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PREFACE . 

It is hoped that the following report may serve 

as the groundwork or basis for further applications of 

analog computer techniques ,to the field of electrical 

well logging interpretation. 

The author feels that this type of semi-automatic 

interpretation can be invaluable both as an exploratory 

tool and as a labor saving device in the interpretation 

of logs. From the exploratory view point,, various 

combinations of mud resistivity, mud cake resistivity, 

and formation resistivity,, may be tried in a matter of 

minutes to simulate a log for the purpose of experimental 

interpretation; while from the labor saving vieiv point, 

countless hours of point by point tabulation of data 

may be saved by a continuous analog solution. 

The particular emphasis of this report deals with 

interpretation of the Contact Log; but the author feels 

that this same approach may be applied to any number of 

the other electrical logs now being run commercially. 

The author wishes to express his appreciation at 

this time to the Electrical Engineering Department of 

The Rice Institute for its cooperation in making available 

an analog computer so that the efforts of this research 

might be tried. In particular, the author wishes to 

thank Dr. Paul E. Pfeiffer for his constant guidance and 
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suggestions, and the Halliburton Oil Well Cementing 

Company for its generous donation of time and information 

in making this investigation possible. 
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SUMMARY 

1 

This report describes a device which employs 

analog computer techniques to interpret the Contact 

Log and provide a continuous solution for formation 

porosity. 

The investigation began with a study of the 

theoretical equations involved in this type of log. 

The study was made as an attempt to determine the best 

form for the computer machine equations. Model study 

data \\ras compared with the theoretical equations and the 

most realistic combination of data and equations was 

selected. Empirical equations, which would be suitable 

for an analog computer solution, were then developed to 

approximate the combination selected, 

A block diagram of the empirical equations was 

layed out and the individual blocks were analyzed, 

constructed, and tested. 

The complete equation was then mechanized and 

tried. Confirming data was taken and checked against 

the calculated data. The measured results were within 

0.5$ of the calculated results and indicated that a 

satisfactory solution to the problem had been obtained. 

Plans for a prototype model were then out¬ 

lined and a calibration procedure was developed. 
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REVIEW OF THE SUBJECT 

As the drilling bit traverses the borehole, its 

rotational motion causes a circulation of the drilling 

mud present in the borehole* Opposite permeable forma¬ 

tions, the mud tends to penetrate the formation, and 

in so doing, deposits a mud cake about the inner 

periphery of the borehole', forcing a filtrate into the 

permeable zone* This mud cake is characteristically 

of low permeability, which is a controlling factor in 

the further buildup of mud cake and loss of filtrate;^ 

In a formation containing hydrocarbons and water, 

the action of the mud filtrate is to displace a por¬ 

tion of the oil; The portion displaced is a function 

of the type of formation^ the type of watery the type 

of mud filtrate, and the type of hydrocarbons; After 

a large portion of the hydrocarbons is displaced, there 

is close contact between the interstitial formstion 

water and the mud filtrate allowing for ion exchange 

and mixing; Normal mud filtrate resistivities range 

from 0;15 to 1*5 ohm-metersj while normal formation 

water resistivities range from 0.02 to Oil ohm-meters, 
thus the ion eiH&kange results in the replacement of less 

resistive waters with more resistive waters* It is 

currently believed that flushing of the porous media 

with three volumes of the mud filtrate results in a 



complete replacement of the original interstitial 

water with water of the same resistivity as the mud 

filtrate. 2, 14 

The purpose of the Contact Tool is to measure the 

resistivities of the small volumes adjacent to the 

borehole surface, or in those regions invaded by the 

mud filtrate. This is done by means of a pad which 

is held tightly against the inner wall of the borehole, 

and which contains three contacts or electrodes necessary 

for the resistivity measurement. Two measurements are 

made using two electrode systems with different spacings 

and hence different depths of investigation to provide 

two logs which are recorded simultaneously. 

These measurements are of apparent resistivity 

and are dependent upon the resistivity of the mud cake, 

the resistivity of the zone immediately behind the mud 

cake and the thickness of the mud cake. Laboratory 

experiments have shown that, for a given mud, the thick¬ 

ness of the cake is a constant which does not depend 

upon the nature of the permeable formation or on its 

permeability.^ 

It is thus possible, knowing the apparent resis¬ 

tivities and the mud cake resistivity, to determine 

the resistivity of the zone invaded by the mud filtrate 

and then knowing the mud filtrate resistivity to'determine 

the porosity of the permeable formation. 
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A clear picture of the electrode configuration 

and hence what the apparent resistivities are is 

necessary for an understanding of the problem* 

Figure 1(a) shows the contact pad with the con¬ 

tacts or electrodes# The physical spacing between 

the contacts is one inch* ? 

Figure Kb) shows the tool in the borehole and 

traces the signal flow from the electrodes# Current 

flows from the bottom electrode through the formation 

to a remote point located above the pad* This point 

is effectively an infinite distance away from the pad* 

A potential is measured between the top two electrodes 

on the pad and because of their close spacing, their 

voltage is a function only of the resistivity, , 

of the mud cake* Another potential is measured be¬ 

tween the top electrode and a remote point* This 

potential is a function both of the resistivity of the 

mud cake a /? , and that of the invaded zone, fz • ^ 
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THEORETICAL INVESTIGATION 

An investigation of the theoretical equations 

shows that the resistivity of the invaded zone may 

be derived from the knowledge of the mud cake re¬ 

sistivity, the apparent resistivity, and the mud cake 

thickness*. 

