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o A complete system for continuous logg;ﬁa\ of borEhble

temperature gradients has rbeen developed and subjectig?to

»

field- tests "with prototype vequipment. ‘To meet he .

requirenents of this system, a time-domain oper & wa

—~derived consisting of a smoothing‘term, a deconvolution te
(to 'compensate for lag due to the thermistor time constant

and probe ve10c1ty), and a gradient ggrm. When . convolved ..

with raw field _data ‘this combined operator will yield .
O o . ’ " ‘ :0'

. directly a high precision, °higﬁ“resolution temperature

"
.

gradient profiié.

.y d ! -

The prototype equipment developed for the " field tests

-

. includes a thermistor probe on a'l km cable, and aWCable

w;nch modified by the addition of a gold slip~ring,assembly,

s
‘ the probe is lowered at a constant veloc1ty by a variable

Fa -4 X

f" speed motor drive assembly. The thermistor 1mped§wce is

¢ monitored™ continuously' by a lo current dlgital,resi”tance

meter (3 samples per secord), tbe~ output - of.

-recorded" on magnetic7‘tape for processing by ‘ gital

computer.-— "~ . |
he system was field tested in two partially cased.’

v/ water ° £il boreholes. There was good ég:relatioﬁ between o

gradient 1logs @an éhermal ‘r;esist1v1€y~ prpfiles © from

laboratorfd measurements--qp core material, indicating that

&
' C ! . , ) »




"isolated .resis

“e@uilibfium o

- % - - TN ;‘ .
even 1n part1a11w ca ed w!ils the gradlent log - li/ a good

apg;ox1mat1bn of &h thermal re51st1y1ty prof1le.//

For a lo%erldg
p 4
1lity.bétter than 2@.5 C/km. Compa

exhlblts ~a tepeati Son

ﬁf the gradlent p dfxle\ w1th ‘fine- scale' geoloqlc log™.

1nd1cates a stra 1gfaph1c resolutlon threshold op fﬁg’order
\

of 2.m for"é_ 18 2@%. thermal Tb§1§t1v1ty gontrast. For

|

ity contrasts of 5A~18D%, the resolution is

N
- N x
B .
. .
v - - . N * *
~ 1

This system will be uségd!’qor engineeringlapplgéations

better thag .5

n. -the “pétro eym - industry, - for monitoriné'the return to .

a boreﬁble; as an additional ~aid to core
T/ - .
selectIOn 1ﬁ /terrestrxal heat flow "work, and Tor

' ¢
stratigraphlc correlatlon‘(rln addltlon, thls system may

!
. pro:;\\\Seful in other resea¥gh areas, such as oceanography,
.. P L3 '
. arctlc pegmafrost 1nvest1gatxons, and studles of groundwa
~3 4 .
hydrology, 'E/Egllution. ' -
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" L I o 3 ?
P INTRODUCTION )
. . ¢ - . I ’ e -
Y . . .
. L PP N . L
2 . A 2

There exist today several’ techniques ¢ for ‘geothermal™ -

wélf logging which are routinely applied to various problgmé
© in the petroleum Tindustry, t’;err‘és‘,tria} heat \flbw. and .
;T ‘g;otﬁérmal prospegking. C&ﬁtiﬁuous‘analog témperaturg loés - “

v P . AP
are commonly uség in the petroleumljndustry for what .might ;3ptﬁ{
fe galieéié ehéipéering applications. Théée indlude?:’

»

> RN

‘monitori{;\g the éxt'eAnt,‘quality, and progresso of cementing -
o, " ¥ R - g ) .
T . Wd well . casing, locating zones  where “drilling (
. r
. [
circulation may be lost-of where liquids or gases might be

&

— ) (S . R . . = X -5 -
enteéring the well, and monitoring o the progress of ‘sucrf?

-
.

techniques as arti‘ficigl fracturing or acidctre\'atmenf; of the

'\\\\\ | country rock (Bryant, 196%;‘ Kappelmeyer anq‘Haenél,IIQid). ‘@

Analog temperature logs can .be rapidly _and. :simply‘

' - z i . N . v \. hd g =
obtained, but 1lack "precision and resclution, for the
. : ’ -~ - a \
B . . B s L. \
. > following reasons.v First, it is ,oxtremely  dafficult td\; .
: | . S : s

g

. v . o - * .
. ' measure, store-and retrieve® analog data w1ﬁth a resolution q;—f

one part in 19@8@. With digital technigugs each digit’ is’

4

. ISecpnd N,

_ . * " an integrated .record of the effects of ' the thermal’
. : / . y

. oDe part i‘n ten




¢ . i Lt -
* - . - . .‘

esistivities af the various geologic formations present, .-

nd as such' is effectively ‘lacking. in resolution when -
e : - ' 1
compared w1th a log of temperature gréd;ents. The gradient .

-

log 1is essentlally a thermal re51st1v1ty profile (in the 4

N .
° -

-absence of dlsturbing factors such as groundwater,aflow and

S " 2 »" -
,ﬁ ) surface temperature eﬁfects) and hence 'is a : much more .
‘/ » . = . - ! . o
PO sengitive indicator of subtle .changes in the _, thermal -,

~

conditions along the borehole. Beck (I'976a) . refers to this’

i * - . .
. “ . .

as® the T-log, and we will use _.this terminology = for

@
’

convenience. ) ‘ o 2 . '
. , . - ‘\ - % .
g . Thé gradient  log 1is generally found d1rectly =by -

differentiation of: the temperature 1og, a pnccess whlch

. o -
- _ o -

’gieatly amplifies high frequency noise. Probably the most

important factot contributing ° “to the- merecision of
contznuous analog temperature logs 1s ‘the ‘neglect’ of 0the &

r
H

s v

Co , ,"probe time constant. ' As the probe is Yowered down*¢he

(4

borehole it “is not ip thermal ‘equilibrium  with ° jts

surroundings. Hence §§e probe doesgnot measure the true
-~ - kL “ o . . »,) .. . .
e " borehole teﬁpegature proflle, but °rather, the measured
4 e , - . . hl

‘

temperature profile “lags’ 'behind' the true tem ature.

Simmons (1965) presented a contlnuous analog logglng

o

o« which was ~designed to mininize thms problem thfough th
of thermistor prdbes hav1ng-very small t1me constants (on ;

the order of one second) Probes hav1ng time constants th;s .

J v

small are extremely fraglle and hence are poorlj suited for

work - in mud fllled holes.leurthermqge, such probes contain

tiny thermistors which are,subject td ;elfrheating -effects,

° [ . j <
: . J RN C e/ .
-
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résulting in further error. Simmons confirmed his work to
. . )

temperature logs, ,and did?ihot° consider gradient logs.

Costain‘;(i97ﬂ1 suggested dectonvolution of the measured

temperature profiles by an inverse operator derived from - the .

impul'se .response of the horehole. logging system. This
concept will be considered in detai} in Chapter 2.

o]

The simplest method of making borehole temperature

measurements 1is . the incremental technique fc.f. Beck,
i -

. »
1965)." Here the measuring instrument is. lowered 'in steps

°

- 8f, say, 10 m,. some time 1is allowed for it to‘approach

~

© P . . i iy . . ..

thermal equilibrium with 1its surroundings, 'a "reading tis
< 9 ¢ [ ”

made, and the’ process is repeated. Assuming that a total

L 4
txme of three minu¥es per 10 m step.is required, and that

each redding is precise to t@. 8025 C then a temperature

. . 4
gradient profile with a. pretlslon. of tﬂ.SOC/km can be

obtained- with a logg1ng time of 5 hours for ‘a 1 km boreéhole.

<

If greéter resolutlon 1s reguired, however, the logglng time

(and 1mprec4$1on) increase greatly Flgure ‘1. 1 111ustratesc

this effect. . The ord}nate is calibrated Linf -terms - of
gmeasuremént' precision “(i?c/kmf and logging time (holrs).

The absciSsa ié calibrated in terms of deslrea resolution
(m) , aﬁd' read@ng spacing (m), adhe{thg to the conventlon of

Fourier analy51s that .a minimum of two data p01nts per cycle

ﬁ@e' required to. define the h1ghest (sinysoidal) frequency
) , N

12

N o é
component in argiven. signal. This graph illustrates several

important 'facts. ‘@Finet,athe ificremental logging technique

will yield a precise sketch of the porehole‘éra@ieht profile

e

4
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- a

if. highp,resqiution is not required. Secéond, if resolution
considerably better than 1@ m is required, the logging time

incteases enormously. Third,~as the spacing of the readings,

>

decréases, precision dropé off sharply; other factors which

were not included in figure 1.1, such as imprecision in

: . A
depth interval determination, now become more important and
. ' ¢ )
contribute increasingly to the error. If reasonably good
: . , J :

q !

" precision is to be maintained, som€ type of smooth;ng or

i H
data averaging technique must be employed, thereby requiring

still more measurements in order to maintain resolution. In
¢ - i v ’

short, the incremental logging technigque, while'relatively

-simple ‘an¥ adequate "for most terrestrial - heat -flow

‘T=log of high resolution is redquired.”’

applications, is inadequate .for applications wheré’a precise
Chapter 5 is-devoted:. entirely to the consideration of

possible practical .applications of a high\§IECiSﬁOnf high

resoLution continuoud gradient logging technigue, and a full

dl%&lf51°“ will be left wuntil then. At this point it is

3

sufflclent to state that the primary stimulus and practlcal

D .
LY

. Justlflcaqlon for th1s pro;ect grlglnated 1n the work by

Beék {1976a) showang a most ‘remarkable '1nverse correlation

3 -
&

Lbetween 'electrlcal r651st1v1ty \logs (E—logs) and the}maf

qradlent 1ogs in two, boreholes in Australla (see Chapter 5).

Before these 1logs could be compared the E- logs, whlch were.

2

con51derab1y more detalled than the 1ncrementa1 T—logs, they

had to. be smoothed over approxlmaiely 16 m ;ntervals. It

» Y L . .

.- s8hould be ‘far more interesting instead to ii%mbve= the’

7 Bl

-

’




-0of tediogs field wqu, while pro&ucing results of superior
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the I-log: qntii itt is cbmperable to that of the E- log.

9

Perhaps " a fine-sca stratlgraphlc correléﬁlon and.

B

structural mapping tool o cons1derable ut111ty and value

o

mlght emerge from such 1nvest1gataons.¢ At the least, a hlgh

ec1s1o\ ontinyous gradlent logglng technlque glll spare

.

"~

the terrestrial heat flow 1nvestlgator and others many hours
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- output. When noiSe is present in the input, the‘statiptical,'“

s
.

°  CHAPTER 2 .

A
y il .
hl &

~ - .

. _ -
THEORETICAL DEVELOPMENT AN?;COMPUTERnSTUDIES
ST ’ el

. N
[

i~

e

2.1 ‘THEOREfngL BACKGROUND

N .
h ) 1ll.

General stetlstlcal deconvolutlon technlques "are nell

N

deveIOped in other\ceophy31cal areas such as selsmology. In N

Qh)-

seismology it is commpn practlce to assume a ba51c wayeform P

LR |

de.g. . a Ricker -wave
1

t) ., \and use various techniques to

© : . "\‘ ’ ’
identify combinations of ese wavelets in the system
putputh One “method 'fori‘accdmplishing«this task is based

primarily on the .work of the Amerfcan mathematician Norbeft

@

Wienetl Essentlally, in thls techhlque an 1npnt wavelet

zgumed and a de51red output (such as..a splke) is specified.

¢

A filter operator .is then'derlved which minimizes the_mean

[

sqguare error between the desired output .and the -actual

»

propertles of thls noise may be 1ncorporated tg design‘ éﬂ -

- /
operator which 51multaneously contracts the input wanlet .

and improves the éignaL to noise ratio. Due to'the overell 4
utility ©f this' technique for many applicétions,’a gneato

-

deal of llterature is available on the subject espec1ally

-

Rice (1962), .and a con51derable volume of work by Robins{;N S
. v .

vhnd_Treitel (c.f. Robinson-(1967b), Roblnson and’ .Treite

: o ' -/
7 .
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B

<~ differences between

a [y

‘There .are,;' however, impottan
pl ;

. »

seismology.- ' dand -continuous ~température ‘logging. In
: : N P

temperature IdggingL it is'aeasy. to :de;ermine the system
». ' * .

impulsé response by exposing the thermistor to a step

‘ e e : .
temperature change and différentiating the response. This

. »
will be considered in greater detail later in this chapter.
. - . P

In seismology, the “system’ includes the sections of " ‘the

-l

,earth through which the seismic waves travel, and the output

Y

signal from the seismometer includes the"mbdifying effectgy
of these ray paths.- Although the éeismOmeter can be'

. . *
calibrated and its impulse response determined, it is  not

easy to determine”the‘impulse tespdnse of these ray paths.
A

Since the .complete syétem impulse response can be determined

-

pxécisely in the ;fémperature logging ¢case, it should be

possible to approéch_thé deconvolution problem anhlytically.
[ , . ' . - . . .
Direct development of a deconvolution operator based on the

°

" known system impulsé‘gesponse for this specific case would

eliminate the need for a more general statistical approach

to the deconvolution 'problem. Costain (1978) considered the

v

'spéciticJ’problem of decoﬁVolution.Qf temperature'lqés, but

& 0

‘SOnfinéd his work té theoretical asbects. A "brief outline

-, T— ) . 3
of his prSEéauﬁe“gpllows, . 2 ' ' '

- T,

. T ] N ' C .
-The output from any physical system (y(t)) is equal to

. the  inpqt ’to .thé system (x(t)) convolved with w(t), .the

impulse ;espoﬁse of that'sYétem~(q.f. Kanasewich, 1973):

ol' i ' to ~ "
\ ’ . 1

- » ) ', ’ \




[

]

»

'

+

-

”

“thermistor at the end of a cable, and a digital resistance

J

«

(2.1) " y(t) = f'—f;’wr) x{t-1) ‘At " :
. S ' / =
f * kN ' ';w - I . :‘v
where t is time and t is a delay term. More simply;this ‘can .

£

] s

o ¥

‘ [N . a
.be written as

4

Y

¥ [2

Al

)

(z'é) 3

. ‘-;, "'J,'y(c) '-‘w(t) *lx(t)

3 ~
»

. *

-

. ° 4..' .o
oot S .
> N -

In the case of thermal Ldgding‘thg Tinput is the. borehole

temperature- profile, a:.function of probe , pogftion ‘or,

assuming that the probe is lowered at a constant .rate, time.

{

The output is’ the recorded. output of -the . measuring

instrumené.’ In ‘order to recover exactly the kemperatu;e

Y +

profile in the borehole,,the}systgm output is convolved with
. ‘ ‘ K S
an operator which is -the inverse of the system Impulse

response or .

Lie) = yo)

wrl(f)‘y(th)dr=w-

(2.3) ¢ x(t) = f !

Assume that the equipment ‘to be used consigts of a

meter. Thg step response of this system can be dejermined
. . . \:. °

< . ] A Fe
by ' exposing the thermistor to a step change in temperature
and recording the output .of the meter. The impqise ?esponse
is then found by taking the time differential qf the step

response. A :step temperature change can be obtained .
. * .

. ‘approgximately by alibwing-fhg\bhermietor to reach a steady
) ) ’ . o

temperature in air, and then plﬁhging it into a’ Qater_ bath ..

Y
oy
\

\

’\: -

\-,

-




v . . p® ’ " ® .
(2.6) Flw) = [f(t)exp(-imt)dt 1 Iexp(—s-iwg)d§ﬁ
¥ —0 . B T (o} T T
The,invqrse operatqQr is‘'then giveﬁ by -~
. . ,
. -1, .
(2.7) : F o (w) =1+ iwT
_—a . e
and in the tige domain AT
(2 8) f_l (t) 1 ® '_l . . - l ® . e
. =—— | F “(wexp(iwt)dw= — | (1+iwT)exp(iwT)dw
so2m e - . 2w o )
e o

L]
*
.

. SECEN
. . . . . L . . /
which is ma1nta1ﬁ¥d?{gf”few degrees above or below room

‘ :

 temperature. RN
The unit Stép,respénseﬂéﬁ the system is approximately a

L

pure exponential of the form. .|

\ oot :
- oty = ¢ . =* . for t<D0

s : \\, ' -"
(2.4) o(t) = l—er(;_t/'I‘) for t>0 - 5 .

