values of By we can plot Sy as a function of Re for relations
(6=19) and (6=20), The actual Rp and Sy are found as the respective

valuss at the interssetion of the two graphs.

In most cases, howsver, there is ne distinot sepcration between &
water and an oil horigon in the same rogck wnit and we do net lknow
whethsr the roeck eontains any hydrocarbons oy not. In these cagses we
must try to solve for Sye If Sy = 1 we have o waler sand, if Sy < 1
we hm}e an oil or gas sand., A4s we eannot solve for m/h diveetly we
met go baek to the original relaticns for Ly' of the undisbturbed
formation end Xg* of the infiltrated sone.
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On page 98 we showed thad
x‘&]'sw.R{ with N%m/m

, | R
If we use again (Sy)y” = Sy we have for the invaded sone

i - b
A I 7Y/ Py P

Using a prohahle value for Rg, for instansce Re ® 30 U ez and substitute
ing tho above expressions in equation (b=14) we obbains

Ry (352) = B0 F By (6-21)
N - T (e - 20

and By Sy o 27 g (6~22)
Faf = § 3071575 (Bat - 20)

As was shown on page 98

Bk

By &
a;ﬂ = (6=23)

by
49

154
Re

g1

with pe = Pg/P .

in equation (6=23) pp denotes the amount of conduciive solids per wnit
porespase, walle R F is nearly a sonstant, This suggests that ¥ is related
to tihe elestrochenienl formotion soafficlent, Co The latler gquantity

was fotrodused and diseussed in detail in a thesis by this author (32) on
the sharagteristics of electroshemical poteantinls encountered in drille
holeg,

Pige Vie3 ghows the reluntion betwsen valucs of i and € determined
for various sandstones. Although the number of poinds given in Vie3 is
gmall, the great differences in the types of sandstomes ¢ested make 1%
quite evident that the corrslation represenis a peneral relationship.
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In the above mentioned thesis it was alsc showm, how using the
relation between i and O, and data cbieuined from the self potential
curves registered on the elestrolops, wo ean determine both W and Ry
for water sanda.

For all the horisons in a partiéular woll that ave typleally watepe
ring Fy may be computed. For all horigons that might be suspected to

eontain hydrosarbons the value for Rw is interpolated between those fow
the nearest water sands and N is deleruined using the self potential
kisk for the formation in guesiion,

Bquation (6=21) and (6-22) then permit us to compute Sy and F,
whioh is most easily dome graphisally,

F 4o of iuportanse for the determination of porosity using the
empivrical formsula

Fs P.l'é
Knowing the porosity and the ol saluration (8o = 1 = Sy) we ean

caloulate the total amount of oll prosent per ccre foot of the oil
horigon. |



a) Water sands

~In the preceding parts of this thesis, some of the factors governing
the characteristics of the infiltrated sones of permeable formations have
been discussed, The primary purp‘on of this section is to determine the
ectually existing resistivity distributions in the invaded mones, ss
funotions of the radisl distance from the borsfase.

As outlined in Part IV all experimente were performed on relatively
small eylindrical samples, with a controlled initial fluid content which
were pubmitted to uni-direstional invasion by the infiltrating water.

In most of the experiments, vater of a given salinity wes used to invede
the samples, instead of actual drilling muds, This wae done to avoid
the retarding astion of the mudoskes formed on the face of the samples.

At the beginning of the experimental work drilling muds of various
compogitions were forced through samples of Berea and Plco sandstones.

Thease experiments showed that all eolloidal material fyom the muds
were sleved out, at the fase of the sandstones oy in the first few centis
meters of the rock. The filtrates obtained through cores of 27 leagth
were in ell respests (resistivity and absense of oolloidal materisl)
identical to filtrates obtained through Vhatman #52 filter paper, This
means that for all practieal purpoees no errors are introduced by using
simple aqueous solutions instead of drilling muds, in experiments on
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the shanges in resistivities and fluid contents of rooks upon invasion.

After any arbitrary amount of fluid had passed t.hmueh the sample
the resistivity of ths sample could be measured, and in this way gmpha‘
were made up, showing the sample resistivity as a function of the amount
of fluid passed through the sample,

In the case of radial infiltration arvound a drill hole, the amount
of finid pasged through a unit sross-sestionsl area perpendicular to
the direction of flow will be a function of the radial distance from the
boreface., Therefore the vesistivities of our samples after various
amounte of flushing bty the infiltrating water, correspond to the resige
tivities of points at various distances from the boreface, in the sctual
invaded sones of permeable formationa. Unfortmé‘&elx the relations are
complicated by the influence of the longitudinal dimensiong of the
ooTa8, _

_ The resistivity measursments do nod ribresmf. the oonditions at &
single point, but give o welghted average for the entire core. .The
weighting 4s a function of the aleetrodov spacing and the distance 'mm
the face of the core, at which the measurements are made,