If a difference in resistivity exists on a formation 

boundary, its effect may be represented by placing a 

plate with definite transmission and reflection 

characteristics at the boundary. This is shown in 

figure 2(a). 

Let there be a source at the point P above the 

plate, which for ease of comprehension may be considered 

as a light. An observer at A would see the point P 

by looking at the image I. The light at A would be 

that coming directly from P plus that reflected from 

the plate or appearing to come from the image. If the 

diminishing of the apparent source at I, due to the 

reflection, is denoted by the fadtor k; then the light, 

and by analogy the potential at A, is equal to the source 

potential diminished by a geometric factor l/ri plus 

the amount reflected, or 

(1) 
An observer at B sees the source P at an 

intensity reduced by the transmission through the 

plate. The intensity transmitted is the original 



7 

P 

FIGURE 2 b 



a 

intensity minus the amount lost through reflection or 

it is proportional to k times the original intensity. 

Therefore the potential at B is 

VB = flL 
^ TTfj 

Continuity of the potential requires that in 

the boundary plane where ~ r2 ~ r3> an<* 1:36 

equal, so that 

ftr U+Vi > L\-*1. 

(2) 

-YTT r 
Hence, 

4TTf 

\-Jk= ^ V-v ^ 

(3) 

(4) A^-V?. ^4^ 

Thus the factor k expresses the '’electrification" 

of the plane between two media of different resistivities 

due to a point source and its image. 

For the case which corresponds to the physical 

picture which the Contact Tool encounters, the relations 

between the images in two semi-infinite layers of 

different resistivities must be considered.5 

Figure 2 (b) shows two semi-infinite media with 

resistivities ?v and . fv ... The upper layer is bounded . 

by air (& = <«> )• Current is applied at the points 

0 and O'. 

The potential distribution at the surface may 

be calculated by con sidering the source I at 0, the 

sink -I at O’, and the images of this source and sink 

that are produced by reflection on the formation boundary 

and the earth's surface. 



Source I is reflected at the formation boundary 

and produces the image kl. From (4), 

Jk - ^ • 

The ijnage 1^ - kl is then reflected at the earth' 

surface and produces the image I]_* = kk'I. 
/ 

But 

fo-f. l-.* 

and as f ao 

l + 11. 
fo 

A'- 

(5) 

V . 

Therefore, I* = kl. 

The potential at any surface point therefore 

results from a summation of an infinite series of 

images. Thus Ii ® kl at a depth of 2h; I]/ = kl at 

a height of 2h; I2 = k2I at a depth of 4h; I21 - k2I 

at a height of 4h; so that In = knI at a depth of 2nh 

and In' =lknI at a height of 2nh. 

Since In = In'; * ^n* = 2knI, the potential at 

any point on the surface is 

(6) 

Thus from figure 2(b), the potential at the 

point A(xl,yi) due to the source I at 0 and its series 

of images is 

K,[_w_, f ■„ 

An-=. \ 
(7) 
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and the potential at A due to the current sink 

at 0* is 

. = . ■%--   7 
2TT LVM-XX+H' ] 

(6) 

where 1 is the distance bet\?een the current electrodes 

so that the resulting potential at A is 

VV-
V
AO-VAo. = —  - ' EM 5^= - 

3TT L“V-+V mr,i * v4 * 
1' 

■♦•a C 4T f 
ZJ ;rr~-"" _ - 7 >   1 (o) 

The potential at the point due t0 "t^e 

source I at 0 and its series of images is 

4T 
80 "57 + x&, i/%'+i>+cw 1 

and the potential due to 0* is 

u ; _ If- f 1 • - ^ 7 ? Jfe" 7 

so that the resulting potential at B is 

l v8= i&.r - 1 - 

oe 

+ ? V - -&" _ 7 ^ -ft" 1 

„t! + •!,*+«■«<»* £>, Ytf-iO*+D *■*»««' J • 

Hence the difference in potential between the 

points A and B is 

(10) 

(11) 

(12) 
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V*-\/B • /vT77- 
i 

+zZ 
LA ^ I 

_il__ 
O?HW* 

oO 

A" __j_ + _>  
v\*( ^>*+ y'-tUnh)1 ^ k*- IU-**)*■ +-31«- 

'Z£ 
kin 

—n_ 
^tix^+ttnW1 U. ? t 

Aw 

3 
(13) 

and from this general equation, the potential 

between any two points on the surface may be calculated. 9, 10 

To define the apparent resistivity in terms of 

the measured difference in potential, a homogeneous 

and isotropic medium must be considered. From (6), 

the potential at any point between the current 

electrodes may be defined as 

If the two potential electrodes are placed 

in a line with the two current electrodes, so that 

all four electrodes are situated at equal distances 

from each other, then r^ = R2 0 a and rg = Ri = 2a. 

The expression for /<L then becomes 

L'^)L -- t«±WA--Ve)' 
T r 

(15) 



12 

Therefore from (13) 

jfk - *,[ -J __ I £n 

L *. . x. ^ w ]T , , 
' 7/ +y» H-'< H, -ty,1--+f2*A)x 

<70 
l 

cO 

r £ 
ErrrrT + 2 

cO 

£ 
^ _■ 7 

(16) 

An application of this general equation to the 

special case of the Contact Tool and the two layer 

problem encountered there introduces the following 

conditions* 

For the electrode configuration 
^cOJi.^co^x = o) 

therefore 

f, L%i H?-+tenu'- J 
or since x « X! 