-

where © is temperaturé and T is the time. constant of the.

[

system (the time {equireq for the system to reach l-1/e of
the ?inal”temperatﬁre). ) Diffgfengiaﬁing with ‘respect to

time gives the impulse response
“ ; -
- \

(2.5) f(ts = g;(l—eﬁg(- /?)) =

lexp (-t/T)
at g S

T

[

- .
o

Let F(w) be the Fourier transfofm of f(t), given by

-

5

-

C o= E(E) 4+ TEU(E)
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‘where 6(t) is the Dirac delta function. Since we are usiﬁg
discrete rather than continuous -data it is necessary to
approximate thigy inverse operator. (Costain procedes by-

/ . .
assuming’ the delta function to be represented by a triangde

of area A 1 and base equal to two digitization inte}vals
(figure 2.1a); the height, h, ‘QQ the tpianéle is found

‘ frén\: : -

Y

1 -
‘ A= z(?ét)h‘ = hit

. "
.

or ¢
. o R - . ‘
! . Yy o=Aoo1 :
(2.9 xRl
' - 4
where At is the digitization _interval. 87t) is then

¢

approximated by £wo spikesflobéted at *At on the ;iﬁe scale,
and with magnitude, H, equal,;é the slope of ‘the side of the
_triangle (figure ¥.1b), or S . ,

&

(2.18) ' H=0 -_1 ~
. st (8t)? o
‘This is an inco}rect approximation, aj will be shoﬁh latér:

Before convolution of this operator with the measured

temperature data it is necegsary to normalize the operator
o J ‘
'so that the sum of the teerms in the time domain equals one.

’

In this case it is necessary to multiply each of the three

terms by At,tgiving the hormalized operator

-
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. . ) ] . hd
—{ At f—

. t . ® -

' (b)
(At) ' ) | "
- e o - . o e @ ° &
N |—H
. v
. (c) v N v e
: Il
At | -
e o. o o7 b8 e e o -
R o
4‘, . o) ‘a At
‘(J, @
3 ¥
- /' ‘ ]
* PIGURE i.l: (a) Approximation of the DJ.rac delta, funct:.on
. (b) Approximation of the.dérivative of the

N delta function (incorrect) -

Ceostain, 1990

(c) .Resulting décyvolutlon operatér (after

.8




o
=

<L T -
f£(t) = [‘g¢ 12

oy

.-

:~The éntire deconvolution operator as. ‘given by Costain °is

‘'shown in figure 2.1lc. ‘ v
. . . . ' , _:-
A more tigorous approach 1is desirable, . and,

3

equation 2.3 “to the present case ytelds the 'folio§ing

exppession C : : ' e

oo

(2“12):j_” O(t)=f‘(G(T)lTé‘(T))em(t—r)dr'

oo
*

-~

)
L 4

[- -] < oo

(2.13) /,ﬁTt)=J_2(T)9m(t-T)dT + Tf_i'(r)@m(ﬁ—t)AT

‘% ®

3 . ® ‘ ‘ : .

.
where 0O is actual temperature \énd Aem . is measured

temperature. Integrating: the last term on the fighﬁ—hand

side by parts gives’ : .
(2.14) e({):[@(T)em(t G(T)Gm(t-T) +T[ ag3§3’(tr%)af.

m
—c0 -0 \

3

-

where the second term must

It is a property of the

1979), that convolution with any ordinary function yields

ks

that function. In other wards, 9d(t)- is the identity

approach  will be" used. heye forj,compaiisen.} Applyipg -

-




~ ® N . ' \
. < L 14 .
- - v
P - . -
. = ) " y by 4o
N » . . \ . .. . ;-‘4 ' . !;".', _~ e
N ., . . ., operator for convolution, or - . . NENOEEN

Lt ) \‘\“ . ‘,. : ) * : -
- BN . iR ‘

(2:15) L (t) 'f_-\th) = f(t) - T L~

. - <. _ ‘ .‘ . \\\\_ - E n q.’
Thus -~ ) L N .
. L - Ji)ar e (e
. ‘ , f_m“ﬂem(t. r)d:_ﬁ‘- m( ) ] g
and & N - - ‘ i
Loe ’ .‘ . . ’ . -
- ) oo . p J /q: -
. , : ;\f §(1ro_ (t=T)dT = 6 () 2
. e . o § e S »
ar-*r‘ . - . - < ..
,&'\. -:' o . X .- . R . " s .
- L “or'fin-ally ’
-, ) .. v ‘- i _ . .‘ - . PN +
. (2.16) ' o(t) = ‘,fﬁ(t) + TO (t)
i . Consider a measured temperature profile consisting- .
o .. , i ) A . v
five points, as shown in figure 2.2. Representing 6, at-
by . .. o ' IR
. ) .o i C ‘ .. é > "e( o ’ -
° ] ) . ) -_: B 5 - g 3 .. .- ~-
and substituting this expressién in eguatién '2.15 gives .|
- r 'I - . - l . . ‘..
7’,-. * 4;(2.:17). e . B ‘ =, 64 + —T—"nes - —-rll-.—' 93— . ) . "
. RN o ole=4 24t 20t <. : -

On the other hand; the -opegétor in gquat}'jo'mf_z.ll give.

- B v N . i . .- N -
¢ - . .
’ : " - . + '
- N . A : . B
« ‘ . - .
. .
. _ , L ,
. . . .
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. .
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AT

02
%)

(2-ljl)“ \el N =.e4_+a-<—'f 95"“’2.93‘ S
. =4 At T AL T ’ i
. s - ' 4*_’_‘ B . :*
. ‘.,4‘ . ;N . .
.pplled to the samc-ﬁeta It is apparent,~ thenyi that

01*', - =

should be , ‘7‘- ey o

o4
‘o

(2.19) -4 f(t) = [—— ) ST
: <20t , , 20t
- ' N ,Q

- e ; T s
. B e -

. < - ~ - . .
Thefsourdsﬂg}' this error 1is -~to be. found 1in Costain’s
ne . , . : ) ,

-approximation .of the derivative;of'a delta function. From

»
B N e

. elementary calculus it can be shown that the derlvatlve of °

<
[ 3

this ‘trlangle' does not exist at the p01nts —At, @, or +At-

. a

"It is elear nowever

s

from equation 2 19 that if this (1mproper) derlvatlve is to

. {c.£f. Jthson and K;okemelstex, 1964)

el . @

be approxlmated at —At, then 1ts magnltude«should 1n fact .be *

-

I

[

tbe average of the left and right sided limits at that

po1nt, or half the slope of the 81de of the trlangle. “This .

Cw

*.

G

error was presumably made .An prepanaﬁmon of the manuscrkpt

of in publlcatlon, since Costaln s seVeral computed examples<\

o

are correct.

T

3

L d

2 2 COMPUTER APPLICATION QF THE THEORY

“A temperature proflle was generated w;th:the

parameters;‘J

o

[ 4

(9

¢

fol

S

< - . -
At = 9.2 sec: o . .
T = 15.4 sec o
"v = B.5 m/sec (rate of descent of probe?

w

o.

Thls prqflle is -the same’as’ Costajn’s flrst example, and has

/

<

s |

o

34

winé



o

o

only 3 temperature-gradiénts-of 20.0, ‘6.7, and - 13.3 °c/km
o {respectively The sinmulated temperature proflle was next

CE?volved w1th the 1mpulse respcnse of the system to yleld a

B o

« * ‘measured’ temperature proflle These proflles are- shown in
‘gigurﬁ 2.3a: The theoretical attual angameasureﬁ :ubadients
' : were —ebtaiued?,atfeach point as“shOWn in~£igure°2.2: :These

gradieut profiles are sho;u in.EEggre Z.Sb: ’,‘ : .

'

"~ l‘ . “ -

3

is convolved withH the meaSured profile using” the £ull

precision of .the ‘digita1h°computer,,»the aétual:,gradieﬁt

/ S, - ’ . s

Wheh the” méasured temperatures are rounded to the nearest

ﬂ.ﬁﬁﬁ@lpcr however, the results are.as Showncin figure 2;3&.

3

a
.7, -

- Te ‘ ’ -

- sllght amount of error. Tt g :

~ “ o . o

» »

_:deconvolved, and Ehe gradients calculated and-it was found

-that glven the extreme préc131on malntafned at all stages of.”

-
- c

the calculatrqns by ©a ‘dlgltal cqmputer, the. the%retlcal
deconvofutioh operator " was capable of ;rEp?oducing .any

re;asonabl@. r; ‘even physically ,u&easonab'l/e) temperature
e PR © 1 .

gradlent proflle*to a very ‘high degree of accuracy . This‘is
/ ©

, . not satlsfactory. however,981nce the acc1dental 1ntrd‘dd*ctzi“opD

o ¢ o

P of a ver? small amount of noise 1nto “the calculatlons has a

l.4

dlsasterous effeet .on +the gradient proflle, as shown in

figure 2.3c This is due to the fact that the gradfent

profile .can - be re—obtained with a high degree of accuracy:
. 2 v ~ .

. . . X < S R
. This plot’exhibits a‘great deal of noise, and the" reshlts

are obv1ously badly degraded by the 1ntroduct10n of thlS

A ‘number: ° of further -profiles .were _ simulated, -

ca 7

o 2

X

. " When the derived deconvolution operator (equation 2.19) -
N & ? . A z o
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‘o~

(2.20) 0 (t)

1Y

07 (t)

4 . S
Eflom(t)+?emﬁt))'

-

07(t) + TO (L) .
m m

B
[
- N N
- - »

%

includes both 'the first andp second derivatives -of the

7

measured temperature profile, and numerical differentiation

]

accentuates high-frequency hoise. Thus - the procedure as

presented .up to this point works quite well under the

artificisl apgd, nearly noise free -conditions of computer

simulations," but .fails when a small amount of error'cfeeps_

<

into the systém. Cost%}n mentions the =noise problem, but

his estimates of the magnitude of noise to'be expected in:
' \ .

the field have prqven to be far ‘too low. It "~hag been our

ekperience that the noise level in *he recorded temperature

data is so high that a ‘deconvolution <cheme ghigh gives

(4

“primary cofisideration to noise reduction is to be desired: .

» L]

- Costain recommends widening "the base .0of the triangular

. , yox
approximation of the delta“function to, say, 11 points and
. . o’ © 2
"adding additional positive and negative spikes to §° ". He

'

dpés—not give'details of this prd@edure, and theé ambigquities

associated with approximating & and 8§~ (c.f. Br}gﬁam, 1974)

o

o,

make a more direct approach desirabler

2.3 DIRECT EXTRACTION OF THE DECONVOLUTION OPERATOR

't -
stated previously, . the @esired

-

9

* As  has been

deconsvolution operator is merélysthe inverse of the impulse

e

' response of the system.’ This leads. to a .direct method of

2.
o




%9

-

1
i

. . ., " N A}

- : - o . 20

-
-

- .

obtaining . the desired .:operator,»-;7ith0ut-~making any

assumptlons as to the form of the step/&esponse or 1mpulse

-

. response of the system. AlY that is/requ1red s to measure

and record theﬁstep response of the systém, differentiate it
numer ically, and divide the resultiné impulse response into

the Dirac delta functlon l 8,8,... This may be accomplished

analytlcally using Z:transforms or, more cdnveniently, by
use of a polynomlal d1v151on routlne on, the computer .. . The
resultlng deconvolutlon operator cam Be truncated to any
desired length and applied directly to }aw survey.‘data to
obtain 0(1n theory) the- actual temperature proflle AThe

Q -

51mpllelty and dlrectness oﬁ this approach.glve 1t a certaln

'amount 6f appeal, and thus -it was decided that its

practlcallty be 1nvest1gated with computer 51mu1aﬁaons
. . A

Once agaln, for the pu;poses of 51mu1atlon, the" tem

ple

unit step ‘response was flrst assumed to be

<

exponential f%Ect?om'of the form - o .

o(t) = 0 / for t<p AV
- d )

0(t) = leexp(-t/T) . for £30

as shown i% figure 2.4a. This is dlfferentiated numerically
to give » the impulse response, flgure 2. 4b Dlyldlng this
into the delta funétiodvl,ﬁ,ﬂ,... using polynomial division
on the computer, one obtains a vdéconvqution openatot
directiy. Figure ?ﬂ§ shows the NLbGN ampfitﬁde spectrum

(see Robinéon,ﬁ 1967a)  of a ld24 poiht decbnvo}utioﬁ

operator, as well as the spectra of 2 point, 4 point, and 8
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- a pure- exponential step respdnse, as assume

. ' . " “{t,— - o 23

’ T . -

pdint'truﬁcations.of'thét gperator. - ;Crﬁé é‘speciél'éase Qf.
| A ~ l%x:in this iﬁitial
simulation; the deconvolution operator ‘ié Iessentially-a
minimum_ delay dipo}e, anq‘ could have ‘beén " determined

.

“anayytically using Z-transforms. 1nclusioh’of_m9}e.than'tﬁé(

points 'in  the deconvolution operator yields better

4

resalution in the NLOGN amp¥itude spectrum, but since these

[

extra points are very nearly equal-to zer@ (in theory they

are exactly zexo), they have 1little effecﬁ' in the
= . r.o

deconwolution proce§§ :Thi's two—point operator was tested

on s;mulated data, and found to work wefl under noise- free
Condltlonyz For no1seless exponentlals, ‘this operator is
superior to equatlon 2.19, as it is capé‘le of trapsformlng'
ép exppnéntial eiattl§’into a spike, ) ‘ "

Next, a small amount of pseudo-random noise was

introduced into the stép responée (figure‘2.6aL. This noise

was in the range between zero and +10% " of the .amplitude
difference between ‘two adjacént time .series points in

+F

magnitude. The sStep response was, dﬁﬁééfentiated as .before

to yieid'the impulse response (flgure 2.6b). This was thenfn-
1y ‘," N '\
divided into a delta function to yleld a deconvolution

.

operator. The amplitude spectrum of the first 512 points is

L] -
-

shown in figure 2.7, which is immediately %een to be
radically different from the 1ideal case. Indeed, this

operator is unstable due to its mixed delay nature, and will.

not converge with time. As the -process - of polynomia}

division is carried out further, the operatqr will .. approac

-
£




“oey 7

A TEMPERATURE (°C)

/
,-020
.016
.012
008
.004
0

FIGURE 2.6:

TEMPERATURE
»~

4

(a)
- - E)
L B T v T L
0 16 32 » 48 - 64 80
‘ TIME is) :
" 1
: /
»
. .
s
a |
) \ v
J - ‘
(b)
v ; L
0 64 ’ 80,

(a) Step response of ideal probe, with a
gmall amount of noise added
. (b) Resudlting impulse .response




n : ) Co 25.
. - ’
(9 H
N .
- s /
o - < . v
)
’ o N - ‘ ‘
2400 A o ' , .
4 -
v ” e
1600, .7
. ) - N v ‘ "
~ “ N . .
. § 4 . B
p%s g L 4
. . i N .
a‘ & ¥
. ) ’
800 -
A N !
P © ~
" » r ”
i 0 IJl. i - T ¥ T v
0 1.6 . 2.4 : .
[ 4
, PREQUENCY _ (Hz)
' N ) .
- LN N
. ' . .
. . ‘
- R - B ‘ ' . .
. " FIGURE 2.7: - Amplitude spectrum of the unstable
- ‘ .~ direct deconvolution operator.
. \ )
\‘ . . -
. » N +
e .
7 ~5




infinite amplitude.

A stable inverse operator can be obtained in this case . -
X # ) - X . )L ‘< ."
. by factoring +the Z-transform of the noisy impulse response

into dipoles. - Thﬁgg dipoles which “are minimum delay are

divided into thé Delta function to, yield stable oﬁelators
. - - ! . °
with a memo:ry component only. The maximum delay dipoles are
. . N
" ‘reversed, divided irffto the Delta function, and the‘qdotienﬁs
’ |

once more  reversed to yield stable operators with an K
+ X

a

'aﬁticipation component only. The resulting anticipation and

L . - . X | .
‘memory components are truncated to convenient lengths and

. , . o ‘
combinéd by convolution to yield a stable, two-sided inverse

. . ' P Ta
filter (see Treitel and Robinson, 1964,\, for theory and

details’'of this procedure).. - ) . .