Measurements of the content of the ﬂ.ﬁshed out conmate water in
the effluent mixture, however, provide us a means of approximating the
avoraée amount of comnate water left in the core, We also know the -
amount of filtrate passing through the upper face of the core and the
amount of filtrate in the effluent which equals the amownt that passed
through the lower (out-flow) face., These values may be combined to
give an average smouwmd of filtrate passed through the aoro'. We con plot
therefora the average amount of connate water retained in the core, as &
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function of the average emount of filtrate passed through,

Fige VII-l ghows this relation for the Saugus ss, From the data
the corresponding sample resistivities may be caleulated, using the
methods outlined in Part VI of this thesiss

(Ry)y = 39.8 (2 om, | (Ro)y = 1362 . 5 om,

(Rg)a = 993 <2 om, (Ro)2 = 4700 2 om,

From these values we obtains

1 - Xg

=3

i& -4 002163

go that 1/R = .191 x 10> ¢19§1'§2
For the mixture of initial comnate water and invading water in the cors

Ry 12 found as:

( (Ry) 39,500
By = xl (&"%% xl) (a')l e 993 xl ¢ 39,8 (1« Xy

where Xj is obtained from Fig, Vil-l,
The resulting values of R for various amounts of filtrate passed
through the sample are plotted in Fig. VIiI-2. |
Also shown in Plg, VIIe2 are three points representing direct
neasurenants of the sample resistivity for given amounts of influent
filtrate. Weo see that taking the measured resistivity of the sampls

as average sample resistivity and the influent filtrate as average
amount of flushing, does not introduce any serious errors.

Onee the veriation of the resistivity with amount of filtrate
passed thyough the sample has been determined, the changes in resise
tivity as & fumction of the radial distance r from the boreface, in
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the case of radial infiltration, may bs computed in the following
marmer's

Consider a slice of 1 oam, thicknesa of the borehole and infiltrated
zone, In this slice we will limit our sttention %o a gector, corresponde
ing to 1 om, circunference of the drill hole cross-section, (See Fig. -
VII-3). The intersection of this seetor with tho boreface has a surface
area of 1 om?, Ve now divide this sector into volumes Vj, Va, o‘&é.._ by
arches concentyis with the borehole, scorresponding to egqual increments
in ¥ » In each of these volumes wé assume the emount of invading liquid
retained to be constant, If the amount of invading ligquid retained in
volume V3 is denoted by X3, in volume V3 by X2, ete., we first assume
that X ® (X)p,s Xz ® (X)py, eto. This means that in each volume we make
X equal to its actusl valus at the inner boundary of the volums,

Using this assusption we haves |

: 2 2
1% = 1
Amount of invading liquid remaining mvla-%—é;-q- P (B
' £12 « 8,2
Where ¢ isthei’ractiml_porosityauda;-z——;ﬂus
, )
2 o el
5-#;;! T(r~ - x°) 8 V3

If (v)p, 18 the total quantity entering the sector through ite
1 em® crogss-section at the boreface we haves

2. 02
Flowing into Vot (v)% = %39— - @ '(X)r@

and the amownt of invading liquid per em? of the immer boundary of Vo 183

22 = g0 2
(v)rl - 1'011'1 [(V)ro an ELT%& . sﬂ (X)?Q
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(V)rsg ote.

The gensral formula for v, becomes:

P rn (Vp,  (Ppa)? - ()2
_ﬁ. (v)l'n‘l' s - rn~ n n

g ST (X (7-1)
(X)rp is found from Fig. VII-1 corresponding to an amount (V)py, of
invading 1iquid, which was determined from the preseding equation.

In this mamer we find v, as a funetion of r. Another approximaticn
of this relation can be made by assuming Xj = (x)n; Iy = (X),..2 ete.,
that is by making X in each volume equal to its actual valus at the outer
boundary of the volums,

The actual conditions will result in a relation which falls in
between the two approximations determined adove,

Fige VIIe) gives vy, as a function of r, caleulated in the above
manner, showing both the brasketing values and the averaged relationship,
The 1gtter is used for further computations,

We now have vy as a fNimotion of » and the vresistivity R as &
funotion of vy, Combining the two relations gives R as a funotion of ¥,
which means the actual resistivity in the infiltrated sone as a function
of the radial distance from the center of the hole.

Pige VII-§ ghows this actual resistivity distribution, We see %.hat
the resistivity in the infiltrated szone is not constent throughout the
entire zone, and that the outer boundary is not a eharp discontinuity
in the reaistivity diatﬂbution. For all practical purposes we may
however replage the transition sone by two parts of constant resistivity
separated by a discontinuity as indicated by the daahe@ line in Fig. VIiI-5,
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The radius of the infiltrated sone, as determined with the aid of
apparent resistivity ourves, by the method described in Part II of this
theals, represents the distance from the axis of the hole to this
hypotheticel diseontinuity. In Pige. VII-5 the redius of infiltration,
ryy 0quals 54.5 cm. A2 we had assumed v, = 10 om, we have in this case
ry ® 5,45 vo. This represents an average amount of infiltration,

For larger amounts of infiliration the trensition sone remains
practically unchanged, while the sone of constant resistivity becomes
larger. In such cases, the approximation made by representing the astusl
resistivity distribution by a constant Ry, becomes better.