47 .. 1+ Z% £ y-C- ■ 

(17) 

(16) 

For the electrode configuration 

S**°J hs °J y»aC> , 1L*.- t>2h- = *¥, 
K-*, 
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therefore 

f«- = %,%■,. F J_ 
f, , L*. 

cO 

4* 

~ ^ 
U I 

_!L_ 

^+CinM1- ] (19) 

or 

3*% V^i Lhs' “V+^wU1 

-2 
U :=■ i 

4P 

h*4(2nh)' 

(20) 
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DERIVATION OF EMPIRICAL EQUATIONS 

Several limiting factors such as the finite size 

of the pad on the Contact Tool, the curvature of the 

pad, and the presence of a mandrel behind the pad cast 

doubt as to equations (IS) and (20) being the actual 

response of the Contact Tool in the borehole. For this 

reason, a model study was made by the Halliburton Oil 

We11 Cementing Company in order to determine the true 

•.response. 

The model consisted of a 2" borehole cut in a 

stone. Salt water was used as the mud cake and the 

stone was saturated with salt water to simulate . 

The model was appropriately calibrated in a tub of 

salt water and the potential distributions were mapped 

for various combinations of h/x. The results were 

plotted in the form of vs. h/x for various • 

These results are shown in figures 3 and 4» Figures 5 

and 6 show the response calculated from equations (13) 

and (20) respectively so that the model study and the 

theoretical response may be compared. The comparison 

was made and it showed little difference between the 

model study and the theoretical data for the 32% electrode 

configurationThe 22% response differed somewhat from 

the theoretical response so that the ultimate result 



2Zx RESPONSE CURVES 

MODEL STUDY DATA 
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3 Zx RESPONSE CURVES 
MODE L STUDY D ATA 

FIGURE 4 



2Z x RESPONSE CURVES 
THEORETICAL DATA 

IT 

F 16 UR E 5 



3Zx RESPONSE CURVES 
THEORETICAL DATA 

FIGURE 6 
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20 

was a compromise. The 3?^ theoretical data and the 

model study data were used as the true response 

of the Contact Tool.*^ 

On the basis of this model study, a plot was made 

of vs. ^]zi-p^0T various values of A. utilizing 
the theoretical values for the and the model 

study values for the . This plot is shown in 

figure 7* 

Since an independent solution for /i was not 

readily apparent from the theoretical and model study 

equations, a relation had to be developed which would 

yield ^ as a function of and . 

This was done by making plots of various combinations 

of and^J2?jt in an attempt to determine a linear 

combination which might be empirically represented. 

Although the various combinations which failed to 

yield a solution are not of value in this problem, they 

are presented here as reference material for possible 

future work* 

Plots were made of: 

(21) 

(22) 
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TABLE 1: Data for Derivation of Empirical Equations 

A.7 
•£/»?* ; At] -t jJJ 

Piliiil nJ2Zv f, 

1.1 1.50 2,60 1.65 2 
1.5 i*75 : >:-3.25 2.62 2 
1.3 2.55 3.85 3.31 5 
3.0 . 3.65 6.65 10.90 5 o o 

* V ' 3.15 5.15 6.30 5 
1.4 3.45 4.85 4.83 10 
6.0 6.50 12.50 39.00 10 
2.5 4.70 7.20 11.75 10 
1.5 4.35 5.85 6.53 20 
8.0 9.60 17.60 76.60 20 
4.0 7.40 11.40 29.60 20 
1.5 5.70 7.20 8.55 100 
6,0 13.20 21.20 106.00 100 
4.0 9.80 13.80 39.20 100 
1.5 5.90 7.40 8.85 200 

14.5 17.50 32,00 254.00 200 
8,0 13.80 21.80 110.00 200 
4.0 10,00 14.00 40.00 200 
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FIGURE 8 
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(U +&J w 
fTJ32%.r f,J2Zy. (23) 

Lob^fiJ&Y.* ^*prlfjjt*]. 
(24) 

(25) 

The combination which was finally selected 

was a plot of 

for various values of ^ . 
rt 

This combination yields a series of straight, 

parallel lines corresponding to the various values 

of . The slope of each of these lines is 2.83, 
// 

therefore the relation may be represented as 

J-siLok l 
where b is the y intercept of the A- lines. 

The next step is to evolve a relationship between 

b and which upon substitution will yield Aas a 
rt f, 

function of ^ and ^ ^ . 

A plot of vs. b on semi-log paper yields 
Pt \ 

a gradual curve which may be approximated by two straight 

lines. The equations of these lines are as follows. 

(26) 
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TABLE 2: Data for Plot of 
A 
fi 

f, 
a b 

2 -0.275 
5 -0.575 

10 -0.769 
20 -0.980 

100 -1.150 
200 -1.180 

vs. b.. 



zv 

.z 
~b 

. (o l-Z 

FI ft IIR F I ^ 

o - 4 .8 1.0 
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or 

Lob f— » — /. 3 8 —• 0 i> 

-Lob 
b * 

1.3 8 

for values of ^=- <-2 0, 

and 

Lob Ei. = -?,*£ --2-22 
ft 

or b- - 
. -lob-rr -Z zz 

for values of ^T>ZO' 

Substituting these values into equation (26) 

yields 

Lob ft s -/,38/^^/^j/ TrhiJ^ “* 

for values of A-<20 
Pi 

and 

Lob ^ ~ 3'(ol<X>[77hzrS 

for values of 

The results may be rewritten 

Lob ft- , 2.5Z lo{srljzJ-1-35 05 

for values of ft. < zo* 
Pi 5 

(27) 

(26) 

(29) 

(30) 

(31) 

(32) 

(33) 



and 

Lo(* ^0(3J_ ^T"-4^Ky-2-Z2 
(34) 

for values of ^ >2°* 

This presents the equations in a form suit¬ 

able for application of analog computer techniques. 