The}above approach to calculating the deconvolution: -~
- 3

-

gperator has several major "drawbacks. \3

(\(a)“ The noise présent‘in’computing the filfgf is not the

-

same -as the noise involved int actual experimental work.
) Hﬂ..ﬁrrors'afe intfoduced into. the filter by truncation of
i - . \}

\ ~ " the anticipation and memory components before combining. fg-

o ~

-

- -~

(c) Coqsideréblg éoﬁpupihg;time is involved in _calculating

*

the operator. ,

Because of the- above problems, the direct approach to

'

" ! . . ¢ A : . ' . i A
- _determining the: 1inverse f¥1ter was discontinued, and'a
7
P - i ) . s .
) ",/'d superior operator was developed, as outlined 1in the next
: section.
- * g o o ' '

2.4 DERIVATION OF'A USEFUL~ DECONVOLUTION OPERATOR

. The equations for fitting a strajght line to a set of




S . M u

data ° by least squares in most

techniques are .given

g statistics texts (c:f. Miller and Freurid, 1865) . If the
: .equation'fox the best fitting line is given as
’ y = a + bx .
o - * .‘
then the two normal equations » . ,
. 4 E ? i
2.921 l.y;.=an + b X -
- ( ) ' icy 4 i=l\l
. =
’ :} and ¢ i 'lh o t'\\»*'} N ' ) :
T N ¥
(2.22) LoXgyy Srall Xy o+ bl oxp o :
) ci=1 1 i=1 * i=1 o :
- H ) -/———_/ o v ) * »
—~#te strlyed simultaneously to give a and b. If, however , the
- - T ' ' . .
x s are equally spaced-(i.e., constant sample rate as in the
present experiment), then ‘ . .
’ 2 /3""_‘: N n ' 1 ’
N . . - i —’\ .’.i Y‘i 1 ) .- .
N (2.23) P al= a—é&— . . .
.. ' : SR - S S
an\" - - ! LA ; . p
\r_t\_ n -
) - AN e : Y. s
N s T * .2 xlyl e
- . - f = i=1 ) - ]
. (2.3\&\ = o .
_ ° - 3 n
A , o
o N LT N
X : ry ., ¢ o~ - ll"—']’_ .
. wheré the x s také tne values- . ° .
,. * ’ g .
- R 3 ) ---.1—2;.‘1;'0(01'2"0-' ‘, o
. . . . L . ! ‘ . - -/
when n iS5 gdd, and , : ) : .
0'< ' ?# v ’ ) ’ '
.‘ ’ ‘ i Bhad . - i
’ A - :
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. - smoothing ., effect. As. always there is & trade-off betf

téchniqde results in ,4 good approximation when

- ceee=3,-1,1,3,... .

when n fs even. . J L . - -

If tHe digitization interval is not unity, then it. muy
be included in the eguatibonz, as %howh below: >

-
* A
2

e LA - *
. ) Lo Z Xi¥; v Tl
(2.25) ~ ‘ b = SmEnces 5
. ) - . Abf x?
IS ’ . 1 5‘ -

. . i .

One techniq' foil apptoximating -the gradient of t';
temperature -piofile 1is *to fit: a strai@ht_line through
number of. points, calculate the slope,. shift by " q

-

digitization interval,, and

repeat the procedure.

temperature, profile 1is a fairly gentle curve, as. j}

i

generally the case in actual boreholes. .This procedure ’

be accomplishéd in practice by conuvelution of a gradid
operator”,'Fé, with the time series,_dheke'the%j'th term °
F,. is given bv. ' : ' ' ’

G o e X

/ A J ¥ (x)? Lo
| . " g i=k )¢ o
where k = %(N-1); where N'is the number of terms in F,.

N

‘Thus for example, if “we wished to calGulate
LI o ool
gradient over 9 points, and if At = 8.2 sec, then .

- LY

% .20 15 10 5. S -10 “15 ,20°
G - 3_6,\ 66' 3.6, E’U' ’ _BU' _6’.6' - 6-6' " E-U
Extension of Fy to greater numbers of termse: increases’’

VL Te

L)

s . . 3 e
reduction of undesirable noise and destrfuction’ of u

v .. L P
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information.

=
- ..Recakling-Qquatigﬁ 2.16+ ) .- . )
: . - ) & T
¢ v N ~ ﬂo <>
v SN ) . .
. - N\ E ; 0(t) 6, (t) +.10. (t) _ .

8 ’ e

the term]@&t) can be found approximately by convolving 0, (t)

- ~ . , b} - " . &
C e w1th.ahdeconvolptlon operator, PD,vwhgre : ( ? .
p BREERS ¢ o . S : .
S c Lo (2.27) Foo= TF, + 1. -y .
' 4
' ,// > ’ ' '
)" - ; a ) - .
where the term 1 is located at time t = @ or, for the nine
5 . o
3 » . T 4 ¢ oo -
*,terﬁrexample of F& given above, L -
- . P 13} } ,
. p = 20T 15T 10T 5T ] ~3T -lor -15T7  -20% . ,
‘ .2 60,60 ,8 ,60, ,60, 60-, 60, 60 o
o] - . s ‘ v
© s ) A further smoothing e€ffect can be accomplished by replacing
) - Om by a term G {or “a’ in eguation 2.23). This is the same
1 - as. convolving o with the smoothing operator FS &herq_
. ’ & "J " , <
;1: - - ) . F = }-— c‘}- l M f
R B T ) S N, N, N, oo .
R ‘\ - .> D) - ) N - v - -
’ ‘ ‘ whe?é n is the“humber of é%nms in the operator.' If. there
. 3 ,. "‘ - v ," N
° are’ 9 terms then each term would be-1/9. An 1mpro$ement on
- this-is to weight the terms so{}hht“thosef,negrest a, K given ,
point hage more effect on fhe value'of. O.at ggat point.
; " One common sgf of ' weighting factors corresponds to the .
’ : . ¥y ) s
, . , ) . A : . o "
4. g *, “familiar “bell’ curve. Whatever form the smoothing operator 3
a takég, the sum of the ‘terms in the time domain (A) must be
- .‘ M - " ” i ’ ”‘f) e
equal to .1l. .Otherwise, if a DC 'signal of amplitude Y; is
k. . o , Y - ) o} . ' . . -
p o+ PR ) - L J




. @ : ~

"~ * ~» _convolved with Fg, the sigmal will be shiﬁted to a new value
Y, = AY,. | | . - | o

' 5bnsidering all-of these opera@ors together a;d. noting

that ‘ coﬁvolgtion is asqpciat{ve, ’commu£ative, and:

distributive (c:f. Kanasewich, '1973), an expfessiog for -

temperature gradient, 0'(;),‘can be derived:.

R - - ¢ El

N = * = - . ’ .
) 07(E) = Fgrlon (0470 (8)) -
SO e ¢\ = F % (6. () *F o+ (TO\ (£)) *F_*F )
G m . jb -8 G
ps : C’ ‘/ .
. 'S P-‘ -
v . . = : P * 3 . kD kp
S | O () *Fg#F ¥ (TO(£)) *F g F T
h_ ° - J A K o o. e ' ~ . .
- - xp * ’ - .
. 5 = (I+TF ) * (0 (L) *F *F() . e
~ . L < - - '
- . where tHe term (1 + TE.) can be recognized as the expression
for Fa (equation 2.27). Thus A - —
5
“ o ‘o . - ) - . .: ) B .
o N - = P kP kP -
(2.28) . 0°(t) em(t)‘FD ES FG'

- e
. b - L
- - v

. -

The last three terms or the right;hand sideﬂhay‘be combined
- by copvolution to produce a single opérator ‘which, when

& o>

convolved with the measured témperature profile, gives the

.smoothed, deconvolved gradient profrile.directly. - N
. ./f”.i . Coy W L8 .
= - . { R L ) - .
) . - _2.*;5 ‘-TESTING THE _chBmED OPERR@JJ . .

[
=3

As an example of this. type of ‘combined operator, figure
’ '. ’ ‘ ) . - [ ' © -
\ - 2.8a shows a-17 poin%nga ién% term, “figqure 2.8b shows the. -~ -

; correspondingﬁi7 point déconvoluigon term, and hfigufe 2.8¢c,

L

°

shows. a° 43, point ’‘smoothing term of the "strétched cosine
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: bell’” type. These are combined by convolution to yield the
¢ :
general operator, figure 2.9. The NLOGN amplitude spectrum

(see Robinson, '1967a) for thi'st operator is shown in figure

2.10. The_ abscissa of this graph is plotted as the inverse
of space frequency, wave)ength, and shows a high cut¥off

point aﬁ‘approx}hateiy 1-2 meters for this particular case.
A-theoretica} temperdture profile was generated py the

superposition of a numbeér of ramps and sine waves of various
frequencies (fiquF 2.11) using the following pa}ameéers:
< ® ) . T 6.5 sec @ < ! oo } .

’ rvk Y N ‘»
¢33 sec - ) : ‘

At

g

Vv “8.5 m/sec R . o P
e 2{';{‘ . ' 4

This profile was convolved with the  thedretical " #mpulse
response of the  thermistor to give a-measured temperature
- ° ] ) ’:’W

. profile, which was then;convolved with the general operator

v >

. : to  give the deconvolved temperature’ gradient directly

¢ ‘ o (figure 2.12b). ‘This figure can be compared with -figure
\4

) 2.12%j> the.actual théogetical g;adiéd%.' Tht urve given by
\; o éhe genefai opérgtor is in good’agreéméh; iﬁAb;ph shape ..and
t amplituae with the theorétiéal gladiént'profile,lwitg some
. : sm$oth£ng gppargné'og the sharp.cérnérstl |
$ N '4 Néxt,‘a"certai; amount of‘erroruwas introduced intogtﬁé‘

v « - B s F
.measured temperature profile. First the data wete rounded -
B | E .

» °

to the nearest #.881°C (the "approximate precision of our
equipment - sunder ideal ~eonditiont), then a pseudo-random -
number algorithm was used to int:odhce noise of -magnitude up- *

to ﬁ.ﬁqu, tp;n ;6('6.1(%. The reéults*from the‘firsb~césezﬁ

o
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were Jery good (figure 2.12c), from the second case fair
(figure 2.12d), and from the third case (figure 2:i2e)’p9br,
but, considering the gross noise level represented b& "this
amount of error, the results are surprisingly recogniiablé.
If 3-point gradiepnt and deconvolution operators are used
without smoothin§($on this séme data, the error in gradient
isﬂ approximately 6x10° °c/km. - éigure 2.12f shows the

effect of doubling the operator lenéth., Considerable noise

reduction is realized, although it is apparent that if the

9

.6perator is extended excessively, it will eventually smooth

away the signal as well as the noise.

e

2.6 THE EFFECT OF ERRORS IN TIME CONSTANT DETERMINATION-

Figure 2.13a shows the deconvolved temperature gradient

profile using the correct assumed time constant T = 6.5 sec.

FigurédE.IBD Shows the .gradient when an erroneous timé

£

constant T = 13 sec is used in deconvolution. Figures 2.13c

-

and 2.13d show the effects of deconvolving with assumed

T =3.25 and T = 0 sec resbectively. ‘The shapes of the

o

curves are distorted and there is some depth displacement.

»

Considering the 1large ‘magnitude of these assumed time
constant errors, however, the deconvolution operator can. be
considered to be fairly insensitive.. to small errors-in

thermistor time constant determindtion. This is important,
' - 4 -

#sinle there is some ‘difficulty in achieving precise time

constant determinations under actual- field conditions. From

what has been said above it is apparent that a laborétory

’

» ' .
determination of time constant should be quite sufficient.
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- Under some conditions it is acceptable to neglect - the

thermistor time - tonstant entirely. This is true 1if a

thermistor with a véry small time constant is lowered- at a

4

¢ -

small wvelocity. The inélusion of deconvolutio in the

[
-
~

combined operator is‘no§~difficult, however, and .it makes

.the method completely generais . In the majority of case$§ the

3

probe response should rot be . neglected, especially in

r

mud-filled holes where heavy-duty logging equipment,must be

used. Generallyé probes having small time constants are

2

fragile "and contain tiny thermistors which are susceptible

to self-heating ~effecté. They have the advantage- in
N h 4

4

continuous logging of, an enhanced resolution !ﬂ{eshold. As,

G

usual, a trade-off must be made.
In the development of tﬁe~ deconvolution operator

(equation 2.27), the system

was assumed to have a pure

-
-

.exponential unit step response (équation 2.4)° \'Tbis was
‘ - .

then differentiated to give an expanential impulse response.
In actual physical systems the step response will never be a

true exponektial. ‘Figure. 2.14a shows ;an _experimentally

determined step response for thermistor probe C-28 ‘(éee .

Appendix "B, _aiongr‘kﬂth the'theorog;cal exponential step
responge haying the same 1-1/e time constant ¢I=190 sec);

The differences ~betwéen " the theonét'cal and experimental

@

curves appear to' be minor,’ but at is .the effect of
ignoring this deviation? ';Figu
experimental curve along with & theoretical ‘step response of

time constant  T=8.5 sec,” which Fas  been smoothed by

»

« ¢

.léb shows the same -
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convolution with a 5 point . cosine bell low bass filter

'(sampie intéfvai Atep.3 sec). Clearly this is é better fit

- ¢

to the data, %and thlS ‘cuxve will serve .to simulate -“the

actual response. The 1mpulse Lesponse correspondlng to thlS’
actual step response was obpalned by dlfferentéetlon,vand is
shown in figure 2.14c. Another‘aﬁproximatipﬁ oflphis actual
step xesponse is a pure exponentlal offset from ;eroc'time
by an 1n1t1al delayiof D seconds (figure 2. 14d)

' "In ordextfo inyestiqateﬁthe error invelved in .assuming

* A, ) 4‘ ,‘-. » P .
a .pure exponential step response, thebtheoretlcal actual

temperature profile shown in figure 2.11 was convolved with
the actual impulse response (similar to figure 2.14c) -using
time Eﬁnstant-T=5.75 se¢ -to oive a measured témpereture

profile. This was tHen deconvolved three different ways:

(1) Using a 75 point  combined -operator assuming
T56.S sec (the'lvl/e time constant), The results are shown

+

in figure 2.15?. S -

(2) Using a '75 boint gombined operator assuming

T=5.75 sec (flgure 2. le)
(3) A second measuxed temperature proflle was generated

assuming- a pure' exsonentlal, impulse response with time

constant T = 5.75 secdnds. This was]éecopyolyed using the.

75 point ,combined operator cwith T =.5.75 seconds used in

¥ -

case (2) above. # The * gradient profile from thiss third
- Q M .-

technigue is”shown in figure 2.15c. . = e

- » q
It is cledr, that some error results from deggnvelving
- ) ¢ . ‘ g ';

the. data assuming an” exponéntial .step responke"{figdre

»
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e 2.14d). ) o -

“

-

P

+2.15a) . The overshoot in this figure 1is  reminiscent of

figure 2.15b, where the data were deconvolued using too long

an assumed tjme constant.- Figures 2.15b and 2.15c are very
’ I ) " ) o

nearly ideﬂﬁidal in' form. Altholgh it is not obvious from

- these plots, iéné};hg ﬁhg _initiglg-thermistor lag (figure

&4

2.15p) causes a slight shift in depth of rthe results, in

<

-

'
*

this case of approximately 0.6 meters (2 digitization

intervals). ) ’

-~ y -

- Cons{dering,t&e above results, i’genefal procedure for

. . % . .
deconvolving the measured temperature data may be deve%pped:

1

A,
’

" the tﬁérmistor probe.
5

(2) Fit an exponentidl curve of tin

[

1>

.data, ignoring” the imnitial lag of D seconds (see Tigure

@

o

(3) Deconvoive the data using the time constant T

determined .in étep 2, and plot the results shifted in spacé“

L

in the sense opposite to the loggindg direction, ‘and by an
. i . i ¢ N

amount AZ méters wher®; - ’ .