For gmaller redii of infiltration the sone of constant resistivity
becomes smaller and the approximation used for purposse of interpretation
becomes less accurate.

In the sase of invasion of & fresh water sand by & more saline
mifiltrate, the resistivity diatribuﬁion exhibits the same charactere
istios as those shown in Fig, VII-5, except that the true resistivity is
larger than the infiltrated sone resistivity. The transition sone is
therefore represented by en upward curve, All remarks made regarding‘
the approximation of the actual resistivity by a constant resistivity,
Ry, apply aleo in this case.

The displacement of the connate water by the mudfiltrate can be
regarded in part as @ plston mechanism, where the filtrate pushes a
fraction of the comnate water shead of itself, Howaver, an important
pert of the removal of the connate water is due to diffusion of the
galt iong into the mdfiltrate. It would be logieal to zssume that the
non=bound econnate water is removed by the piston mechanism of the



1l

inveding fluid, espesially in the larger pores., The bound water gives
off ite salt ions by diffusion into the less saline filtrate.

To check these assumptions, the inflmc_e of the rate of invasion
on the charaster of the transition zone was determined experimentally,
The results are shown in Pig, VII-6, which gives the amounts of connate
water, replasced by the filtrate, as a function of the amount of filtrate
passed throuch the sample, for the Saugus sandstone.

. We see that the smeller the pressure gradient for a given eample,
or the smallor the rate of flow during infiltration, the more rapid
the replacement of the connate water takes place.

This means that for slow rates of infiltration the transition sones
of the resistivity profiles of the invaded sones, will be relatively
less important.

In practice the pressure gradients sncountersd during the infiltwrae
tion of permeable formations are mostly smaller ¢han the gradient under
which invasion took plase in the experimental case, worked out and shown
in Figs. VIiel through VIiI=5., In this case the pressure gradient was
43 psi/inech,.

The transition sones of the resistivity profiles will therefore in
general be smaller than the one shown in Fig., VII=5 and the approximation
mede by assuming Ry = constant; will be better than in owr example.

The removal of salt ions by diffusion into the mudfilirate for a
given amount of filtrate passed through @ unit volume of rock depends
move direetly on the rate of flow of the filtrate than on the pressusre

gradimto
Thig means that in very permeable sands the rate of remcval of the
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salt ions from the bound water will be slower than in a reiaﬁivmlg

tight sand, However this effect is partly offset Ly the fast that there
oxista a rough correlation beftween persentage of bound water and pormeae
bility of sedimemts,

The more pormeabls formatione will have less bound water and lavger
pores and thersfore the amount of sslt ions to bs remeved siristly Yy
~diffusion will be percontagewise mmallers

In order to obtain a clear indication of the overall effect of
permoabiiiﬁy on the replacement rate of the commate water, experiments
were made on a very permecble Pico sendstone (K = 300 m, dareys) and the
resul’ts were compared with thogse obtained for the Saugus 83 (¥ ~ 2.5 m.
dereys).

Fig. VII-7 gives the ¢ connate water replaced as s fimetion of vp
for two different pressure sradients for the Pieco aandatone.

Comparison with Fig, VII-6 shows that for the same pressure gradient

the connate water replecement is more rapid in the less permesgble sand,

b) 011 sands

The realativity distributicn in the invaded mones of oil gands depends
upon two factors. The first is the diaplacement}sf part of tho oll by the
inveding flulds the second factor is the replacement of the connate water
by the mudfiltrate.

As the displascoment of the oil does not depend upon the resistivity
of the inveding mudfilirate, ite offect on the resistivity can be
found by using e mudfiltrate of the same salinily as the connate water.

¥ con further simplify the procedure of obtaining the relation
botween amount of oil displaced, end :adisl distance from the borefaece,
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by veing very saline ecomnate water end mmd filtrate, @c that we may
use Archie's formula to relate the oil saturation amd the resistivity
&t any point.

In Part V it waas shown on theoretisal grownds that the oil sature
ation in the infiltrated szone is related to the bound water content of
the roek and also that the oil displacement depbnda upon the oil |
- viseosity and the rate of infiltration. These relations wili be
checked quanutatively in the following seetions., At this stage however
we want to obtain primarily a quelitative picture of the resistividy
distribution in the invaded sone as a function of radiel distance from
the boreface.

Fig., V1I=8 and Fig. VII-9 vepresent the resistivity wvariatlon with
amount of filtrate passed through sach om® of cross-sectionsl aree
perpendicular to the flow, respectively for a sample of Saugus 88
(Seia) and a Berea as (0=9).