Results of this form may also be verified by 

means of dimensional analysis in the following 

manner# 

Variable 
}■ 
Units 
ohm-meters 

(35) 

ohm-meters 

ohm-meters 

ohm-meters 

Therefore /^. may be represented as 

or in terms of units 

(36) 

_ / / A. 4L. ^ b fe _ c c 
>77 - -TZ. **1 JZ. yn -TZ. yv-j . (37) 

Solving in terms of b and c 

1 = CL-+ b -b c (36) 

or 

CL = 1 - y - c . (39) 
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Therefore, 

(*0) 

or grouping in terras of dimensionless quantities 

/L _ ^ 
k£ J c (a) 

or in terms of logarithms 

Lot, >> (falsi* ■* c /oC- (• (42) 

Thus the dimensional analysis verifies the form 

of the results shown in equations (33) and (34)• 

for Figure 7» or the plot of vs* ?ry«x 
various values of J&- , was accepted as the true 

n 
response of the Contact Tool in the borehole. However, 

as an interpretive aid, the Halliburton Oil Well 

Cementing Company developed a nomograph which provides 

a reasonable solution for commonly encountered 

combinations of the variables. ^ The equations for this 

nomograph were not easily adaptable to an analog solution; 

however, because of the acceptability of the nomographic 

solution, it seemed advisable to check the recently 

derived equations against the nomograph. The results 

of this check are shown on page 33« In cases where 

the solutions differ, these equations agreed more 

closely with the p^.ot of ■ vs. t^an did the 

nomograph values. However, within the range of variables 

commonly encountered, both solutions agreed very closely. 
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Knowing /L or Log .6: , the solution for 
*/ 

porosity is again based on an empirical equation. 

The empirical equation applied to a "flushed 

zone" dictates that 

fef * Cf-fosT* ^3) 
where Pmp is the resistivity of the mud filtrate, F 

is the formation factor and ROS is the assumed 

residual oil saturation. 

Equation (43) may be combined with the following 

equation derived by the Humble Oil and Refining Company. 

Fa '&Z 
CP 2./S" 

(44) 

where Cf is the porosity, to yield 

.&Z 
feO-eou'-' <t 

This may be rewritten ^ 
lob -0>z - loo /ZZs^loo 0-/?oS) 

LoC, 4 - —  

Thus the solution for porosity from ft-Jn% > 
(*x and may broken into two dis- 

(45) 

(46) 

tinct steps. The first step is a solution for 

or Log • The second step is the solution for Cf 

the porosity in equation (46),.. 
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MECHANIZATION OF EMPIRICAL EQUATIONS 

The development of the empirical equations 

necessary for the problem solution leads to the next prob¬ 

lem of setting up the equations in a block form. 

Figure 14(a) illustrates a block diagram solution 

for equations (33) and (34)* In order to conserve on 

the number of operational amplifiers necessary, it was 

decided to use the same amplifiers for solving both 

equations (33) and (34)* Selection of the multiplying 

constants is controlled by the switch block; thus, when 

the output voltage of the summer becomes greater than 

a certain preset amplitude, the multiplying constants 

are all changed from K1», K2* and to K^”, K2
n and 

Kyr effecting a change from equation (33) to equation 

(34)* If the output voltage of the summer drops below 

the preset amplitude, the reverse operation takes place, 

andequation (33) is again in use. Therefore, the output 

of the switching block is always Log */*. according to 

the boundary conditions specified by equations (33) 

and (34)* 

From the multiplying constants K^’, K2
f and K^T 

associated with equation (33), it may be seen from the 

equation and figure 14(a) in what manner the various 

multiplying constants satisfy the equation. 
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K^f is a combination of two factors* It multiplies 

fi-llUphy -jr~ bo obtain * and it also multiplies 

this ratio by 2*52 to obtain the first term of equation 

(33) *' 

Kg* performs the same type of operation on 

to obtain the second term of the equation. The 

negative sign associated with the second term is obtained 

by means of the -1 block. This block consists of a 

unity gain amplifier providing only ISO degree phase 

reversal or a change in sign. 

K^* operates on a battery voltage to ob¬ 

tain the constant which makes up the third term of the 

equation. 

The summation of these three inputs provides 

the solution to equation (33) or Log ii. which is 
ft 

then fed to the switching circuit. 

The solution of equation (34) i3 identical to 

that of equation (33) except for the replacement of 

Kx», K2* and K^’ with 1^", K2", and . 

Log or the solution to equations (33) and 

(34) is used as the input to the circuit which provides 

the solution to equation (46) for porosity. 

Multiplying constants K^, K^, and Kg serve to 

add a voltage corresponding to Log and subtract a 

voltage corresponding to Log A,/ from Log A thus 
7T 



producing the ratio Log which is necessary for the 

solution of equation (46)* The output of the first 

summer of figure 14(h) is sent to two places allowing 

for two simultaneous solutions of Log (ft assuming residual 

oil saturations of 10$ and 20$. 

Multiplying constants Ky and Kg serve to add 

the necessary terms for the 10$ solution while K-^Q 

and do the same for the 20$ solution. 

Multiplying constants Kg and K-^ simply eliminate 

the factor 2,15 from the output thus producing the 

solution for Log * 
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INVESTIGATION OF INDIVIDUAL BLOCKS 

An analysis of the individual blocks in figures 

14(a) and (b) yields the following information. 

Logarithmic Circuit: 

Figure 15(a) illustrates the operating circuitry 

of the logarithmic block. 