) é i ‘i\: ~ . -

-

Sz = Wy - .

- - " . 2
)

where-V is logging speed in m/sec. %he7 resulting gtradient

4 . ]

- profile is ‘'a better approximatiqg?of the actuai,gtadientjm

than if a simple exponential step rdsponse is assumed. The

s - ' . .
error in gradient whrgq results from using a delayed
, . S , e .
.ekponential-response'of the form shown in figure  2.144,

&

1 — - . . )
’ . .
o . o i -
Ly . i '
Y s

(1) Detérmine an experimental step respgnse curve for

stant T to the
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' 3

rather than the true response (flgure 2. l4b)~is qute.small.
In the precedlng 51mulated example this error .in't dradw»ent

was 1ess than 8.1%, and may be safely:ignored.

t
e

2.7 OPTIMIZATION OF THE COMBINED OPERATOR
The'relative contributlonf of the various terms in a
combined operatar of a given Lengtn wer€ -studied empirically

through computer simulations. 1In each of the simulations

-y

the derivative'and deconvolution operators weresof_the same.

length to 51mp11fy compu;atlon " The results of- gome‘ of
these '%tudles are presented in figures 2. 16a throuoh 2. 16f
Figure 2.16a . shows the theoretlcal deconvolved ‘gradlent
pgofi;f (noise‘ffrfe).“ Pseuéo—random no;se of #2.05°C was
added to the zmeasured: temperature. data, 'whicn .weré then
deconvolved .o, yield | figures 2.16b -through 2.16f. Figure
'2.16b was produced using a very long (77 .point) stretched
c051n,e3 bell smoothlng opér@tor (53 polnt flat plus 9 point
halt-belllfon_ each end) and 3 point derlvatlve and ™
deconvolutzon operétbrs, the minimum length whﬁch”can be
used for these Latter terms The results are very noisy;\
. {the major features are poorlyireproduced .In fiéure
2.16c the derivative and deconvolhtion'ooerators have‘ feen
lengthened to 17 points,(while the tmoothing term has been
.reduced-to 43 points (7 point flat plus’ 18 point _sioes).
. - . . , '

The resu{ts 'are considerably improved. ‘Figure-2.16é énows-o

< . ' . S
the gradient profile obtained using the same derivative and.
. . . / - ' N

deconvolditjon terms', as ©2.16¢, but with theriimoothing
a

.oberator oéing made-up of a-longer (25 -point) ilj -and 9
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point sides.  The results‘are\quite similar to 2.16¢c, with

o €

almost identical noise tharacteristics. The lengthened flat

-

. on the smoothing term cauf®s a slight reduction in amplitude

;. ~of ‘the main features, especially noticeable in the positive

évent centered at approximately 150 m deptl. Figure 2.1l6e

- : ' 4 .
was obtained using 29 point derivative and deconvolution

- operators, and -a 19 poinf smoothing term (9 point sides).

-

Thre results are essentially comparable in guality to. figd;e

2.16c, with the 'noise :0f slightly 'h}gher frequency and

perhaps slightly reduced amplitude. The final simulation

presented here, figure 2.16f, shows the effect of leaving

~

out the ;smoothing term entirely. This profile contains more
high _frequency noise than 2.16c, and the main features are -

shifted somewhat in amplitude from the theoretical.

5 @

The resulfs of the simulations lead to the following

°

conclusions. Essentially it méy be stated that, although

-

the relative lengths of the component’ terms of the combined, -
P . : . x

operator are not criticaf, thg extremes should -be avoided.

In general figures 2.16c and 2.16e probably represent the
. ) - ©

best compromises, and operators within this range should be

it * used. It should be borne in mind that noise chéracpgristics

>

found in experimental data are likely to.be different from

o

¥

the pseudo-random noise ‘used.in these simulations, and "this -

. : . X : : . e .. . . : '
c factor may. necessitate . slight modificatigns in filter
- s N % "_‘ . PRS- ,

design. o ) { . h' e '

\

-

—_  Thus it is seen \ihat a _ general "operator ‘haé been o

developed which is fairly insensitive to noise and efrors in

q
v
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t

t;me constant determinat{on, and which 1is capable of
o ‘ eit;acting a feasonably accurate -épadient profile from
| experimentally obtained data. If ﬁigher precision isi

desiréd, it 1is possible tq lower(ﬁhe probe more slowly;-or

increase. the sampliné rate with more sophisticated .

equipment, theréby' increasing the number- of points per -

/f’;;ter. Thus we are able to preserve to a large extent the

>

true form of "the gradient profile, with most of its

-

'cha;Sctepisggc details. This. is especially important -if the

con #nuous logging techn%@de is  to be applied to

! stratigraphic correlgifqn. ~ ' T . . o '
. This géneral Qperator/éz):;sed directly,ﬁpon an;simplei_ ’ o
analyt¥cally detérmined * mathematical expréssigh‘ for ‘

deconvolutién of the measured. temperature data (equati
2.16). The derivation of this equation, and the fact that’

. the complete "system impulse response can be determined

reédily by laboratory techniques as described earlier, gives

. . ° N N & Y ‘
us a distinct advantage over seismologists and others.  The -

seismologists” do not know Ehe impulée resépnse of  their .
'K\ - entire system (including the 'earth, which- acts as a_filter), . f;
* por . can they fEadiiy deveiop énalyticaily 'a ;fﬁple and
‘ ‘(ipr%c}se deconvolution equation similar to 2:16‘.f2r thei{ ’ g

Lh(, ' spécific application.. The _great Aamééqt'of investigation"
- into étagisticalldecoqvolution techniques by - seismolfjogists
gnd_aotﬁegé ‘representé an alternate qébrdach té the problem
which 1is obviatedzig £he'c9ntinuous loggind‘technique by the

factors discussed above.

-
¢




v

Computation and app%icétion of the combinedyoperator by
* f ;he techniques: given in App;;dix A is a very éfficient
‘ j proceés,-géquiring little computer ;ihehand core memdty. By
. . "contrast, the computatiofi of the Wiener optimum operator is
a fairly complicated and Jlengﬁhy process involving
considerabig ‘matrix ,hahipﬁfgzzbgl Tests in®icate that the
general operator can be computed in less éhan 1% the CPU
time necessary for the Wiener optimum filter computation,

- using about half as much core memory. An eventual goal of =

N .

this , project is to incorporate a microprocessor unit into

;hé logging equipment chain to allow plotting of the ’
deconvolvéd gradient profile before ltfving the borehole, ',
site. In this case these large differenceg in memdry and
prqcessiné time fequirements are espeéially important.

Equation 2.16 can be;applied in ways other than the one
preseénted above to yield a smoothed, deconvolved temperature
v (profile. Higher order curve ?i;ting computer programs, such

<

as a émoothing, cubic spline goutine, can be made to yield

P

good results. The practidality“ of this approach was
> ) . . y

investigated on actual’  field data, and will be discussed.
. A briefly in Chapter 4.

.

A T,
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CHAPTER 3

INSTRUME&TATION AND EQUIPMENT.

The prototype eguipment used in testing the eontinuous,

- logging technique 'will'be.described in some detail in this
chapter, aﬁd in éhaptgr 6. 'This system was assembled at
moderate cost in order ,to investigate the feasibility of the

technique. Some improvements in design and congtruction ??

shoul!d be made before the system is put into routine use,

' and these will be discussed later in this chapter.

»

-

3.1 CABLE AND THERMAL PRQﬁE ASSEMBLY v ' -

An example of a typical ’ermistor probe assembly is

illustrated 1in figure 3.1. The, sensing unit consists of 18
Fenwal GB 51 L1 glass bead thermistors wired _in' parallel.
The nominal resistance of each thermistor is 100 kQ at ‘20 °C.
| This-arrang¥ment allows optimi%ation of time goﬁstan; and
} resolut{gxi" thle pinimizing self-he§ting effects. The
therm;;tors are embedded in epoxy resin, inside a small
brass tuke. . One end of this tub§’\is‘ inserted 'into a
c?lindricaléteflon shell wherein the electrical connectioﬁs N
% AR to the, cable _are made. - _This shell is also filled with
7 ) 'eéoxy. ?he:teklonvqube is clgmped into the énd of fa' brass

split weight, which s streamlined 1in the formiqséd to

‘ ’ 50 . . K )

:
3
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FIGURE 3.1: (a) The front section of a typical thermistor
. ) probe assembly, as used in the field tests ) .
- " (b) The entire assembly
(c) Detail of the thermistor tip
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minimize drag at low Mach numbers (c.f. Streeter, 1966).
The -maximum diameter of the probe is 1.8 cm, and the length

is about 60 cm.

“ The measurement cable was made by Northern Electric,
and consists of three individually insulated leads twisted f“\ -
v » B

N . . .
together and encased,in a solid insulation, with an overall

outside diameter of £ mm. This cable is quite flexible, an

° .

important consideration because of the design of our cable “
: dri;e _.assembly {(section 3.2). Several other cables teéted

during the course of this project, 1ihcluding 3 and‘ 4
- "~ conductor shielded cables, were found éo be-inordinately

suscepfible to electriical noise, and hence were not used

~ it
il

(see Chapter- 4). e h

S : 3

3.2 CABLE DRIVE ASSEMBLY _ .
- The constant rate cable drive assembly is sthn -in

14

figure 3.2, which for - the most part "should be .

self—exélanatory. Some 6f ?he components used in this N
“éssembly rwere salvagéd from other eglipment (hence the 20:1

sbeeé reductioquollowed_by a 1:3 increase) ih orQer to ’ {-

minimize costs. The.Zero-Max model E-3 reversible variable

speed reducer wgs-useﬁ £o add 'versatilityl for tests. éﬁd'

field applications. This system allows a .lowering rate of

betweén 8-17.5 m/min jnomihal) in the qohfig@ratibn showg in

figure 3.2, along with a maximum ra{éing rate of 25 m/min

(nominal). Other speed ranges .can ‘easily be obtained by o

substituting spgg;ke;s of ratios tother than the 1:3 pair

shown. ~ Lo . .
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: , o
Figure 3.3 shows the pulley assembly which is clamped

to the well head. Depth is monitored visuall% by means of a ¢

.
mechanical counter (not shown). 1In addition,ia microéqitch
N - on the pulley assembly’sends a pulée'to.éhe chording system
with every revolution of a calibrated puhley, thereby
allowing depth to be correlated’ with the thermistor
readings. It is critical that the pulley bearings be‘ quité
free, to minimize the risk of depth'erro s due to cable

slippage.

Al

> 3.3 WINCH AND SLIP-RING ASSEMBLY
. A Sharpe breasg—pack winch was modifiedlby the addition

.of" a slip—ring assembly to allow continuoué readings téxbe.”'o
made, in spite of the rotation of the reel. ﬁhe slip éing
assemb%y (manufacturgd by Electro Switch Cor?.{ cénsis of
six grébved gold rings with gold brushes- foé low thermal
EMFs. “Since the cable used had only 3 leads} we were able

to use two slip rings per lead ' in order t&, reduce the

contact resistance and variations in the contacé resistance.
3.4 MULTIMETER AND D-A CONVERTER
A 5-1/2 digit (28% overranging) Data-Precigion modél
3588 digital multimetep with a sample rate of aﬁbut 3 per
. seé, and isolated parallel binéry coded decimal (Béb) data
'output'has used in the field tests. The digital outp&ﬁ'from

the ones, cens,; and hundreds plaées of each resistance

‘reading (e.g. for a reading of 19,243 ohms, the digits 143)

are . fed into a three <channel digital-to-analog ({D-A)
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-

converter. = Only three digits -are recorded beca
limitations in the capacity of the digitiier (section®

The output for a given channel from the D-A ¢o

- * -

consists o0f a DC voltage between <{.4v for the 541
- "\ * °

(zero),, and +1.4V for the digit 9. . The analog

(]
H

levels from these ‘three channels are recorded on. m
tape, along with a fquth ‘channel which includeid
- signals from the well-head pulley microswitch, Summéd

data display signals from the digital meter indicatif
, ' ’ eaéh new resisf&nce value 1is béiné‘ displayed. Figu

4 . shows diagramatically the four chaﬁnels_éf-infdrﬁat{d

., o

. are recorded on magnetic tape, for a seriet of 8  reg

readings and 3 revolutions of the'well_héad pulley]

. N

’ signalg)t The repeating 5Quaré pulses in channg

indicate when each new re;jftanée/‘reading._i-
displayed, informationawhich is ‘required by the_ -
program which assembles the series of resistance ‘4

valies from the digitized tape (see Appendix A).

-

S 3.5 FIELD RECORDER AND DIGITIZER

The four channels of information described a&bgd

.recorde& on four channels of a 7-channel FM tépg

(Geotech model 17373). This récording is later plaé
. B . - -
into a PDP-11 analog-to-digital (A-D) convertér, whe

record is sampled at any desired rate Gp.:o 2009 Séa
, second for up to 4 channels:of.informatioh. At .
- . & I ad ) . - - - ) .
the data is in a form which can be. handled' by

programming ~(Appendix A),- -afijd’ is nd longer pro

W e N 4
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"seal, an -arrangement which proved ta be quite satisfactory

58

4

introduction of noise (except through an error 1in that.
programmlng)

Figure 3 5 shows a block diagram of the prototype data
! v -

acqulsltlon system wused in the f1e1d teSts.‘ Flgure

shows %’plan—view layout of all of the’’ cont1nuous flogg'

equipment, as it might appear during a flield exper1ment.
‘ r~ ‘ . T
3.6 REFINING THE EQUIPMENT =~ -0 SRR

-~

- During the course of this study, certain &mproveﬁents .

-

. 4 R
were made in the logging. equipment which shoold be noted.
. . -

-~

Of primary importance was the great notise‘reduction'achieved~
by doubling the number of thermistors from ib to‘?0.< Thie:
will be explalned in detdil in Chapter 4.

The productlon of a probe’ ’assemblq thch accepts
interchaogeable pl:g—in thermietor tips greetly faoilﬁ@ated

the experimental work. This device uses two O-rings as a /-

for the 680 meter boreholes 1logged in the field tests.:.
Boreholes of greater depths may require a more elaborate

system of seals. . 0 .

L

The tension block (see figure 3.2) is spring loaded and

exerts a coﬁstant clamplng pressure on the cable’ in order to

prov1de the back- tensxon necessary for thls type of drxve

assembly. st waS‘noted, however, that *as the weight of the ’

-

+ .
cable in the borehole increased, the clamping pressure had

v

to be 1ncreased to compensate, at the rlsk of damage to the“u‘

cable, .pr binding And .seizing of the cable.* A - jelf

compensating back—tension is now prov1ded by means of a




- . » }/Q
‘ 59
l‘ -:
) — - - T = 7779
, ; - i| DIGITAL TO ANALOG|!
- , = i
o /| HUNDREDS DIGIT - .
. ~ d , l T
_ " “ " 1| DIGITAL TO ANALOG .
. ) : -n " TENS DIGIT FM
| - v : RECORDER
11 > 4| DIGITAL TO ANALOG
? ) ';l ONES DIGIT )
i N o \
: | D S e SIGNAL SUMMER | J[
' co L SIGNAL | Lo
’ WY VA, ) .
o DIGITAL - * , .l ANALOG TO
OHM . ‘ DIGITAL |-
METER P ; S CONVERTER
.’/ , ‘, d .
- C MIGRO-SWITCH ] - . .
. " | DEPTH SIGNAL l .. L
' , (:;’/) L — ' ' : DIGITAL
. R | COMPUTER

>
2 - .
- . ‘
. - -
. * - 7 T .
. . . .
s

’ ,/”(/\ . THERMISTOR

)

ot

FIGURE 3.5: Block diagram of the data acquisition system
: . . S ‘ .