In Part VI of this tkesis 1% was shown thst for sufficiently small
valuss of the mmr’ rogistivity we may apply Archie's formula directly
to eelc.ulata the water saturation, The samples used to demonatrate
this fact were all satursted under high eapillary pressures and contained
prectically only their bound water. During the prosess of invasiocn the
water content io incressed and the eoffect of conductive sollds on the
resistivity should therefore become even smaller, For these ronoons 1t
is quite safe to find the water saturation at the respective stages of
{nvasion using Avrchie's formuls, with the resistivity index n = 2, The
water resistivities wers 28.2 (2 em. in tho ease of the Seugus sg end

272 <) om for the Berea ss, The connate water in both sases was
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identical with the invading water,

From the computed water saturations, we easily find the amounts
- of oil removed, which equal the emounts of filtrate retained as fraetions
of the total poreapace, for each amount of infiltration at which a
resistivity measurement of the sample was made, These fractions aﬁ
shown as a function of vp in Fig, VII-10, curves (a) and (b),

Using the data of Fig, VII-10 and formula (7-1) we can again plot
Vp Versus ¥, These plots are shown in Fig, VII-1l,

Finally combining the data of Fig, ViI-ll and Pig, VII-8 we can
plot the resistivity as a funotion of the radisl distance from the
boreface, for the inveded sone of the Saugus ss. Combining the data of
Fig, VII=9 and Fig, VII-1l we obtain & similar plot for the Berea
sandstone., The computed resistivity distributions are shown for the
Saugue gs and the Berea sandstone, respestively in Pig. VII-=12 and
Fige VII-13, | | | |

We see that for sandstones of high bound water contmtc%nd low
porosity, as in the case of the Saugus ss, the transition sons of the
resistivity profile is quite important,

0n the other hand, for sands of low bound water content and high
porosity, tho transition szone becomes completely negligible.

Again for larger infiltration radii for a given sandstone the
- gonstant part of the resistivity profile becomes roiativelg more
important, while for smaller radii of invasion the spproximation of the
resistivity distribution by a constant Ry becomes poorer.

A5 gtated before, the above two céaoa only represent the effect of
oil displacement in the infiltrated sones on the resistivity, as the
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invading £iuid wes mode identical to the cornate water.

Ify as is usually the ease, the mud filirate is less saline than
the connate water, we have superimposed on the effests of oil displace=
ment the resistivity changes dus to replacement of the comnate water hy
the mud filtrate. |

The two effects are of opposite sign, and often are of almost
equal magnitude, se that for many o0il sands the resistivity of the
infiltrated zone does not differ much from the true resistivity of the
formtion.

The computing of the reglstivity distribution in the invaded szone
in this caes i3 quite complicated. The simultaneous change in oil
content and interstitisl water composition mekes 1% impogsible to compute
the amount of filtrate retained in the core from single registivi%yv
measurenents, |

For these reasons a&n experiment was performed using a Berea sande
stone sample identical to those used in the preceding experiments.

This sample was saturated with oll Yo an oll gaturation of approximately
79%, whisch is the gams saturation se prevailed initially in the preseding
experiment where the invading water was identical %0 the comnate waters

As the oil displacement does not depend upon the salt eontent of
the invading water, we may use the greph for the Derea sandstons in
Fig, VII=10 to determine the amount of oil displaced or the corresponding
water-saturation for eny amount of ﬁfiltmtion. The amounts of oil
displaced for various amounts of infiltration (vp) are dencted by
(stp)og1 and listed in Table VII-A, together with the corresponding water
gaturations (%) and the measured resistivities of $he sample (R},
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To find the total amoumt of infilirating fluid retained in the
gample, wo have %o add onto the amount retained by displacement of oil
the oguantity retained by replacement of thé original connate water. To
£ind this latter quantity we must calculate the interstitial water
resistivity after various amounts of infiltration. The water resise
tivity then serves ams an indlcation of the fraetion of the :lntérstitial
water aoneisting of the invading fluid end the fraction consisting of
the original connate water, | | ‘

To caloulate the water resistivity Archie's formuls msy only be
applied where the interstitial wauter resistivity is sufficiently low,
aa was pointed out before. As soon as part of tho original saline
comnate water is replaced by mud filtrate this holds no longer true and
we have to use formula (6-14) to caloulate the interstitial water
restistivity. - |

Equation (6=14) relates the water resistivity to the other parae-
meters involved in the Pfollowing manner:

By ]
e ® Ry - %' (Ry - Rp)

where

' e i

We found previously that for the Bersa sandstones Rp =33 () em, It

remains therefore to determine the values of F and m/n for the sample

in question. This ie done by measuring the resistivity of the sample

when 100% water saturated for two different water resistivities,
m/n ia found from equations (6~9) and (6~10) asi
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(Rg)y (Rg)a [(Ro)y = (Roda]

s ?%31 Eﬁz - (Rg)z (o)1
8180 we have from equation (6=9)3

Xy . (Rghy (Rg)a [(Ro)y - @% |

F W) o)z L1 = (B2 vith Y= n¢Re
which gives us the value of F,

Using the relations the following results were obtaineds

(Ry)y = 10,6 O om (Ro)1 = 182 2 em
(Rg)a = 1131 2 om (Ro)s = 11,310 N em
Xg/F = 0,0577 B/n = 1554

F = 16,98 I; = .98

Using these data we obtain the values of Ry from cquatieﬁ (6-14),
Finelly the fraction of invading fluid in the interstitial water
is found using equation (6-2) and the computed values of Rge
Equation (6-2) may be written as

leXyjsXyms Hﬁ»
where Ry, Ry and Ry are respectively the resiestivities of the original
comnate water, of the invading fluid, and of the interstitial water
mixture uwpon inwasion, Iy and X are respectively the fraetion of
connate water and of invading fluid in the interstitial water.

Ry = 12,2 < emp Ry = 955 <2 em,

Table VII-A lists t.h§ computed values of Xp. Mulbtiplying these
with the corresponding values of the water saturation, Sy, we obtain
the amount of inveding fluid retained, as a funotion of the porespace.
This quantity is denoted by (Xy)¢ and is also tabulated in Table VII-4,
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TABLE VII=A
R
Ve 2 em |(xplogl| Sy Ly' Ry X3 (Zp)e
0 5010 | 0 202 | 907 | 12,2 | O 0

0,223 | 2750 | .205 | 407 | W95 | 26 | .537 | .29
0,473 2690 | 4232 | W434 | 4953 | 29.6 | 590 | 4240
0,696 5510 | o242 | JA4h | o955 66,9 | .820 | .368
1,002 | 14,910 | .249 | J451 | 955 | 213 966 | 436
1,560 | 20,940 | 4255 | 457 | .95 | 380 W981 | 448
2,090 | 21,300 | .258 | .460 | 957 | 393 983 | 452
2,480 | 21,640 | .268 | 462 | .957 | 413 0985 | .455
8,000 | 24,000 extrapolated | o462

The initial water saturation, before flushing wea started, was
caloulated %o be ,202 using equation (6=17). Using Archie's formula
gave Sy — 206, which is a very good approximation as would be expected
for the very low resistivity of the connate water.

Having determined the amounts of infiltrating fluid, (X,)¢, as &
funotion of the amount of infiltration, vp, we can again eompute the
resistivity dietribution for the infilirated sones of any arbitrarily
chogen invagion diameter, in exwéctly the same manner as deaoéibed for
the case of invesion of a salt sand, |

Pig. VII-l, shows the measured values of R, as a function of vp,
while Pig. VII-1l5 gives the actusl rosistivity profile for the invaded

sone of an oil sand with Qalino connate water,
Fe see from Fig, VII-l4 that upon invasion the resistivity first
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decreases, goes throuch a minimum and ¢her sharply incrsases. This is
caused by the fast that the oil is removed more rapidly then the
sonnate water. The replacement of 0il Ly the invading water deoreases
the resistivity., However as soon as the larger part of the saline
comate water starts being replaced Ly the less saline mudfiltrate, the
resistivity rises sharply.

4s shown in Fig, VII-15 the infiltrated sone resistivity may be
much higher than the true formstion resistivity, if the selinity contrast
between the connate water end the mudfiltrate is large enough. In our
example, M = 78.5 « In many practical cases the contrast will be
much mlizr and Ry and R¢ may be very nearly equal, If the mudfiltrate
is as saline as the connate water or mors saline, the infiltrated sone
resistivity will naturally be emaller than the tyue resistivity,
Howeveyr these cases will be exceptions rather than the sule,

¢) Gas sands

In Part V of this thesis some oomputétions on the saturation
distribution in the inwaded zones of gas sands, bagsed on published
relative pormeabllity data, were carried ocubt. The results showed an
almost constant saturation throughout the entire infiltrated zone. It
wag pointed out however that the relative permeability data are not
reliable closs to the points whers the permeabllity of one of the phases
approaches 2ero. In the case of ;08 sgnds, because of the low viéeos:lw
of the gas compared to the water, very swall values of the relatiée
perzeability to gas are still of noticeable importance in determining
ths gmount of gaa‘ that will be displaced upon invasion by water,

Experimentally determined saturation distribution data for a gas
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sand showed that indeed the relative permsabllity relations ere not
roliable for gas displacemsnt computations, The experiment on the
scharneter of the infllirated sons of gas sands was carried out in
exactly tho same manmer as that dessribed for the case of an oil sand,
The sample used was Berea sandstone which contained a very small fraeticn
of bentonite. The gas used was nitrogen gas. By the eapillary pressure
method wabter from the core was digpleeed by gas until a gas saturation
of .506 was reached, |