The operational amplifier of figure 15(a) provides 

the output voltage necessary to maintain 

C0v- ct -o 
(47) 

under the condition of 

e3= o, (4^) 
If N represents a thermionic vacuum diode 

operated in the negative plate potential region as 

shown in figure 15(b), then the feedback network is 

operating in the logarithmic region of the diode. This 

region is denoted by figure 15(c) between the limits e^ 

and e^2* 

Performing a current balance for this circuit 

yields (e»-t £b) 

- e (49) 

(50) 

, e. 

e <B e, ’ 
or taking the logarithm of both sides yields 

£ 

where 

^ c0 * 

Lb " L° 

therefore 
- ct en 

(51) 
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(52) 

where e^ is the value of e^ required to make e0 

equal to zero* The factor K* - is in volts 
°v 

per decade of current in the diode or volts output 

per decade of input voltage change*^ 

To determine the value for R^ it is necessary 

to know the limits of e^ or the input voltage to the 

logarithmic circuit. For this case, the input voltage 

should be able to range over two decades or from 0,;01 

to 1.0 volts. The second unknown necessary for the 

determination of is the value of i# or the diode 

current with zero plate voltage. This information * 

unfortunately is not readily available from the tube 

manuals, therefore the scheme illustrated by figure 16(a) 

was utilized to measure it. 

A current balance equation yields 

Ip = - ^2. o'" eo = - v 
(53) 

or if R0 =1 megohm, eQ records ip directly in 

microamps. 

This circuit was tried and consistently yielded 

a value of i* = 1.47^ microamps. 

To allow a safety factor in the calculations, 

a value of 1.4 microamps was used to determine R^. 
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Since the maximum input voltage anticipated is 1.0 

p EVwgy. _ J.o - 7J SJOOO SZ. . 
A/ - 

volts _ 

/,4-X/o - 4> 

(54) 

Thus the complete logarithmic amplifier circuit 

is as illustrated in figure 16(b), 

Figure 16(c) illustrates the same circuit 

designed to accomodate an alternating input voltage. 

With low voltages impressed across the diode, the 

back resistance goes very high, therefore in some 

cases, it might be necessary to shunt the feedback 

loop v/ith a resistor to limit the value of back resis¬ 

tance and hence keep down noise. 

The back resistance of the diode may be expressed 

as P, _ ^ 
' ; # - «£b 

(55) 

and since is approximately 40 and Eb is 

volts, - sv? 

which very rapidly approaches high values. 

Two experimental models of this circuit 

constructed and tried yielding the following 

-1.3 

(56) 

were 

information 
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TABLE 3 s Data From Logarithmic Circuit 

Ein#X Eout #1 EinJ2 <w 

.01 .63 .01 .64 

.02 .69 .02 ;70 

.03 .73 .03 .74 

.04 .75 , 04 .76 

.05 .77 .05 m 

.06 .79 .06 .60 

.07 .60 .07 .61 

.06 .61 .06 . 62 

.09 .62 .09 .63 

.10 .63 . .10 .64 

.20 .69 .20 .90 

.30 .93 .30 .94 

.40 .95 .40 .96 

.50 .97 .50 .96 

.60 .99 .60 1,00 

.70 1.00 .70 1.01 
,60 1.01 : .60 1.02 
.90 1.02 .90 1.03 

1.00 1.03 , 1.00 1.04 



4^ 
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Unit #1: e0 = 1,04 + 0,2 Log (57) 

Unit #2: eQ » 1.03 + 0.2 Log e-^ (58) 

These equations indicate that the slope of 

the logarithmic curves was the same and the two units 

differed only by the additive constant as may be 

seen from figure 17.. 

Summing Circuit: 

Figure 16(a) illustrates the summing block in terms 

of one with three inputs, however, the actual principle 

of the circuit may be extended to cover n inputs. 

A current balance for the circuit of figure 

18(a) shows 

CL -v 
(59) 

or e0 

e 
R 

(60) 

Thus the output voltage is the sum of the 

three input voltages, each independently multiplied 

by a coefficient 
K 

Switching Circuit: 

The switching circuit previously described is 

illustrated in figure 18(b). The reference voltage 

Eref provides the preset level of switching,allowing 

the solution of two equations for this circuit. A 

current baLance for the circuit yields 
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(Eref -o') ^ + (.£*-0) ° 

for eiR0 < ErefRx 

and 

C ErC4*.‘~c>'iKx -v Cfj-to) ?0 - IO-5,)?1I--Q 

(61) 

(62) 

for e]R0 > Eref
Rl* 

The basis for this circuit may be explained by 

the conditions set forth in equations (47) and (46) 

/in that the operational amplifier must supply the feedback 

current necessary to maintain the input grid voltage 

at zero. The forward or backward feedback loop is 

determined simply by whether the input voltage is greater 

or less than the reference voltage. The output 

voltage is of the form shown in figure 16(c). 

Multiplying Coefficients: 

* The multiplying coefficients are all of the 

forms shown in figures 19(a), (b) and (c)« 

Figure 19(a) illustrates multiplication by a positive 

coefficient a with (0 - a —1) to yield 

-‘-E, 

(63) 

Figure 19(h) illustrates a circuit for mul¬ 

tiplying by a constant coefficient greater than 1*' 
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The equation for the output voltage may be seen from 

equation (60) to be 

The third type of multiplying coefficient used 

is in reality an additive constant. It is a circuit . 

as illustrated by figure 19(c) for multiplying a constant 

battery voltage by a coefficient for the purpose of 

adding it into the complete system as a term in the 

equation.-^ 

The circuit acts on the battery voltage E such that 

(65) 
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COMPLETE SYSTEM 

The complete system involves a combination 

of the blocks shown in figures 14(a) and (b). 