+ CABLE WINCH—

. SLIP-RING
ASSEMBLY2 ” H ' )
! /
r— H ﬂ il MH 1¢W? J
DIGITAL" A = : ,
MULTI- r ' /
¢ METER .
+— ) ‘ A
H
|
‘ !
|
0 ¥
f

: ~—____
o eed N

HP} +
It
L P >
& 1
" L L ~WELL-HEAD
; <. F.M. , o . | PULLEY
‘ ‘ W ASSEMBLY
e S ‘ T A X g
L . f\\é « .
Ty g MICROSWITCH
. ‘ DEPTH |
S BOREHOLE COUNTER |
oo !
‘l “ ’ v . \ ) |
. FIGURE 3.6: Plan view layout of the prototype '

"coritinuous - logging equipment




61

_friction brake on the ‘cable reel. As the amount ‘wf cable in

the borehole increases, the diameter of the remaining layers

.

of cable on  the retl Ddecreases, thus aecrgas}pg ‘the
effective 1Bver arm,. and increasing the effective
back-tensiqn. ‘
The introduction of a buffered'~ synchronous  or
incremental digitalﬂ iape' recorder‘ shoﬁld: simplify the-
lloqging.system somewhat. ’Specifically, this -device would -
record depth information and r;;istance readings 1in é form
which is‘-immediately‘ compyter compatible. l‘This would
eliminate .the D-A converter and power-pack, and the analog
B tape 'recorder, as well as Eﬂe digitizing process and the
computer ‘proggqm which in;erpretshthe digitizéé‘tape (see
. Appendix A). Elimina;}dn«of these ' iast two $tepss would
reduce data processing costs by approximatelyiQZ%, and® would .
greatly facilitate the data reduction process. ‘ -
With our present equipﬁent it is d{fficult to produce a o
log while raising the. prbbe, duer to the difficulty in
keeping constant éepsionkbn.the cable (as reéui;eq Ey the
constant .speed drive) byv@perating the winch reef manually.
A simple system for re%ie?ing this problem to séme extent is

- [ -

shown in fiqure 3.7. ° 'The weigﬁt, W, would allow for

s

s g

variations in érankiA;‘ the winch, and would maintain _a
. v » '

L I constant back-tension, subject'to the limitations imposed by \

’

inertia and pulley friction. The addition of(; motor driven

winch would of course greatly facilitate this ué—hole

logging process.
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CHAPTER 4
‘v, -
FIELD TESTS AND RESULTS. =~ '

, 4.1 THE U.W.0. BOREHOLE

. ) .
Initiél field tésts of the prototype logging. equipment
‘desbribed in the previous chaptef were carried out in the
borehble on thé campus of th‘University of wésgern Ontario.
v 4 ~ - .
% . . This borghole is 592 meters deep,.watek filled, and cased to

e -

a depth of 441 meters. A nearly complete core of the hole

-

R

was '~ saved in drilling, and~lthis ocore material-has been

. 3

o

material ~have been described by Beck and Judge (1969), and

7. Judée (1972) . Included 1in- these works are incremental -

~
[ Ry

. profiles of temperature, tqﬁpérature gradient, and thermal

. . 3
e

.- resistivity, which were used as standaxds of comparison for .

; J . o the continuous logging résults. Detailed geologic logs of
/ » ‘ . . L e X ]
g the core material have: been made by Sanford and “Koepke

v ~

(1963), and Upitis (1963). °The latter work is the more

—d

. * detailed, and has been used for the geologi¢ correlations in

“ a 5
B

this chapter.-

Two -features of the JY.W.0. borehole detract from ‘gts

suitability as a test site. The University campus is a

noisy environment electrically, and thus” is a bad place to
. ’ . N [y - -

- /,—” ) o . . 63

. . . he

4

studied extensively. Features of the borehole and the core’

{

d

.

.

L e
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B

make delicate electrpnic measurements. .In addition, the
water in the porebole is highly saiine, due éo the fact fhat
the holé passés through the salt—ﬁearing Salina!Formétion;
Th{s salt'splutiqq is not oﬁly qpr{osive,_ but 1is also an
extéllenﬁ électriéql conductor. Obviously the integrity of
all electrical insulatio& in the cable -apd, probe is
esse;tiél, especially ééep in, the borehole w;ere‘f%creased
‘ydrpsfatic pressures are enbountered. | -

Numerous difficulties were encountered in ' the initial

field tests, includiﬁg equipmen; problems and leaks in ;Ee

probe assembly. Especially troublesome was the omnipresent’

‘electridal noise. This was manifested primarity as a

4
.

cyclical variation in. the resistance reading' oﬁ perhaps
. . ¢ |
20-280 ohms with about 2 seconds period (see figure 4.1),
. ! ‘ «
along with occasioné&l noise bursts of- hundreds of ohms.

Extensive tests were performed in.order to determine at what
I . 1

point in the egquipment chain. this- disturbance originated.
Possible - ground loops '~ were eliminated by common-point
s “ .ot h

grounding directly to the well-head. The electrical slip

r\igs vere tested for contact’problems. A possible leakage

of salt water into the cable was investjgated. A Faraday
‘ -~ Ny . ~

v

¥ ' - ) ’ ‘
cage of, alumipum foil was cOnstructed around the cable,

supply reel, to guard against ~electrical pick-yp in that
reqgion. Laboratories in the adjecent Puilding were checked

for heavy~dutygelectricalchuipment. -

Several characteristic fedtures of .the noise led to*the

)

conclusion that® -it was electrical - pick-up from the cable,

<

,

@z .
v

-
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FIGURE 4.1:+ Characteristjc form of fpe electrical noise ~
‘ (a) probe fixed at 200 m (b) probe moving




L probably o?iéinaﬁing primarily in the 1length of cable

-

between' Gﬁe winech and theé ' well-head. First, this same

[

quclical variation of the feSistance reading - (of, say, 15

»

‘ohms}). wag encountered in laboxatory measurements ﬁfth test

leads as short as 1lm. Second, it was’ noted that the nd’!b

- . . . f

could * be reduced to some extent by shortening. the length of
cable exposed between the éupply‘reel and the well head.
— - Third, less nois& was observed on Sundays and holidays ‘than

on’ weekdays, undoubtedly due to the fact that less

v

electrical equipment was in.operation in the vicinity of the

A ‘ bqorehole.' > . ’

?

Three T-logs of the U.W.O.. ‘pakehole' were obtained

June, 1975. All of .these experiments were performed on

holidays, because of, the noise problem. 1In each.of these

¥ ' R .- ¥

three cages it was necessary &0 remove noise spikes greater
’ . T a w v A, o o

¥
: ' snccessfully4 du;ing a two month perlod from May through
- than about 20 ohms from the raw data (see figure 4.2) before
processing, due to the inordinately iarbe influence these

spikes "exert on the least 'squares smoothing operation. [t

should be noted that it is extremely wunlikely that a
.

naturally occUrring temperature profile could cause a spike

of 20 ohms or more of. the type shown in fiqure 4 2, glven a

—— . . * Y

thermlstor time.cdnstant greater than a very small fraction

. of a second Thii,/?ézse removal was first ~accomplished
- . T .

manually with the " aid of a compdter print-out of the

-~

differences befiween each successive pair of resistance

- e o -
readings. - Laté€r the noise removal process‘was per formed

B . H ’ \ . , ,

\ -
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. / °
o «

|
| ) -
' .
- ' “.
REPLACEMENT "POINT | * e .
o ! -
< o .o o .
. L
. . -
TIME
L4
>
. ‘ ] * '
o 3
4 - .
» ‘e

Illustgation of the scheme used for manual
removal of large noise spikeés in the early
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¢

more easily with the aid of a graphic display CRT computer\\w

terminal, wusing an interactive, on-line technigque. On the

E) b . " -
order of 1-2% of the instrument readings were removed in
- EN » .

this manneh before the data could be processed successfully - ~

’by the technfques given in Appendix A. .

Y

The results of these first' three field tests were

presented by Conaway anguBeck (1976).' Thle thfee-coﬁtinuous
T~logs obtained at nomi;al logging speeds sf 8 - 19 m/min
are shown in figure 4.3, aloég with tha incremental brofilé
at 3 meteg intervals from Beck and Judge ,(1969). This
figure 'shows -the sicellsnt .agreement’ in amplitude and

overall -form between the continuous and incremental

technigues. It is _also obvious that' considerably more

o

teaningfhl detail 1is préSent in the continudus logs,

although it is difficult to assess the repeatlblllty and

pre0151on of the techn1que from this figure.
Next, a data stacking 51gna1 enhancement technlque was

.tried, taking the running mean of the theee curves. This

yields a profile which in theory has been reduced in noise;

in practice, howévyr, it is still impossible to rely on a
A

given peak as being 'real' Data stacklng would be rmore

[

useful as a noise reduction technlque if, say, .a dozen runs

of the same borehole were ava1lab1e“ obviqusly this 1is an

1mpract1ca1 prop051t1on. i ¢ ‘
. In flqure 4.4 the three continuous prafiles are plotted

4

together,. with the spaces between the curves filled in.

This is essentially a continuous error-bar representation of
. . ‘,‘ .\ A -

A d . > U
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This prefile (or rather, the original plot which was reduced

N to pt oduce this °‘~figure) shows a mean precision or
» . ’ .

. ‘ repeatibility Y app}éximétcly AilOC/km, and a re%olution
threshold of -about 2 meters. - Also plotted .in figure 4.4 is

TTTe—— . . . . '. R . \,v

’ ‘ -~ the-incremental thermal resistivity profile obtained from

- laboratory measur ements ,‘on core material at 4 meter
intervals tBeck and Judge, 1969). The overall agreement
o e o T

betweenh the two curves 1s quite good except near the top of

.

. S y o . o .
recent climati® effects. “A comparison of these curves shows

ot

' that -th%: T-log 1is a -good approximation of #a ‘thermal

resistivity p:dfilg in the -absence of disturbing, factors

-

o ?
v ] - At

- : it can. bg seén that thgv well casing, whieh ends at 441

N

‘ Y metergr'has-little appar%nt effeét on the T‘iOgJ . Thus,. this
. "=technique .. has .
N D

the q}apinction'of being applicablé to‘both
% . N uncased and cased boreholes.

v ]

Y I S ot ~. - . )

. oo A.Z‘VfﬁE-NO}SE PROBLEM.

. o (;;éod re-&;ul‘t,s wer e obtaingd En :'t’ﬁe first- t’lrre'b fi.e'ld
Z;%‘ “' . éegtg b?ithe.;ibediEnts Ofvwérﬁdng d;rfgﬁ‘electricaily éuiet
§y¢ 7 { g ;pé:iodsiaﬁd ;eﬁovin?=%hé.fﬁﬁa}gihg fgrgéfnbigz buqs£§';f}om

~ -
/

PR I3

J - .

. . put dnto routine use.’ Even though most boreholes and wells

»

-

N LS ) .

the "~ data, and - is an excellent Va& to 'evaluate the system.

+ - the bogeholeﬁ which is not in _thermal * egquilibrium due to’

¢ .« " such as groung water flow or surface effects. In addition,

P, "the records’ mandhllyw This, 90Wever, imposes unreasonable, -

L. - -'restrigtions.on éhe'céntinuous logging ~system iffitiis to be- .
. . : M A ' o - :

e . 4&re Yocated in fairly isolated. surioundings, ‘reduction  of *

B m‘ © the -noise problém was judged to-be an important step in the

g
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\

) ' Y
L

development of the continuous lodging system. .
' A detailed descript{pn of the various paths followed in

'Eryinb to isolaté*and eliminate the electzrical pick-ﬁp is of

little interest, but the in&drmatfqn obté@ned during several

months of investigations has led to a siﬁple tééhnique which

< Y \
greatly reduces. the effects of electrical inJ!rference ’

- .
without a?}ually identifying the source. It was noted that

-

the foise level variedq  approximately linearly with the

thermistor impedencéﬁ_ Thus Y by doubling - the number of

" parallel thermistors in éhq probe from 18 to 20, the nominal

resistance of, the assembly wak reduced by half, as\Qas the

»

.noise. On the other hand, the halving of the  resistance

B . - » N
range of the probe -‘also reduced the resolution by hal$},

N~ & N . .
important exception. Lowerigg the resistance range 0f the

.o . .

thermistor package allows us to use a mbrg sensitive °‘scale_

‘ N . .¢‘ /n k] -
on - the digital multi-meter (18 k instead of 108 k) haziﬁg

a higher test current (188 pA instead of 10 jA). . ‘Induced

[

: ‘ ° ' ) .
noise currents therefore exert only about 18% as much effect
under these conditions, thereby yieking approximately:a:96§

reduction in inté;ference, everything eisé:(e.g, probe time
constant) beiﬁb equal, %he increésq. in self-heating - f:om‘
’ o * ‘ < - .

. ~ 4 - = «
the increased current" passing ;hroughythe‘thermistors had no

e -

‘Oisiblé‘gffect'bn the resistance values (i.e.'phe‘effect was

less than 1 ohm, the limit of reéolutiqn-og the multimeter).
. ~ N ;\.' « .

.

N "_t: ‘s' "' .

4.3 TESTING THE»IMPROVED LOGG;NG SYSTEM R

Y The continuous logging'éystemlwks once Egain tested in
L 4 ! [ | ’ . ',\ | ! <

" »
3 €

o« . e Vo

. tﬁereby leaving us where wensﬁérted, with the ﬁdllowing very

-

(4

W
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the  UWO borehole in order to :evaluate the effectiveness of

the noise reducing alterations. The improvement in results

was -« dramatlc indeed. Examination of the raw data shows
¥

virtually no apparent noise béyond.t?e unavoidable round-off
error of 1 ohm. Out of a raw ;ﬁme series of 14009

resistance readings, only five noise spikes - were. recorded,
. ! . a

each less &ﬁhan'.lﬂ ohms. This can be Cbmpared with nearly

b
continual noise of tens and sometimes hundreds of ohms hwifh
‘ AT : @ -
the old system (see figure. X 1) . S

'Figure 4.5 presents ﬁhe"deconvolvgd gradienin préfile

from the downthie log (i.e. the log made while the probe

-t

was being lowered down the hole) at a2 nominal descending-

~-rate of 18 m/minl A comparlson w1th flgure 4 3 shows a

reduced noise level with the new system, espcc1all eVldent

°in the upper part of the log This 1s 'in sp'

-

he fact
-that. a shortér operator was used 1in deco
» .

gb maintain resolution at the higher (nearly doubled) probe

velocity. e

2
Figute 4.5 also presents. the results of an up-hole log

-

(i.e.. made while the probe. was being ralsed) made thh the

-~

improved system at a 1bggiﬁg rate of 25 m/min. Even though
:resolution has been somewhat reduced qompafed to the

‘ 9
down—ﬁgie log, due in part to the. greater logging speed, the
;curves are ' nonetheless in//;gdd agreement ' in o&érali

-

magnitude and form. An‘hp—hdle,log c%n serve at least as .a

rough check on the dohn-holé log, and in general one might

as well be madé since the probe must be removed from the |
. o : ’ . 3 : ’

n' ojler .

o
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TEMPERATURE GRADIENT (°C7km
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‘ ’ .
borehole anyway. The up-hole logging process .includes

several sources of error not found 1in down-Role 1logging.

Thé_ thermistotr tip.is at the bottom of the cqbl;\ﬁnd probe, 77

. 3 | T R . . .
and hence meagures temperature$s which have been . influenced

. . . . . ) ¥
by the temperatures of the apparatus. Furthermoré, the

'S

probe tends to stIr the water as it 'is raised, thus blu{ring
S N

the details of ¢the 1log. Finally, the water level in the

.borehole is altered by the volumetric diéplaceﬁent of- the
. - - N 3 )

€
. } -
& -

. probe and cable. /&hrs causes the water above the probe to

~ be’'raised into higher sectioys of the borehole (sometimes
' many meters higher) at diWNe “temperatures, tHereby .
: . ) Ed 0

~

introducing erfors into the measurements. ‘ .
~ iFigure 4.5 also® shows the effect of ignoring_ the
thermistor time constant (i.e. leéving the deconvolution

term' out of thé combined operator). In both the down-hole

rd

and ’up—hole cases, the un—deconqolved,cur&e*lacks most of

the fine detail:of the décoﬁvolyed:one, and is di%splaced in
3 - 1 :

the direction of ‘probe - motion. This‘ figufe presents a
. - " : . P
convincing stétemen; of the. necessity for aeconqpiutioh if
ﬁa;imgh precision and reéoluﬁiqn\ar; aesigéd,. ,’ o
: Degpnvo}ution of the» qua ﬁay also b;\ accompl kshed

through the dse of higher-order curve fitting techniques, as

2"(\Jmé;tioned in; €hapter 2. _Two different - smoothing cubic

., -

used to apply equation 2.28 to ¥he

3

spline routines were
-measured data, with no improvement  in results over .thosge

obtained u%ing the /ngb{ﬁbd»operator. éggife higher order

t?éhniqpes have twﬁzﬂiSadvantageﬁof being 19 to 109 times.