The resistivity of the comnate water was made low so that Archie's
formula sould be applied with falr ascuracy and the invading water was
made identical %o the connste water, Resistivity measurements gave
for the 100% water saturetion send (Ro)l =182 O om eand at Sg ® 4506
we found R = 752 <L om,

2pplying ivchie's formula gives Sg = 1 = Sy= 48 . Or using

(Sw)n = .(%2.2- we find n = 1,95 . We see that Archie's formula with
ns 2 gives us & reasonable aﬁpraximtioa of Sy for ges sands as well as
for oil cands, if the effect of conductive sclids may be neglested.
Resistivity moasuremsnts for a differsnt value of the comnate
water resistivity and applisstion of equatioms (6-9) and (6-10) gave

g & 0,372 x 1074 & ngﬂ

For the gas displacement experiment we had B.W ® 10,6 Q) em, and we see
that in this case the factor representing the influence of the condustive
golide is indsed neglipible. |

The sample resistivity is glven as a funetion of the cmount of
invading water passed through the sample in Fig, VII=-1 b,



1204

Q00

VQ«.

boo

So0

&
S

[oN]
N
S

R, RESISTIVITY (S2-cm)—

200

~

Q

10

Y 5 £ \

7

Vs (cm? 0FFitTRATE PER €m?

\\,%.gn\m

VZ V4 /2 /3 Z3 Za
CROSS-SECTIONAL AREA) —



i

Uping the same procedurs as described for the case of an ¢il sand
with fuveding wator resisiiviiy equal %o the connate water reglistivity,
the resistivity distribution in the iuveded sons, as & funodiocn of the
redial distence from the center of the borshole, 18 compubted spnin. The
resuld is ‘shcmn in Fig. VII-1] \

We seoe that the resistivity is not constant, as was concluded from
the relative pormeability data, bub varies with the radiel distance, r,.

The totel marnitude of the variation however ia smell enoush w
that, approximation by a constant resistivity, Ri, may 8till be zpplied.

Other' neasurenends wers mndo using the seme sample but different
initial gas saturations,

It was found ¢that the initial r

The water saturation in the invaded sonec in this experiment varies
from .81 to 1.00 with an average at approximately .90 .

e found that for oil of 17 cp viscosity the inveded sone of the
Berea ss had a water saturation of approximately 48  This illustrades
clearly the influense of the viscogilty of the nonwobting phass upon the
rosulting saturation of the invaded zoncs.

From computations bassd on resistivity log deta, Tixder (19} showed
that a relation exists betwosn the amount of odl retained upon invasion
of an oil pand and the amownt of oil initially present in the sand,

That such relation should exist was explained in Part V of this
thesis by the fact that the oil retainsd upen flushing depends upon the
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relative permeability of the formation to o0il and water at various
eaturations, The lotter ave related to the capillary characteristies
of the rock end thoss in turn determine the bound water content or the
initial o0l1l saturation in the horigon in question,

Tixier found that the above relation eould be approximated by
(sw)iﬂ = 9y with n = 2 where (Sy)4 and Sy denote respectively the water
saturation in the infiltrated sone emé in the undisturbed formation,

In Part V we showed however that She saturations prevaili‘ng in the
infiltrated sones depend upon the rate of flow of the invading fluid |
and the viscosity ratio of ths oil and the water,

To obtain a quantitative estimate of the magnitude of the variocus
factors involved, a series of experiments was carried out in which the
effects of each factor were studied keeping all other factors constant.
In all cases the bound water content was determined from the capillary
pressure-saturation reletionships., To faeilitate the interpretation of
ﬁxe measurenents, water of low resistivity was used and the infiltrating
fluid was elwaye identical to the initially present comnate water. Undey
these conditions the waler saturation upon flushing could be determined
by measuremsnt of the sample resistivities and application of Archie's
formula,

The main series of experiments was carried out with oil of 30,2°
A,P.I, gravity at approximately 70°F, having e viscosity of close to 17
centipoises,

The pressure gradiend duving the flushing was kept ot epproximately
2 pai/om, ‘

The avorago pressurs gradients encountered during infiltration of
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porous horizons around drill heles are mostly smaller (0.1 = 1 psi/om).

The relation between (Sy)i and (Sy) uwnder the above conditiong
was investigated for four '%pe@ of sandstone, namely o Sawgus ss, & Berea
88 and two types of Piso ss. |

The yelation is represented graphically in Fig, VII-18, g¥aph I,
fie note thad ém 8 log=log scale the relation may be represented by a
straight line, which for the partisular conditions in question approachss
very closely the graph for the relation (Sg)i° @ Sy (greph IT).