A correction must be made to equation (33) or 

the equation for Log with^ 20, to 

accommodate a scale change in ^rfc^and • 

This equation was derived according to the actual 

resistivity values encountered which ranged from 1.0 

to 15; however, the logarithmic circuit was developed 

on the assumption that the input voltage would range 

between 0.01 and 1.0 volts, thus the scale factor of 

100 results in simply a change in the additive constant 

of equation (33) or 

^*4 = 
Zsziot’frlsu 

-/38 i

’z3‘h 

r/ (66) 

for + 20. 
Pt 

For equation (34)» the change in scale factor 

again changes the constant term yielding 

for > 20. 
■ ft- 

If the logarithmic unit #1 is associated 

xitith the 2Zx term and unit '#2 with the 3Zx terra, it 

is then possible to calculate the gains necessary to 



satisfy equation (66), With reference to figure 

20(a), a^ is the constant by which the signal from the 

2Zx logarithmic circuit must be multiplied to produce 

the 2Zx term in equation (66). The application of this 

same reasoning to a^t a^, and a^ yields the following 

conditions which must be satisfied. 

* 2
r (66) 

• 2 <z.s <*.+ -/. 3 8 [69) 

/'Ola., - ,,03 -/.S a-* - ?-3*> (70) 

The solution of these equations for the various 

a*s yields a^ = 12.6, a^ “ 2.62, a^a^ = 6.9, and if 

a^ = 1 then a^ = 6.9« 

A similar approach for equation (67) yields 

a^ “ 33> a2 “ 9«72, a^ = 1 and a^ “ 16. 

From this information it is possible to cal¬ 

culate values for the various parameters shown in 

figure 20(b). A-^ or the gain associated with the 

2Zx signal is given by a combination of equations 

(63) and (64) to be 

and the preceding data for equation (66) dictates 

that A^ must equal 12.6. Thus ^ should 

be some value greater than 12.6 which may be adjusted 

to the correct gain by R. Calculations of this form 

yield for equation (66) 
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A, a-1* 
(72) 

(73) 

A - c tsi - 
fil. (74) 

(75) 

and for equation (67) 

A.’ -«-& r. 33 
K\ 

(76) 

At ’-bis. = V.VZ 
ft (77) 

Ax - -e- is. -. ! & 
ft 

(76) 

Ats. & . 
(79) 

Since RQ is common to all of these equations, 

for the switching operation between equations (66) 

and (67), it would be ideal-not to have to switch R0J 

thus a value of RQ must be selected which will satisfy 

all of the preceding equations. A reasonable value of 

RQ which will satisfy the conditions without adverse 
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effects is RQ equal to 3 megohms. Applying this 

to the preceding equations yields 

For equation (66) 

= 200,000 ohms 

R2 53 1,000,000 ohms 

R^ = 400,000 ohms 

R^ = 100,000 ohms 

R^ = 100,000 ohms. 

For equation (67) 

R^ = 80,000 ohms 

Rg = 300,000 ohms 

R^ =150,000 ohms 

R, = 100,000 ohms 
Hr 

R_ = 100,000 ohms. 
5 

Values for the potentiometers designated as. R 

must be chosen to satisfy two boundary conditions. The 

minimum limit is dictated by the operational amplifier 

output current capacity, while the maximum limit arises 

from the loading error introduced* 

The switching circuit necessary to switch between 

equations (66) and (67) is shown in figure 18(b). 

The preset reference/Voltage determines the switching 
I 

point as previously described; hence this voltage 

should be equal to Log 20 or approximately 1.3 volts. 
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The values of RQ, R^, Rg, and R^ should all be equal 

to 100,000 ohms, to produce unity gain through this 

circuit. RL^ should be a high resistance D. C. relay 

so as not to draw an excessive amount of current. 

Batteries E^ and Eg were chosen as 22,5 volts to 

produce sharp,switching and a clear differential between 

the two equations. Since the output of the switching 

circuit is as illustrated in figure lS(c), it-is necessary 

to connect batteries of plus and minus 22.5 volts in 

series with the output to restore the signal to a 

zero D. C* reference level. These two series 

batteries are also controlled by RL^ so that when the 

signal goes to plus 22,5 volts, the battery with the 

minus polarity is switched in and vice versa. 

The signal out of the series batteries is 

Log /a. which is then used as the input signal to 

the circuit for the computation of porosity. 

Equation (46) or the equation for Log $ is . 

in terms of Log £*. rather than Log , 
Pmf rt 

hence it was necessary to add a voltage corresponding 

to Log /J and substract one corresponding to Log /£»/* • 

A system for doing this is shown in figure 21(a)* 

Polarity reversing switches are necessary for the 

additive terms corresponding to Log // and Log 

since these values may be either positive or negative. 
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) 

(46) 

For a residual oil saturation of 

reduces to 

ioc. Cp/0rJo 
«//6> 

P±_ 
■PmP 

2. /S" 

10$, equation 

(SO) 

while for a residual oil saturation of 20$, it 

reduces to 

lo^cP^ .*>* 
- 

2./ S 

A. 

k 

(Si) 

Figure 21(b) shows a system for satisfying 

equations (79) and (SO). The potentiometer in the 

output cancels the 2.15 term in equation (SO) 

by adjusting the potentiometer such that <£ - *4&St 

A complete and composite circuit diagram may 

be seen in figure 22 illustrating the solutiqns of 

the four equations involved and utilizing eight 

operational amplifiers. 