. ~> . "
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{ more cospI§ in computer time than deconvolution using the

combined operator (see Appendix B). o x4

{7 Figute 4.6 presents tyg*temperaﬁure profiles of the UWQ
boreholeg the incremental log,'rd; in 1966, from Beck and
Judéq (;969)3 ané the deconvolﬁgd.»continuous log run in.
August, 1975. Sigpg the two cu{vgg differ somewhat in fqrm,

especially near tﬁé'tdﬁ'of the bérehole, the temperature
bro}ile was épotfchecked in December, 1975, with-a number, of
. steady-state témperature measurements (plotﬁeq {p figure 4;6
as , solid girC1eS)- " Clearly, the increase™-in tempéréture
near the top of the borehble is éeal It seems ;feasonable
to attribute the /bulk of thhis incpease to a new bulldlng

thch was constructed near the borehole in ,1965. Thls

'building is roughly ‘15 meters by 40 meters, extends about 3

IS

meters belo%“the ground surface, .and is- sxtuated 2 meters
: L ‘

»
~

from the borehole. Represeﬁting the building by a sphere of
radius 10 meters located in .an infinite med1um as shown in
flgure 4.7, -\fhe following equatlon from Carslaw and Jaeger

(&959) can be used to give. an order of magnituffe estimate of

-

the temperd@ure disturbance: , *
: ’ ..

o} ' A

. ) ‘ Res . r _ R L}
(4.1) o ' A8 = — erfc[ - ]
: : . . T 2 (kt) ¥

W
_ . { S
where r is distance from the center gﬁ/the sphere
k is thermal diffusivity g

t is time (duration of the disturbance)
- : ' oo . 'S
GP.is surface temperature of the| sphere (relative to
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. A
: lower section of the boreholg camnot at present be explalned

Y
e

: | | 79

the éur;éunding medium. \)

A0 is temperature change at depth 7 and time t.

Assuming K = 9.9812 cm? sec”!

t = 10 years

o, =13 °¢

gives 88 = 0.72°C at depth z=4@m, and 40 = 8. 13°Q " at 60 m.
At depth Z=108 m the effect has d1m1n15hedoto AQ ﬁlﬂﬁl °c.

It is cléar,,then, that the bUIldlng cculd account . for

L]

- a change ‘near the top of the hole such as seen in fiqure

4.6. Undoubtedly the observed varfation of the. temperature

»

ﬂprofile with time throughout‘tne‘borehole is the resultant

~‘the observed temperature d1fferenc€j?%bprox1matel§ 0.06°C)

v

of many different effects. Thefl_

satisfactorily. * Beck (1976b) relates * thermal disturbances
J -

eased temoerature in the'"

»

. &S
at depth to ‘a number of inferred c11mate changes réng1ng

from 180 to 120009 years ago, 1n a computes simulation.

. Calculations along these -lines indicate that these climate

var idtions could account for no more than about ‘0;0510C of

3 (31 4

/
at 550 m depth Many other factors, such ‘as groundwater

. 1 »

flow, the effett of the well ca51ng, complacated return of

the borehole to’equ111br1um, and depth errors due to pulley.

. . s L. a .
slippage or variationd in pulley calibrat1ons and cable

%

stretch must be considered. Maximum accuracy in - the
. h

"temperature . profile reéuf}es that a  four lead measutlng

-

technique be used,- in o;éer .that the .lead res;gtance be~

" “

gelf-cempensated.’_Since we had only a three lead cable,athe

‘ ’ ’ ) O\ » . 5 N , ‘i )

>

[ ]
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four lead technique could not be used. * b

. b

' - - ' é . 80

“

Further study. will be required before a-reasonable
~explanation for these variatiqns in the temperatfure profile

withvtime can be proposed. 6% primary importance here 1is
the: excellent. agreéhehf‘BefQéeﬁ!the Eontinuoﬂs-lbg and tﬁ%
.iﬁcremental spdt-check readings.
- . ‘ ¢«
4.4 THE OTTAwA BOREHOLE
P ' N : ) :
At this point in the ' project it daé‘ decided that

"valuable énformation might be gained 1if the éontinuous-

\\logging'system were to be tested in oné or more boreholes

- which haye(been Jogéed electrically. Efforts were made over

fﬁéhths to locate and gain access to

)}

a period of ‘several
bereholeg of this ‘type in rsogthegn Ontario. Due to a
qomb}natiqn‘bf sgqﬁ@%ly_eif’%ced pl&gging requlations and-
éonsiderable bqkapassing' by both industry and the
provrncial government, these efﬁorté‘ proved lfruitle;é.
Access . was gained, however, to the 600 m water—%illed

borehole on the grounds of- the ﬁohinion Observatory in
. <y °

Ottawa. Aithoggh' th{f hole has not been logged . for

-

electrical resisﬁivity, incremental temperature gradignt and

thermal resistiyity profiles have been compiled {Jessop and
- o y . .

- Judge,. 1971), albeit not in such detail as the ones for the

(WK%h@}g.' The Ottawa borehdle is cased to a depth of 334 m;

-

‘the upp#r‘ half of 'the hole passes  through Paleozoic

sediments while the lower _half _penetrates into the

Precaffbrian. -

Figure 4.8 shows fhtee continuous T-logs of the Ottawa

-» .

P




: 81
- . N

L)

TEMPERATURE GRADLENT (°C7km)
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. '(2) Up-hole log, 18 m/min , L
_ . (3) Down-hole log, 9 m/min, hedvily smoothed -
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~ . AN _\
Sorehole, madé with the improved logging system -in October,
1975. Cugve‘l is a down-hole log run at 18 m/min 5ominalf.
Curve 2 1is an up-hole 1log run at approximately the sam

\

speed showing considerable disagreement in detail with 11)

. especially in the lower part: of the holé. Curve 3 is

.down-hole log run  at‘ half the above speed, or 9 m/min’

(nominal) . This curve has been produced by a combined

opergﬁor roughly twice the length of the one used to prodjce

(l).&%&hus yielding comparable amplitudes 1in the sharper
A

¥

majorh?eaturés, such as the double spikelat 225 m., This was

done so that (1) and -(3) could be superimgﬁged to give (4),
which gives a'good measu}e of the repeatibility of the .
improved sFE?%m\ " In this case the. appére%t mean
repeatibility (evaluated over two runs) 1is getter ithqn o
iElSOC/Eﬂ. A good indication of resolution can be obtainé;
from a study of!the shgfper featU(es of . q&iyeé l1 and 3
(¢€specially in the prsrredhction'form'of this figure). The
apparent‘rééolupign_threshold.at a lowering rate of 18 m/min
is - on the brder'pf 2 m (£i§m’curve 1). From this’it may be
reasoned that the resolution threshold at a logging speed of
9 m/min should be on'the order Bf 1l m, all else being equal.
Curve 3 was obtained at 9 m/min, but has giéen héavily‘
smgothed so thdgsit might serve as a check on the log made
at fﬁ?tervsﬁegds._ . v . .

‘”: The performance of the "up-hole lég (cu;vé) 2) can be

eéaluateb by. comparison with curvéld. The up-hole log is in

good agreement with (4) in the upper part of. the borehole,

)
® ’ - - ‘
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.a ooy . . ) -
down " to about 208 m. Below this level “the quality of the

"up-hple leg deteriorates somewhat in detail, although the

"’ . : 3 v -~
ovegﬁll ‘form and magﬁitude is' in reasonable agreement. The

sources of error in up-hole logging are discussed in section
' 3 . ~

4.3.

’

In fiqure 4.9, curve 1 °‘is the incremental thermal *
resistivity log based on Iaboratq:y measuremenﬁs on core’.
« k) r

- ' $
material (Jessop and Judge, 1971). Curvé 2 is ‘the "9 m/min

4

continuous  gradient . log (the same as (3){@n figure 4.6).

. , .
Curve 3 is the incremental temperatyre gradient 1log, also,

- from Jessop and Judge. Again the fundamental agreement 1in

the éhape of EheAgradient log and the resistivity profile is

_apparent. The upper part of the T-log (above, sqy'IEQ\:;’dA
shqws distortion due to surface temperature effec¢ts, "~ T :

]

igcremental gradient log is in good agreement in magnitude
and ovérgil fdrm with thg cdntingous log, with the obvious
exception- of the peak at about 160 m. This *~ peak 1is
attribuﬁed to groundwater flow, and:is knogn to. vary with

time (Jessop, 1975). Clearly, the continuous log contains

v
.

normously greater meaningful detail than the incremental

rofile. For 'a 608 m  borehole, the continuous profile

regliires on the order of one hour logging time, "while the -
] 5 Al .
incremental profile, even for the grude resolutipon seen in

¢urve 3, requires several times this figure (see figure
1.1). )
Figure 4.10 preseats two temperature profiles for the

-

Ottawa borehole. The increméntal log was run in January,
» . ! -

- _ /

~ . ? ! »
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FIGURE 4. 10: Two
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- T 7 7.7 1968 (from Jessop and Judge, 1971), while the deconvolved
’con;inUOUS log, @dg’run in' October, 1975. Tha saﬁe.ﬁarming',

'_l 4 - P .

- L L . .
- . of thé,upper section of the borehole seen in figure 4.6, 1s

\\

found - in afigure 4.1p for the Ottawa borehole, as -is the

s’lght decrease/in temperature in . the lo.er part of the

'bogeholé. The presence of nearby buildings (consider&bly
older than in the UWO gasei andqtopbgraphic_effects{.as‘Qéll

- B o

as - known - water- flows in the upper part of the borehole

complicate matters-cons'iderably As in the case of the - Lﬁ )
fgihole, greater study w1ll be requ1red beforé(g,xfasonab

vy
~

explanation for these variations can be proposed.

- . 4.5 CONTINUOUS GRADIENT LOGS‘AND THE GEOLOGY .

° M ~
s

Geologic ldgs are avallable for both the Uwo and Ottawa‘
boreholes, ‘and these. wxll be presented In th1s sect1on,

along.with the T410gs of these'ﬁoles. The qeoloq1c lég for

N
the Ottawa borehole was’ ogta1ned from Jessop (1975), and ,is

shown in frgure 4.11, Also shown-in figure 4.17 is' the 9
anin "gradient %ﬁg, which'hgs been smo¢thed.yitb a shorter .
R operator than' that used for curQeJaB“iho“figuréa 4.8., Tée
" lower section of this béiéhole_(beldw about“34ﬁ m) is in the
Precambfién, characterised by a fairly uniform! thermal

o : ) |
. ‘ gradient of about 15°C/km. " The upper <portion -of the

borehblg passes through several sedimentary’ formations,.

‘ipcluding tRe . Rockcliffe, Oxford, March andiepean.' Tﬁé‘

v - . e -

- " most striking correlations between the T~ldg'and'£he éegibgyﬂ' '
.0 are found ip the Rockcliffe Formation, whefe three thin (2

to 4 m)'shaly layers are interbedded ' intd the sandstone.
o . "' 5 " . .}

° P - . >
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. .o geology fo;r the Ottawa borehole

.

~a

Compar:.sqn of the continuous T-log end the



These are-marked 1n the T- log by sharp p051t1ve peqks Qn the

[
reglon . Although several other apparent correjatlons wlth

'vthe geology can be seeh . in flgure 4. 11, in general thea

geologlc_klog"is 1nsutf1c1ently comﬁlete to allow detalled

evaludtion Oof the- correlation Jchroughout the ~ Ottawa

. [ - .
borehole. .

R An.extremely jetailed geologic log is available for the
. . . o R ,

-UWO borehole’: “.This work, by Upitis (1963), is a

o -

‘order of Q C/km greater €han the amblent gradient in thatc

meter—by~me€kr descr1pt10n of the core material, 1including

3

estlmates of percentages -of secondary materlals 1nc2uded in

the ma1n r&gk type. in“teach" sectLon, as well _as descrlpfﬁons

of 1nterbeds and lamlnatlons down -to a few-centlmeters "
= L 4 ) - — o

El L

IM'

thicﬂness. of. gpurse, “a T- log obtalned at a logging ' speed

of 18 m/min 1s unllkely tOﬁ reveal detalls of geologlc

features a. few centlmeters thlck but the fxne detail of

’ R *

th;s.;~geologlc*4 lég is - nonetheless«wnseful; It allows

q&albation.of the reSponse of‘the T-Iog not- on1y~ to 'shatp

Prad

.and’ gross geolog;c changes, but alsq to subtle trends in the

11thology ('as, say, a dolostone WLth shaleunterbeds ‘grades

into -shale ‘with, dolostone 1nterbeds) Flgu%f§4°12-5h°"s a

'geologlq ‘column for°the UWO’ borehole,'lllustratlng the main

- K / .
features. Ce?fQSn correlat1ons with the Telog (curve 1 from

LY

_figure 4.5) arefimmediately apparent at this,scale. Working."

-.° : AT U T : .
from . the top of  the borehole’'down, some of thése will-be”

B
descrlbed brlefly ~'\. . '

_The carbonates trom 180 to 2lﬂ meters are, chafacterised:

-

P
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'accugatély in the gradlent prof11e'near ‘the center of ‘the.;

_ , . . ¢ ~ _
by - a fairiy ;piet and unfforn'gradient‘profile°of abohtt
SOC/kn. ‘The gradual';norease in gradlent ﬁ:ii%i" o SQC/km‘.‘
: the top of this sect1on can be attr.ibuted’ to surﬁaceg

temperatufe effeots. At a- depth of approx1mate1y418$ m Zhe

v -

tran51t10n from Devonlan llmestone (BOIS Blanc Formatlon) to
Sllur1an dolostone (Bass Islands Format1on) 1s marked by ,a

small but d1st1nct drop, “in the gradleht of approxinately

., . h

l C/km ' Examlnatlon of flgures 4.3 and - 4L4 conflrms +this |

drop . i . . * . ! . ’ . . \ . . '—j ..
The Sallna Formation is. composed!-predominatefy of

dolostpne,' characterlsed by gradxents on  tHe order of
h - T

SOC/km.- Throughout the'Salqna, 1nterbeds of anhydrite and.
N . [}

shale occur, characterlsed by p051t1ve,peaks of to ¥57C/km

4.

o N Loe '

_ above the. ambient grad1ent The degrée to wh1ch ‘peaks of
this. type represent the actual grad;ents of these 1nterbeds.
- depends\on the thickness ‘of the ‘1nterbed relatxve .to the

- . 3L . . \ * L. .
combined: operators length. Assuming a lowering rate of 9

s

©

m/min, a sample interval of 2.3/ seconds, and’ a combined
operetor length of‘h49' points, then the combined 0

will be effectively Z'neeers’long' in’ space.' Any

' . , ’ . ) . o°
whith is ~at least 2 meters thick .will, be repre

'”;bedil with the_ edqes of the anomaly being somewhat rounded

-

(;éeali‘figdre 2.12). A‘stratum_sagnlflcéntly thinner than

‘2 _meters ';_‘3this'case will be repres ted in the gradlentt

.proflle by a ‘cosine. bell shaped an maly,~ which will be

broader at ‘the base than the act ) -1&}erbed, and reduced

[ T _' -

<

-




sqpewhat in magnitude from the true- g?adlent.

The Guelph- Lockport Group' \bns1sts A primarilf of

R

doloszpne with a small'émount of very th1n shale 1nterbeasu

v A °

The gradient throughout th1s seeﬁ;}n 1s qulée unlform, ~at‘

about‘S C/km). ' ' ’ . Co SN .« -

™~

! h

\ and Jcarbonates cause ’\}etlnct correspondingéechengeS' in: |

gradlent. The greatest gradxehts occur 1n thls 'sectlon. of

.
>

e the borehole, between 4401and 459 meters., It is unfortunate

A R o

that the well'ca51ng ends at 441 meters, in a region ‘having
LN .

vlry laﬁge, sharp changes in gradient.’ﬂff-the casing ended

la quiet-seétfon of the borehole, it would be possible to
eyaiuate the effect of the casxng on the gradlent proflle.