The effect of the pressure gradient during inf{ltraticn upon ke
{nvaded zone saturation was found bty flushing a sample of Pieo sandastons
wxder varioun pressure gradients and eomputing the resulting values of
(Sg)g from vesistivity measurements. The applied gradisnts wore
respestively 0.l 1 and 22 pei/inch. The results are showmn by pointe
1, 2 and 3 respestively in Fig, VII-18,

On the cssumption that for any pressure gradient the relation
(Sg)4™ = Sy holds true, graphs have besn drewn through points 1 and 3,
to apply respestively to the casss where invagion toolk plagse under a
gradient of 0.1 psi/insh and 22 psi/inch,

Unless specifie information is at hand on permeabilities and mates
of infiltgation, the relation (Sy)¢~ m Sy will have % be used for the
interpreotation procedures as cubtlined in Pard Vi.

To M the offest of the viscosiiy of the non-wetting phase on
the resulting infiltrated sone saturations, (Sy)i was dotermined for
o Pleo sondstone scmple saturated with kerosene (45° AJP.I. gravity,
visoosity 3 cemdipoises). The following resulte were obtaineds

Ry ® 20,5 5 om Fo = 318,3 0 om
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After saturation with kerosene under a capillary pressurs of 25 psi,
the resistivity was found to be 3244 < om. Using Archie's formula
this gives Sy = .313 o (By volumetric msasurement we found Sy = ,28).

Afber flushing with 500 or of water, identical to the interstitial
water (mﬁr resistivity = 20,5 < em) under a prossure gradient of
2 psi/em, the resistivity of the sample was found to be 593 <. om.
Using again Archie’s formula we obtain (%)1-(3%2%3)5 = ,732 .

The corresponding point is plotted in Fig, VII-18, Assuming again
that the relation (Sy)4™ = Sy applies also in this case, graph III ig
drewn to represent the relation betwsen (Sy)q and Sy for « ofu g = 3 .
(Here « o and .cy denote respectively the viscosity of the oil and that
of the water),

For graph I1I we find n ~ 4 . Yo sec that the variation of a with
the velue of « o/ gy 18 quite large, Lack of knowledge of the viscosity
ratio under reservoir conditions may therefore introduce considerable
errors in computations of water saturations of formations bessad on
assumed valuss of n.

It is realised that the data prosented in Fig, VII-18 are too few
to be relied upon for precise eveluation of the combined effects of
vissosity retics and pressure gradients on the invaded sone saturations.

Taking into ascount the lowering of 0il vissosity with temperature
and amount of dissolved gas end the lowering of the water viscosity with
temperature as desoribed by Beal (21) it seens reasonable to use the
relation (Sg) 1“ = 8, with n = 2 in regions where the surface grevity of
the oil is smaller than 30° A,P.I., and to use n = 3 where the gurface
eravity of the oil is larger than 30° A.P.I.
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Az Cemsribed in the sestion on the resistivity profiles through
invaded zones of pas sands, the water saturation in such sones varies
continuously with the radial distence from the boreface. For gas sands
we have o use thersfors the concept of average invaded zone saturation.
Based on the data obtained in the preceding section for the Berea sande
gtone, graph IV of Fig, VII-1S has been drawn to represent roughly the
relation between the water saturation of the invaded sones and those of
the wmdisturbed formadtions, for gas sands.
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APPENDIX

4) QRerivation of the Expression for the Inverse Distance from the
Origin in Terms of Hodified Bessel functions,

By gubstitution we ean prove that

o
R= 5 e“'““h‘f'dtp

(4]

is & solution of the modified Bessel eguation

2R 348, 148 R e
dva‘vdv (1_*v2)R 0

Substitution gives (for n = 0)s

f ooahagvo"""“h?’ dp -1/vf cosh ¢ o7 008k ¢ d @

« [ TR 4 w0 (a-1)

Using cosh® P - ginhzsv =1 or eoahzga ~le sinhgcf and combining
the first and third terms glves:

h2)

J' [ sinh ¢ e~V 0081 @ 4 4ogh ﬂ = (by partiel integration)

= \_nm%_g_e-v'eoshcp ‘j¢% fmcoshcpo‘v”“h? a0

(]

of which the first part equals zerc end the sescond part equals the
gecond term of (A-1) emcept for the negative sign. This makes the left

hand member of (A«l) equal sero and proves that

- ,
[ e”v osh ¢ 4 ¢ 4is a solution of the modified Bessel equation

(<]

of saro order.
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However, any such solution must be of the form
Rs A Iy (V) ¢ B Ky (v) and sinee the integral is mero when v m oo i%
camwt contain Ig(v) and it must be of the form B Kp (v}, so %hat we
have:
i o _ .
BEy (v) = 5 e’ %0B0P a4

(]

Let v = k p, multiply both sides by% co9 Ik g and indepyate fromk = 0O
to kmoo,

-7§B£ eosklxo(kr)ﬁke-;é i ee@iﬁ(je‘mwmyd@ék

o

fle integrate the right hand side First with rospect o k usings

—
#
w3

iﬂ-%k-ﬁ = 2 cosh poink p

é (me ) =
('@o@hgy’ - 1)¥ ( #2/p? o con® P
—_ [o 4 {engh> Qooﬁérg
Te Jisz2/p? anhz P+ £/p% - (1o zg/r*ﬂ]"* (22/72 » eoahggp)
Using
dz.. wp 58 2o B =1 9”&.%?%’ =
Lx (o ¢ bx)¥ [(.@)EB* o - ) ]P

o wly | Z ot g,ms}
(-c)‘i{ b (-c )