The system was tried and the results are included 

in the following pages. A comparison was made bet\?een 

the measured values and the calculated ones and 

showed very close agreement as may be seen from Table 4 
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TABLE 4: Comparison of Measured and Calculated Results 

A] &7 Meas. Cal. 

fJ&p f hip Log. i; Log* ft 

.02 .01 .800 .806 

.02 .02 .400 .390 

.02 .03 .020 ,017 

.03 .01 1.200 1.200 
*03 .02 *850 *840 
.03 *03 *600 *600 
*03 *04 *410 *420 
*03 *05 *300 *290 
*03 *06 *200 *180 
*04 *01 1*600 1*560 
*04 *02 1*150 1*140 
*04 *03 1*000 *900 
*04 *04 *750 *730 
*04 *05 *600 *590 
*04 *06 *500 *492 
*04 *07 *400 .398 
*04 *08 *320 *320 
*05 *01 2*150 2*120 
*05 *02 1*380 1*400 
*05 *03 1*160 1*162 
*05 *04 1*000 *980 
*05 *05 *870 *860 
*05 
*05 

*06 
*07 

*750 
*650 

*740 
*650 

*05 *06 *5.80 *570 
*05 *09 *500 *500 
*05 *10 *440 *440 
*06 . *01 2*650 2*910 
*06 *02 1*780 1*785 
*06 *03 1*230 1*224 
*06 *04 1*200 1*180 
*06 .05 1*050 1*040 
*06 .06 *950 *930 
*06 *07 *850 *840 
*06 .08 *750 *760 
*06 *09 *700 *690 
*06 *10 *620 *630 
*06 *11 *600 *570 
*06 *12 *520 *520 
*06 .13 *500 *470 
*07 *02 2*300 2*270 
*07 *03 1.650 1*640 
*07 ♦04 1*200 1*190 
*07 *05 1*210 1*210 
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TALBK 4: (Gon’t) 

&/ 
ft l32)z. 

{tests 
Log 

Col. A 
Log 

.07 .06 1.100 1.100 

.07 .07 1.000 1,010 

.07 .08 .920 .93° 

.07 .09 •860 .860 

.07 .10 .800 .790 

.07 .11 ,750 .740 

.07 ,12 .700 . ,680 

.07 .13 ,650 ,.640 

.07 .14 ,600 .590 

.07 .15 .550 .550 

.08 .02 2,700 2,668 

.08 .03 2.050 2.030 

.08 #04 1,600 1,580 

.08 .05 1.350 1.360 
•08 .06 1,250 1.250 
.08 .07 1.160 1,158 
.08 .08 1.100 1.080 
.08 ,09 1.000 1.010 
.08 .10 .950 .940 
.08 .11 *900 .890 
.08 .12 *840 . .830 
,08 ,13 ,800 .790 
.08 *14 .750 .740 
.08 .15 .700 .700 
.09 .03 2.380 2.350 
.09 ,04 1*900 1.910 
.09 .05 1.560 1.560 
.09 .06 1,280 1.270 
.09 .07 1,300 1.290 
.09 ,08 1.200 1.200 
.09 ,09 1,150 1,140 
.09 .10 1.100 1.070 
.09 .11 1,020 1.020 
.09 .12 1,000 .970 
.09 ,13 ,900 .920 
.09 .14 ,900 .870 
.09 ,15 .850 .830 
.10 ,04 2,000 2.020 
.10 ,05 1,700 1.660 
.10 ,06 1.400 1.380 
•10 .07 1.330 1.330 
.10 .08 1.320 1.320 
,10 .09 1,250 1.250 
.10 .10 1,200 1,190 
.10 ,11 1,150 1.140 
.10 ,12 1.100 1.080 
.10 ,13 1,050 1.030 
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TABLE 4: (Con’t) 

A/ 
PiJ2Zp 

.10 

.10 

.11 

.11 

.11 

.11 

.11 

.11 

.11 

.11 

.11 

.11 

.11 

.12 

.12 

.12 

.12 

.12 

.12 

.1-2 

.12 

.12 

.12 

.13 

.13 

.13 
,13 
.13 
.13 
.13 
.13 
.13 
.14 
.14 
.14 
.14 
.14 
.14 
.14 
.14 
•15* 
.15 
,15 
,15 
.15 
.15 

714 
.15 
.05 
.06 
.07 
.OB 
.09 
.10 
.11 
.12 
.13 
.14 
.15 
• 06 
.07 
.OB 
.09 
.10 
.11 
.12 
.13 
. 14 
.15 
.07 
.OB 
.09 
.10 . 

.11 
,12 
.13 
.14 
,15 
.OB 
,09 
.10 
.11 
.12 
.13 
.14 
,15 
.10 
.11 
.12' 
.13 
.14 
.15 

■Meas.. 
Log £ 

1,0(5(3""  
.950 

2*150 
1,660 
1.760 
1.400 
1.300 
1.250 
1.200 
1.150 
1.100 
1.050 
i.boo 
2.105 
1.900 
1.650 
1.490 
1.400 
1.300 
1.300 
1.250 
1.200 
i.l'50 
2.100 
1.900 
1.700 
1.500 
1.400 
1.250 
1.300 
1.300 
1.250 
2.100 
1.900 
1.75P 
1.600 
1.450 
1.300 
1,30 b 
1.310 
1.950 
l.BOO 
1.650 
1.500 
1.410 
1.300 