%f11m1nary con51derat10n. mlgqi suggest that the 1sudden

'y

increase in' gradient at -about. 440 meters is due in large
>

parg‘{o the -ending of the casrng, but examlnatlon of the

=thermal >e51st1v1ty profx
. ., ¥
this is not the case.

re 4.4)-shows clearly that
¢

: 1 - . NI Y A
The Queenston Formation:congisys entirely Yof shales,
- - . Co .

BmostAY'reddishfbrown, with some grkenish grey typés nearvthe

top;. Thls format1on is characte Eﬁgg by grad@enté of 18 to

18! C/km. - e | R
The gross corr‘latxon between the thermal gradient ,log

. S, -/
and the geology is’ guite good, and therefore a more detaxled

dlvided into three sectlons: 'thee

- b

5% meters has bee
’ Y

’ ~

/In the Cllnton Cataractlgyoup; the 'aiternating -shales

’




’ 4 !

are preseknted o i\!?figures 4.13 = 4,15.  AllL of the ‘-maj'or
trends'hnd changes in‘the lithology along the, borehole 'are

descr*bed in the deologic columns. Study of these three
o :

figures ‘reéveals . some very. interestlng f;ne—scale
* < .

relatienships betwegen the geology and the T-log, and overall’

\\igfﬁ\\zhe correlation is excellent. A detailed description of

.these trelationships would be tedious, and would offer little
! . s A

~F r

'that cannot’ be ascertained fiom -examihatidn of, figures

4.13 - 4 15. It is 1nterest1ng, however,'to note several of

the aner scale geologic features whlchocorgelate well thh

the T—log Among these are:

(1) " The anhydrlte bed* at 2s>7m (8.7.m thick)’

A}

(2) The shale~dolostone—shale sequence‘ at 266 m “(the

dolostone beihg’ 6 3 m thlck) j : J

-

“(3) The shale bed at 268 m (1.4 m thick) I
'(g) The antydrite'bed'et 335 m (1.6 m'thick)'
(5)° The ‘shale stratum at 355'm (8.4 m- thick) u~;}
. It should be empha51zed that eacb of these events ca
found,’ not only in the gradlent preflle presented in flquré%

~¥4.12 -"4.15, but in each of the contbnuous profiles shown in
> v ! . - _ . ‘l e . - . ’ v
figure . 4.3" as. well.. " Obviously' ‘these -are‘ not spurious
borrelations. oY >< S . -
* -

Another intetest1ﬁ& obsetvat1dh _is'kthati alfhough ‘a

-

detabled descrxptlon' of the Quaenston shales 1s glven by,

.

’ﬁbpitjs,.the'facies chenges in ' this iormatxon (e.g. from

R reddish-brown ‘to-greyish-gfeen shale) do not appear to line
. “ ' - - A

up with the larger - variations 1in gradient. This would
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indicate that the thermal resist}vity through this formation

- ) < ' € .;'
varies with .some physical *parameter not considered by
ve - “ : - ) .- .
Upitis, possibly porosity. Section 5.2 presentsta general
° - \ L) ’ - -
discussioh  of the relationship between porosity and ~thermal

o
B

resistivity. ) ' o .

-] * . ' N [+3

It would be difficult te cite aORrecise figure [for the

.resolution of the contipuous gradient logging'system under ;

. v - . ° . ' ', . . ;
alY - conditions.- The <;ébryelationé seen . 1n , figures

. X . . -
4.12 - 4.15, hpowever, allow an emplirical estimate  of

resolution to be made. Assuming that electrical noise is
'D

not a considerable problem: (as it was for us Qeforé the -

1ogging°system was imﬁroved)'then itgcah be st;ted }ﬁat an
isolated stratum  of signifiqanily contrasting ’fﬁermaL
resistivity (as, say, a dolostoqg béoa shaie{”of _thfcknéss
approximately 8.5 =meter{ separated from o;hér sﬁgpificant © e
changes in\fitﬁoIogX. by at 1e?sl one combined~ operétor
length, should be chérlg detectable ét;a'agggang rate of 18
. C— %

o . .

m/min. An alternating sequence of thin_ strata (say, <16 — --

b
u e !

. . s
half-meter layers of rock tyfe A _interbedded. yith 40
half-meter lavers ofxfcck'bype B) will be(pharadtériséd by a

fairly - uniform gradieat profile of magnitude intermediate

°
s

between the gradienﬁs characteristic .of A and B alone. - The
[ 4] . o ' >

individual strata would not be well resolved. _More subtle
. - 0 v

3

-changes in lifhblogy would of;cou}ge‘ohavq to exteénd over

longer depth intervals . in order to -
. . ‘ ] . . ©

detectable, as
exemplified by the ﬂSilurian-Devonian‘

. s
terface, in figure,

4.12. In this case the, gradient contrasgt is on- the order of
a [+

@ ¢ = . ¢ . L4

[ A]




-

. o ‘
& 15%, yet the 1nterfaca is quite clearly 1nQ1cated Thus,

e under. the cb‘bd'lt1ons glven -above, 1t is reasonable to cite &
- . %4 -
\resolutxon of 9 5 meters or better for a-thermai re51st1v;ty
. 7. o . T R
contrast af . SGLIBG%, q;creasxng to a resolution of several

meters for a thermal :e31st1v1ty,contrast of? 10-15%. -




-interestﬁng or important features of

- - . . -
! . ' _CHAPTER 5 =,
® - ,
A . . ) )
. . \A' .
. . . APPLICATIONS - - S
0 \ <z ‘
» 2 ~~ . 4

In general it may be argued* that, all other factors
G v

'being equal, any scientific measur?dént should be made as

ptecisely and ‘accurately as poSsible. In, _the. case .of

'thermal logglng, the ~expense and dlffiéhltles 1nvolved 1nf

-

reaching and logglngﬁa given- borehole are generally great

= : / . . - c\ -9 '
enough to justity maintainming. mafimum precision 1in the -

logging process, especitlly when such precision reguires no ~
N ,

mor®, and Often conside?ébly less logéing time. Theffpoor
N - 2 . o '

resolution o# COnVEntional thermal 1logs might . hide some

- s

the borehole.~

. 4
[

f~_ . .
Furthermoﬁe, shoul& 1ater stud&es requ1re greater resolution
N -5 i- -
thah ~avar1ab¥e with cqnvgntlonal temperature or gradient
profiles, ity would not be netessary te retufn to tBe’

« &

boréhple '(rﬁu\gdndeed, " it ’had not been gealed) and logoit
once aga1nn ' -

Naturally,'the above argument .must be tempered by the

realization’ that the more compllcatéd equlpment used in the -

¢ontinuous logging process is’ mﬁwe expen51ve, and probably

4
’

more likely t97 break down than( the simpler types of

A -

eguipment in general use today.

H v

B

.,
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- 5.1 TERRESTRIAL ,HEAT FLOW

-

o The ‘basic techniques of thermal logging ‘for tefrestnial

) ‘heaf flow | work are presented by Becks (1965). 1In general, ‘
LA . : . .

"incremental temperature measurementt are made at, say, 18 m

3

. interVals,.'ﬁsin%;Qa Wheatstone - bridge  apparatus ‘for the
actua} th;rmisﬁor resistanqe_;eadings. ?his is a slow and
tedi;us proceés, and produces.rather poor fesolution (see%

;foiQUQe 1.1). Ne#t, ' laboratory - thézmal copductivity ’

measurements are made on core material at intervals along’

>

3 - .
the borehole. The product of* thermal conductivity and

temperature gradi®nt at , a given gevel in the borehole (in s

-

[

the abéence'oﬁ disturbing ﬁactérs such as groundwater flow -

or surface temperature effects) is a measure 0of the heat

D

level™ a plot ‘of heat flow .values  at’
> . l A .'./ ) R = 3
various d hs is the heat flow profile- of the,borehole.’ )

flow across that

The continuows logging system may be\of uée in several
¢ - " 1 | - <
< ‘ d fad
ways in terrestrial heat flow applications,  First, it

1
-

v greatly reduces: the tédium of the,maétual field workh.
e . . EN P a

élloSﬁnq bbgéholes to - be logged rapidly while yielding
gradientvprofiles of,excell%nt "precision . and re}iabil%ty.
Sincé the Télég is continuous, it ailqwé‘the correla;ionlpf
thermal conductiQEty resufts=witL the associateg temperature = ¢ .

~gradient at the precfse point along the borehole from*which
‘ L . .
each core sample was taken.. In addition, the continuous

c s

T~log may .- be- used - és. an . aid 'i¢ the selection of core .

. : . \ i - N ‘_ ". P ° .._‘

— B . maéerial\upon“wh1ch the conductivity measurements are to be
: ) R ’ . . .
- ‘ made. Examihation of the continuous

° 3 [N

gré&dient pnéfile:ailowg "
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5.2 STRATIGRAPH IC uCORRELAT’ION

e 4100

- . . »

~

selecfion of samples whicb are . more elikely ”to' he

represéntative of a giveh section of “the borehole than

samples which are chosen at random or aat equal 1ntervals

along therhole. ThlS could prove to be an. meortant factor'

LY

in improving ‘the rellablllty‘of_heat flow,determlnatlons.
The prototype contlnuous 1ogglng eqplpment 1s. somewhat

leas portable than the 1ncremental equ1pment commonly used

"in heat flow work especlally because the systdm at preggnt

regquires- a generator oroother AC power source supplylng on.

® <

the order of 1089 w prlmart&y for “the motor ‘drive.  If

consldqlable back-packlng; of equipment “is . 3" routine
’ ’ © . .”\-

necess1ty for a g1ven research qroup,' it should’ not be _

1fj1cult :to modlfyk the equipment des1gn and 1mprove the

v .t c

portability of the system cons1derablya; cLr oo

&
-»

Y

) Slnce the heat flow along a borehoie rarely changes by |
moue than Zﬁs from’ a mean value in- the absence of dlsturblng R
«d

factqrs such as heat sources end= slnks (Beok .and Judbe,

1969), and' since° the? thermal gradlents are app{oxlmately

[

proportlohﬁﬁ to the thermal reslst1v1t1es of the ﬁormatlons

'under these condltaons, it follows“ that - .temperatdre‘ﬁ

gradlent 1og 1s generally a good approxzmatlon of a thHermal

~«'res\ls.t,wn:y log. : Althoﬁgh successﬁql »use of temperagure

7 é

- logs ”and temperature -grad1en€ logs for; stratxgraphlc“

y ¢

orrelatlon has been°reported by several,awthors (pr, 1963;

Kappelmeyer ani/ﬂaenel, 1974- Beck, 1976a), the progress of

-
~

research in . this area has been greatly ampeded by the 1ack

, ¥

.O#

3

°

N . .
. Lo i o K .
° . . .
"o . - . ) to .
- : . s
»




of sUEprient precison and resolution in‘the logs. As with ‘

>
v

most - types - 0f well lgg, the T log max be used . 1n a purely

“emplrlcal manner .for correlatlon between Several boreholes
in a given reglon. ?Certaln. 51gnatures or characteristic

wave forms along the lods may: be agsociated. clearly 'with a

-t given geologic formation, and can-ée used reédll? as markers

- ~on. each of .the °logs. Smaller .features may then be
. ' . . o {( . .

correlated in .this same manner. o \

14

Thermal gradlent logs hade several‘ﬁiawbacks forfuse as;

. a correlatlon tool. - The frrctlonal heat released in the
‘.. . i } .
' >, drlllrng process, and  the coollng (or warmlng) effect of the

o - _”circulated drilling fluid alter the temperature profile of

.o the borehole. It is neceSSary to allow at least a few days

E o after. the "drilling has stopped,” and: preferably a few
. drilling‘periods,' for the ,borehoie~-to approach thermal

. R . . - . [ ) ’ | .. |
a © equilibrium before* .the log is made "(Judge, 1972).

v ‘ " & 0 & < -

. Convection cells can sometlmes 1ntmrfere wlth the precision-

of the T- kog. espec1ally in large diameter wells.
.Thermal logglngaoalso Qas Jseveral advantages as a

correlation tool.C Thermal logging probes require no contact

N w1th°the borehole wall, and thus present no contact problems

th soft format1ons where p1eces= of ‘th wall ‘may have

o

o

‘"* N crumbled agzay.° Thermal logs are’ not ‘as str ngly influenced

e, . 5 °

- as e1ectr1ca1 logs by near-hole phenomena, and may be run 1n

- c - cased boreholes w1th little loss of resolutlon (see Chapter

“
© [

/
4 for examples) S

°

c

Becb (1946a) invest1gated the applicatlon of T-logs tows
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o

stratigraphic correlation in comparison' with electrical

res%stivity logs (B—logs) from several holes in Australia,

cHe-found a strong inverse correlat1on between the T-logs and

- the E~logs (the latter hav1ng.been~ smoathed so Fhat they

might be compared: wlth “the less . detailed incremental

T-logs). Figure 5.1 shows‘otbe complete electrical and

\thermﬁﬂ g;adient‘ logs for  two boieholesu' clearly

“0

demonstrating in both caees thé ‘mirror image’ relationship
between the two logs. ‘Although he did not attempt (;
explain the ‘reasons for thigaphenomenon,” Beck states that

the peeks showing-strqné pdsitrye correlatidnc(such'as the

one ata approximaéely ‘490 m in the Euthalla 'hole) @re

~

apparently dkagnostlc Qof. toal. seams or coal béaring strata.
l

Beck further demonstrdtes the ut111ty of thermal .logs in
stratigraphic correlation by using thepPleasan; HilIb'T—iog
. | Y o h o
to correct a horizon (the top of the Hutton sandstone) which
. o -

was apparently mispicked g¢n the basis of the Eélog.

It is beyond the:SCQP&sof.thé present.study to examine

c

the ’rélaxienshipé‘ between T- logs and E- logs in deta11 and

“e

“to develop a acomplete 1nterpretat10n theory for the

. .

appl1cat10n of T-logs to stratigraphic correlation.v Hutt
A Y

and-Berg (1968) COnsidered in some detall the relationships,

betweer -thermal and  €lectrical conductivities of

consolidated sandstone .rocks 'andJ oceah sediments. Their

results w;ll.be dlscusseﬁ briefly here., )

The work of HUtt and Berg is based on the premxse that,
for a givep rock at&pe:\ bath the e}ectricaL and thermal

. . 3

e
>e
- -
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COndUCtIVItleS ate’ more Sen51t1ve to vaxlat1ons in. p05051ty

’ - °

*(and hence 'water content) than to varlatlons 1n thé soIid
. Cwy

constituents. - In general the mlneral gralne present ashouif~—

[y

.have a considerably lower electtical conducthv1ty than_tﬁe‘

- ¥

. L £ e . . C. s
.. (impure) water. in- thle interstices.  Thus an- incredse in.
v A . Py ‘D

- : . AR . .
porosity is. acceompanied by an increase 1in elegctrical

conductivity. - In the case of thermal conductivities, moét‘

minerals have a significantly highet conddctivity“ than -

x . “ . L} 3 - s -
water .. -Thus, an increase in.porosity is accompanied by a
- N ~

decrease in’thermal conductivity. Hence, a general inverse

.

{elatlonshlp between electrical and thermal conduet1v1ty is

1
\_:

predrcted ’Obviously tQ}s relationshfﬁ“sbreaks down as

5
T e
<

o

. pcr051ty,approaches zéro.
Hutt and Berg consider a number of theoretical: model’s

for  the . conductivity. of rocks, and compare varjous

o

. \
" " i . T e s, »
ethbit considerable oscatter» ‘especially the results fof

consolldated sandstones wthh4 belng less porous than the

- -

ocean sedlments tested, do -not aqree “as well with the

P/.._,,/-""_"T“"'f"’_theory‘. ;'Nonethélésé,“ the einverse correlation can be

N . - et

observed. ' Pigure 3532 *shows this. gemeral increase ;p
. M . ’ - 3 . .2 -

. N . :
"electrical conductivity relatdve t? thermal vonductivity for

+ -

1ncreased volume fractlonxof water content (perosity).