2

with b= 1 and o = - (1 43° rg),, the above expression bocomess
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2 Ao (Il opopl (2l e 8255 o (3« 2242000
(lbgg/rzﬁ?xﬂ'r{z A 1+ 53/p2 )} =

o T :
B oe ¥ oo R i = ; = .-L
Te 2 (Lesgd/rd) (o) b

So we haves

o9
%—a-ﬁa B J cos(k 8)% (k r) @ k
where ¥ is the inverse distance from the origin,
To evaluste B, we differentiate both sides with respeet to 2,
multiply by r end integrate from r= O %0 ¥ = oo, This gives after

rearrangings
-3;r3£ - foero(kr)d(kr)dxa~jad§l;£;§)-§7§
v
andavaKo(v)dva-vxl(v) ond Ko' = - X
this besomess

22 | sks|krg (kv ake \m\m

The linits for k r Ko' (k r) are evalusted as follows:

oQ

From Ko (v) = A I,’VOGBhVa¢ we have

(/]

Ko! (v) né-f?;szln - A L cosh ¢ e wen?d(p

This is sero for v ® ©° because v appears in the integrand in the form
v e 2V with a > 1, For the other limit we use an exprossion derived
from the definitions of K, I, ¥ and J3

Ko(v) me 1/ Yo (Jw) ¢ T/230 (§v)

or Eplv) =« I (v) In (xv) » vz/zz 4?%35 {15 o

*55%-)-5(1‘1/24 1/3) & o o o
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Upon differentiating we find that the only term in v Ky (v) that does
not contain the fastor v is Iy (v) and a8 I, (v) = 1 for v = 0, also
v Eo! (v) 1 for v = 0 a8 all other terms vanish, We have therefores

vE' (v) m0 for ve oo and v Ky' (v) = 1 for ve O,

Hence lkr%'kr[ms-l and our equation becomess

o0

- |
%.%ngk_ﬂdkml or 37-7_3-.3»1 which gives Bs=s 1 ,

This meane that the finsl formule for the inverse distance from the
origin iss

o0

"&"’""ﬁz joea (ks) Ko (kr) d k

o



B) Spegifications of the Input Transformer and Computation of ita
Primary Industance.
Spesification HNo, 4088H

Primary end secondary balanced and each gonsisting of two turns
in series having 3000 windings, (This meens 6000 windings each for
primary and secondary). |

Coret #44 Allegheny Ludlum wu medal (ini%lal permeabllity 15,000).

Lamination No. ei-21l3 2® lamination siack.

Cross section &* x 3" Stacking factor .'90 .

Shieldings 4 copper and 4 mu metal shields. Steel outer case;
electrostatic ashield between primery and secondary. |
| The impedance of the primery with open secondery is comﬁutad as
followss

The induced voltage due %o a sinugoidal varying fluw,

Yu %ainzifft, ias

oazo‘giiaﬂéﬁ-zrrr N %o 10°% cos 277 £ ¢,

Here N is the nmumber of windings and f is the frequency., The rms value

-8

of the voltage ia1 Es &L £5 ¢ 10 =

& 4obd £ N Pg 107° Volts. In

the primary coll, the impressed end indused voltage are equal if we
neglest the resistance and core losses, and the flux can be found from
the impressed wltages

where £ & 1000 oycles.
Pe® ratn

with E between O.1 and 0,01 volts and B = 6000 we have

Po = T ilu ,“ =550 = 0,038 2¢ 0.38 maxwells.
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The corrosponding flux density is found from B = %/A gausa, where

4 equals the gross sectional area of the core in om? times the atacking
faotors A w .90 x 1/4 x (2.54)% = 1,45

This givess B = ,0262 0 o262 gauss,

From the normal magnetisation chart for mu medal (from the Allegheny
Ludlum scatalogue) we find that for these flux densities, the permeahility
¢ equals 15,000 egs units,

By definition L= 10~% § 4.2 vhere I 1s the current.
We had ¢/ = BA @ «HA where H is the magnetising foroe which equals -%»
oersteds, with ¢ denoting the equivalent flux path., F, the magnetomotive

force is given in ogs units tw F = ‘—%“ gilberts,

Thie gives us = L—’-{aﬁ-l /-"ZfA

Substituting this in the above expression for L we haves

2
1, = ST I A
£ x 108

For the ei~2]l laminstion the equivalent flux path is 8,26 em.

® 1188 Henrys

The valus found experimentally in the transformer engineers! laboratery
was Ly = 1170 H,