Log ^ 
.990 
.950 

2.150 
1,660 
1.720 
1.420 
1.310 
1.240 
1.160 
1.130 
1.090 
1.040 
1.000 
2.110 
1.670 
1.660 
1.460 
1.360 
1.320 
1.260 
1.230 
1.160 
1.140 
2.060 
1,660 
1.700 
1.530 
1.360 
1.240 
1.320 
1.270 
1.230 
2.090 
1.910 
1.740 
1.590 
1.450 
1.330 
1.350 
1.310 
1.940 
1.790 
1.650 
1.530 
1.410 
1.300 
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DISCUSSION OF PROTOTYPE MODEL AND CALIBRATION PROBLEMS 

All of the previous data and discussion has 

originated from investigations utilizing a general 

purpose analog computer on which the proper combinations 

of circuit elements for this problem were patch-wired* 

Some thought, however, has been given to the construction 

of a special unit to solve the particular problem of 

porosity computation. 

Ideally, the unit should be a compact package 

which could be rack-mounted for a field installation. 

This type of installation would allow a direct recording 

of formation porosity while on location. 

The George A. Philbrick, Researches, Incorporated 

Model HKR Operational Manifold immediately suggests 

itself as a suitable foundation for the computer. The 

Model HKR consists of 10 operational amplifiers complete 

with a regulated power supply, and all mounted on a 

standard 19" panel for rack installation. Connections 

to the individual amplifier inputs and outputs are 

accessible at the front where a logical arrangement of 

jacks provides for an immediate plug-in synthesis of 

this problem, or any other-one utilizing analog computer 

techniques. Bias controls are also available at the 

front for zeroing or adjusting the off-set of each 

individual amplifier. Presumably, the entire system 



of circuit elements and interconnecting wiring could be 

constructed so as to plug directly into the front of 

the Model HKR manifold. A removal of the plug-in unit 

would then free the manifold for any other combination 

of addition, subtraction, integration, differentiation, 

inversion, impedance-conversion, or other operations. 

For the complete system as shown in figure 22, 

certain potentiometer values must be chpsen to 

minimize loading* These are the values of R^, R-Q, 

R> and **24, or t^10Se potentiometers which must be 

adjusted for each combination of and fmp . These 

potentiometers must have calibrated dials which will 

read the correct resistance fraction within a specified 

percentage error due to loading effects. An investi¬ 

gation of loading errors is as follows. 

From figure 23(a), the output voltage across 

the load resistor may be expressed as 

The output voltage according to the geometrical 

setting of the potentiometer brush should be 

(*2) 
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FIGURE 23 a 

100K jOOK 

FIGURE 23 b 
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thus the deviation of eQ from the geometrical 

setting is r f -i 

A- ie' L 1 ‘ if J (84) 

or percentagewise, in terms of the geometrical 

\ 
setting, the deviation is 

/?r 
The location of the maximum error may be deter- 

(85) 

mined by differentiating equation (85) with respect 

or to JL 
R  r i = © 

(86) 

so that 

\ 
a 

(87) 

which upon substitution into equation (65) 

yields 

/ 

<*) (88) 

Assuming a maximum percentage error of 

equation (66) yields limiting values of 

R]_ = 26,600 ohms 

Rfl = 28,600 ohms 

R^2 “ 4 >000 ohms 

R2^ = 4>000 ohms * 
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Thus any resistance values which are less than these 

figures, yet great enough not to draw excessive current 

from the operational amplifier xri.ll be acceptable.^ 

In order to minimize computing errors arising 

from unbalances due to drift, each operational 

amplifier should be balanced prior to each run. The 

balancing consists of adjusting the bias such that 

there is zero output voltage with zero input signal* 

Figure 23(b) illustrates a system for making 

this balance without disturbing the circuitry associated 

xrith the compute switch position. 

Calibration for the unit would consist of balancing 

each operational amplifier before each run. A less 

frequent adjustment would be a check of the gains 

associated xrith the various terms of the equations, 

and indicated by equations (72) through (79). Each 

of these gains should be adjusted independently, which 

implies a disconnecting of the other sximmer input 

circuits. This, however, could be done very readily 

xrith more positions on the sxritch shown in figure 23(b).. 

The logarithmic circuits may be readily checked 

by monitoring the tap voltage on and the voltage 

at the output of the logarithmic circuit as compared 

with the response illustrated in figure 17• 



Thus, each individual circuit of the computer 

may be checked in the above manner* while the whole 

system may be checked by putting known DC voltages 

across the potentiometers and R-Q and comparing 

the output voltages with the calculated responses* 
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COalCLUSIOJIS 

A comparison of the measured and the calculated 

results indicates that this system will provide a 

solution for porosity within 0.5$ of the true value. 

Since actual porosity measurements are only accurate 

to this figure, the computer solution is certainly 

acceptable. 

A tlirough investigation of the theoretical 

equations failed to reveal relations of a form suitable 

for an analog solution thus making it necessary to 

resort to an empirical derivation of the equations. 

The empirical equations might be improved by the 

introduction of a smooth curve to replace the two 

straight line approximations used* Such a curve 

would eliminate the switching circuit, and in so doing 

would simplify the system considerably* 

In addition to providing a continuous log of 

porosity, another advantage of the system is its use 

as an experimental tool to determine immediately the 

effect of various simulated borehole conditions* 

The acceptability of this solution implies that 

analog computer techniques are well-suited to 

handling problems of this nature whenever it is possible 

to determine exact relations between the variables* 



The method, however, is of little value if exact 

relations do not exist; since the computer can never 

replace the astute analyst with his ability to shade 

a solution to the appropriate hue of gray between 

black and white* 
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