Y
.

o~ L4

] sandstone? Thermal conductivity in general stlll varies
, A :

f/ i ° .

wlth por051ty (Huang, 1971), and the 1nverse relatlonsth'

3

ubetween por051ty and).the “ratio of elgcttical to thermal

»

. . compinations of these ‘with experimental data. The data .

e What/gbout the .behavior of rock types other 'thén“

-
-

»

{
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conductlv;ty shouid stlll hold Thisl‘relatiQnship; becomes
more' ,compllcated ih rocks sthat aré{,i@ss 'porous than

o

sandstones, and thus more’ sen51t1ve iE@“ variations in "the

- %

thermpal conduct1v1ties of the q@lidtconstitoents; A further

e *
coa wp v 7 ¥

'’ complication is caused ..by the variations in electrical

4 B
. 5

~’qdhdu ivity with concentratiop of free ions in the ground

. . » (A * P
v /

‘waters, especially - in carbonate rocks, which are more

";susoeptiﬁle “4to.” Solution than sandstones. "Thermal
* . IS N . ' .

-
>

- "‘ . - . . ‘ ‘ : t, . . N ' .
¢onductivity” is’ i:ii;}kallz;/unaffected\ by 'variations .in
ionic coﬁbentrat' 7 Sandstpnes tend to be texturally more -

-

homogeneous than other rock'types,'an& thys present :feberal'

~probi€ms ‘1n'1nterpretat10n Gf well logs in general (Wyllie,

Lo Y ' - -
1960) . ~ ' ’

Y ' . . ..l )
It; is apparent .that ‘tha. potential‘ appl1cat10n of

contxnuous temperature logglng to strat1graph1c correlatlon
a
is a subject deserv1ng -further ;4nvest1gat10n. ) A greater
. . % - -

understandlng must be devélope? of the factors affecting

v

thermal conduct1v1ty of ‘rocks ih - situ, as well as the

relationships ‘between T-logg and , E=logs, -at’ least in

empirical. terms. 'nfortunate'.lyl," we “were . unable .to galn'

access in the course thls pro;ect to boreholes wh1ch had

been logged electrlcally. Sucb studxes should- prove Very\n
L3 *\-

1nterest1ng mow that cont1nuous T—logs of high. prec1s1on and

resolut1on can be obta1ned. It 1s qu1te poss1b1e that the -
L 4

-

eXtra expense involved in buildlng a. thermlstor package ‘into

the front of an electrical 1ogglng tool will. be offset by

thel addltional informablon obtaxned from a_ 31nqle logg1ng

.
PR
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5.3 ENGINEERING APPLICATIONS
;f In général, the continuou5°logging system can be used
ﬁn’: any éppiicatiOﬂ for ,which' other thefgal - logging

.
. . :

: techﬁqgues’ are prqsently useéd. ‘Continuousu'v duang\\‘\1
Q . - . "
) temperature logs are routlngly run in tHe petrQleum industry ‘
. { Y
--for g.various -~ engineering ° appl1cat1ons. ‘This’ logglng

technique 1is {inherently as fast as the syst;?/developed in

" the present..prdoject’.. It suffers, ﬁodéver, from the built-in -
; : , » . '

3 imprecision and  lLack, of resolution’ common to analog

-

techniqueé (as opposed to digital techniques)} and bontains
no provision for deconvolution to cqmpensa’e for probe
responSe. \The output 1s generally a .chart recorder plot of

temberature Versusﬂ depth .wblch.,ls\far’less sensitive to

’

subt;e_thermal effects"tﬁaﬁ'thé‘ detonvol&é& .gradient ‘'logs

~ N N » N

produpeg ‘by the contlnuous dlbltal gystem, "Anaiog gradient ’

- logs are . somettme$ obtalned, but these also . are not

' deconvolved; and henceﬁ:re‘ta r%gtc;uﬁé. : o _ ’ .
’ Tuéi temperature log i _'uéeé“.for \ghécking various
aspects of the cementing of. the welltéa51ng Thé‘oeuent
" ‘ used between well casing and the surgounding rock xeleasé$ )
heat asﬂ‘iq~ sets. The heighﬁﬂbf fhe‘cement top, and’local -
i N conceﬁtratighs of cement in ¢h$hﬁe1éf i;u the rock may be .

Y

located by?aﬂtemporagi_iggreaéeain~the borehole temperature

. in such regions. If the cement ha?-becohe contaminated with

€ * .

dr1111ng mud while bebng 1n3ected, thls‘temperature 1ncrease

Ad

- ~ is generally reduced in’ magnltude but extended over a
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s, c

greater ~time interval. Gés_ under high pressure escaéing
into a dry borehole from a producing formation expeériences a
"~ significant éressure drop, accompanied by a consequent'drOp
in tempetature. It is often possible>§o locate such zones
of 'gas ‘ngnfry by a 1local decrease 1in -the borehélé
temperature; Similérly,'temper?ture logs may be used .for

locating channels through which liqﬁids enter the boréhole,

- “‘ .

for locating zones of lost circulation in drilling, and for

checking the effectiuveness of such engineering techgiqués as

artificial fracturing and acid treatment of the country rock
'(Kappelmeyer ,ana Haenel, 1974). Once again ‘it mﬁ?Jbe
asserted that a logging technigue offering better pféciiion

- and, resolution -allows greater “confidesce and reliability in

the interpretation of results, and may lead to developments

»

Ralt ‘which are at present unsuspected. s ’

’ 5.4 OTHER FIELDS OF RESEARCH <
Finally, the continuous -Yogging system could prove,

. useful in - many diverse fields of stady. The'in-situ stud{
4 ' .
* of the thermél properties of rocks, monitoring the return t&
equilibriu; of boreholes, permafrost spudigs .in Arctié
regions, physical- oceanographic research, épd studies of
groundwater hydrology and pollution are examplés of such
- t l poténtiél applications. It ig difficult to draw conclusions
abougésuch widely varying research a}eas; and each case must
be considered individually, bearing in mind the ?aavantages

. @

and disadvantages of continuous lqggjng discussed above.

.
v - '
- R 4
. , r .

~
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CHAPTER 6

N N )
DISCUSSION AND CONCLUSJONS

A J ' <

6.1 LIMITS. ON- ACCURACY . S .

v 9

In prder to evaluate what has been achieved 1in this

<

project, and to indicate areas where the ¢OMtinuous 1ogginga,

N

Equipment and technigue can be improved and furxzher
developed, a dischssign of the factors limiting the
accuracy, precision and resolution of the method is in order

at\EEis point. Begdinning.with the temperature log, the main

o

factors limiting,thé accuracy of thev9egohvolved temperature

°
@

profile rare: : i , o -
(1) The accuracy of  the thermistor: cé}ibration

~~ (resistance versus temperature) -

’ s .

. (2) The accuracy of the resistance readings

Ea‘ P o;

(3) Self heating of the thermistors

© . ., - v P
(4) _ Errors in probe time  constant determination,
“ including deviations -in-form between the true and assumed’

© -
'

probe step response’ o

. (Sf"Thg uncertainty involved in m&king any physical

. 2 \
g me#}r ement . ‘ : .

The accuracy of theitherﬁistor calibration is a problem
S common to call temperature'logging techniques Which.ehploy

-

-
x

P s




.

thermistors, apd hence need not be elaborated: upon- here.

o

Appendix B outlines the célib;atién techniqugs which we’u%e.

The main 'E:;tor affécting the accurac§ of  the
resistance reading (besides the quéliéy ofothe multimete;,
whiéﬁ should not be a p}obLem with étate of the art

equipment) is the measuring technique used. In the four
" A ] “ . .
wire .technique (separate pairs of wires for the test current

and - .for sensing) the resisganc is measured immediately at
' . }
the’ lead.. Thus, the lea [ esistance is automatically

o
~

removed and the digital meter registers only the thermistor

- resistance. In our case a two wire measuring technique was
. r

©

used’ singe‘we were unable to obtain a four lead cable which

was as noise free as our three lead Caﬁle. In this case

lead - resistance must be subtracted from the reSistance

readings‘before convgrting‘ to 'témpefature. Although in

theory this should be simb;e, in-préctice this tecﬁnique
°© .

simply is notdas accurate as.the four wire 'technique due to

the effeah\?f many small sources of error {e.g. temperature

- - ¢ » - .
coefficient of resistivity, slipo- ring resistance

o

variations); and due to the impossibility of monitoring ‘all
. ° T . :
. y .
of the lead resistances during theoexperiment. Hence, the

c

four wire fechnique, " which . is reccomdnded by most

manufacturers of precision-DMM’s, should “ be used ﬁhenever-

r

possible. ‘

v i

Self heatihg of the thermistors is Joule heating due to

‘Jthe:‘cur:ent ﬁassing through thém. in*géneral,fthe hiéher

o

the current or the'"laréer the' thermistor dissipation

- . ’

1"



] ) a
constant, the greater the problem. This proBlem can be
minimized -by using more thermistors in parallel an@d by *

calibrating the probe under cpnditions as near as possible

to those encountered in the field.
‘s . " P -
Deconvokwing the data with gn erroneous ‘time " constant

will introduce errors into the‘temﬁerature'curve. If the ’
°assuméd;time constantfis too short the deconvolved curve

) LY . iy ’
will teénd ‘to lag the actual temperature profile (althdugh,

- .

not as badly‘as=incthé case where . the time constant is

~
- e

ignored altogether).. If the assumed time constant is too

=) s @

long, the deconvolved curve will ~ overshoot the actual

- - ‘\\\>‘
temperature -—curve at .changes 1in gradient, %nd in- general

-

will “lead” the actual’ profile. Accurate prdbe time

.
- -

'congéant depermiﬁation is péabagly more imporéanb for
'Eemp ratu;e é}ofiles than for gradient . pr files.' In.
general, ‘the probe szepunespopsé should be measured unde;
conditions as ne‘a{rly like those encquntered :1- the bor:eho.ie

_as possible. The modified deconvolution techniqué described

“
in section 2.8 should be used for maximdmﬁhccuracy. ™~

s
..

In making <temperature measurements one °should not
Y o

e ) 1] ) t:} [] -
forget the uncertainty involved : in ‘naklng any pMysical

*

measurement; not only doeé the probe . approach the,

i

temperature of tgﬁ'.yrghole fluid, but _the converse is also
.&rue. This uncer§ain£y should be a smaller problem in
] . ' .

éontimuous logging than in_the'incremental techniqu?, since
the probe is constantly mbving and”<entering>’undisturbed~

water. - : ) '
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!

Thee accuracy of the depth °scale for - the temperature -
L ; . . » \: -
profile is limited by the following factors: .
g ; 3

-(lf The accuracy of the pulley calfbraﬁion "(meters per

) X - . ¢
) " revolution of the well head pulley) o \ - :\W
- . ' » D I
- - (2) The presence of ungompensated cable glip or stretch
(3) Probe drag & T , .
- o ‘ o :‘ < “ ¢ -

The effective circuﬂference of the well head pulley in 'V

our case 1is about ﬂ.ZSJTa The precise calibration of this
; ; S,

I

a pulley is%discusgpdfine Apgéndix C. Cable étreﬁch is a
COmpiicated ipﬁenoménon ihiéh must* be compensaﬁgd for in tbe,
?Eshlts if maxihum depEH éccuracy is desired. This als&é is/ )
discﬁssed in - Appghdii c. ﬁ£, very piéh logéinq speeds.,.

, especially in mud filled holés; prébé drag could cause the
'recordedk'deptﬁ% to bé soﬁewhét' dgepgr.’than Qhe,aétuglo a-:
dept;;T/ An order ;of\ nithdg _ca;cu%atiog in- our - case

) indicates the ° effecé_ of- pr:be=dr$§ (in water) “to be less
than 8.5 Kg at the mkimum < lowering - rate which we j‘ ed .‘\ h
. o (18 m/min), and tﬁds this=:facto; can be neglecgéd:G:aikéf\ 5
- pregént case. ’ o

i

Several factors which are of little importance .in ‘the
R g - ) B .
temperature measurements, but which ave a limiting effect

o

% on the .accuracy of” the qfédient fbgt are given bel@d:_

~

(1) Probe veloci;yc IR 0 2 ' b. ‘
(2) Sample rate T ] | .
(3) C;pstiumeﬁt gesolutiohv o - e ~
- ‘() Filter leﬁgtpl S .
, | m

2 2 s B .
(5) Electrical noise - ” i /
‘ i ’ ' . . %




"‘ - ';? B 113=,V

iy

> - . . * ) B ¢ ) < '
(6) 1Inaccuracies  and variations 1n,the/jogglng speegd :
& . oo ) .
Lower-ing rateg'saﬂble interval, ingtrument resolution, °

0.

filter length and probe tlme constant exert a more dr less

o -

‘muiﬁally interdependent effect on the accuracy .and,

<

resolution of the gradient - profile” If the measuring

instrument . had perfect resolution ¢(i.e. . no round off °
error) , and if there were no noise, . then, three point

5 ¢

'deQOnVO;Gtion and'grédient operators could be. used in the .
. data reducticnﬂ In this case the accuracy and resolution

” . ’ ) » . . ‘ N - :
would be independent of time constant, and would be 1inea£1y

a ‘ o]

dependent upon lowering speed and sample 1interval. By
- definition, the .Limit of resolution wpuld be the ‘Nyquist
' - ’ /," . - - ° “ ¥ « * ' - oo -
. - freguency which, in _space .coordinates would be: = )

(6.1)° - - L 2(V) (ay)

°

° . wHere V is, probe velocity (h/sec) v -~ -

At 1s sample 1nterva1 (sec)

I

~ ( L .
Assumlng a lowerlng rate of 18 m/mln and a .sample. interval’

.of 8.3 seconds glveS»a resolution of'ﬂ.ﬂg meters. This is’

.

*the. thedretical -limit °unde5 these conditions. Given a-

measur ing ipstrument with iimited precision, but no other

o . .

. no:.se,.then the sn:uatéon is far more compllcated
- ;' - glven 1nstru@ent resolutxon ‘(and pfllter ‘Imjgth T~ log
c o ' resolutlon is- determlned by* the' p;obe

fowering velocity and sanfple rate, but’ the relat1onship is

LY

L]
5

.no longer Yinear. Take an ex;reme tase as an i1lustration.

‘/ - . L . ) - . ¢ o
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Given an effective 9inst‘rument resolutlon of cloC, and a’

-

. borehole which varaes llnearly from ‘a temperature of 9°C at

, the top to  10° at’ ‘they’ bottom, it is clrer that [tie

©

temperature output is goung to be a Etep functlon; §uddenly

jumplng from 98¢ to 1e°c at some ‘point along the borehole.

] The lobatlozfof thls point ‘is nearly .xndependent of the

‘sample 1nterval (the max1mum error is, approx;mately equal td

the sample inté?val), but w1ll depend >some¢hat on 'probe
veloc1ty and tlme constant, although not 1n a lrnear manner .

c

system naturally Compllcates matters; by addlng extraneous,

: -4

" aromalies to -the ) gradfent,° profile;. and gener lly

»

'mecessitating .a longer comblnei,operator. It “is dué. to thé

s I . o)

extremely complex an@ 1nterre1ated nature ‘of the above

factors that the ﬁlgures c1ted for prec1sxon -and resolutlon‘

e

1n thlS work have been obtalned emp1r1ca11y from dlgect

0‘ <

study ‘and comparlson of the gradlent -logs. -

Accurate determxnatlon and monltorrng of logglng speed

is 1mportant smce the amplltude of the output gradlent pq- ,

S

is 1nverse1y prOportxonal to the logg1nq speed “used in the

0

J'computer oqram which _calculates the grad1ents (Appendix

""A). *Furthgrmore, It is not uncommon’ for the - logglng speed’

. ¢ . G o P N ’ ,‘ . . ‘
to increase by 5 to 10% during a run, due to the increasing

+

‘weight of cable in the borehole (see figure 6.1).. , If" this

“ -

“”factor is not ° eon81dered “if  the °datav reduction,” a

+

sxgnlflcant error 1n gradlent w1ll result.o. Monitoringb the ~

9v . '0

[N

logg1ng ‘speed is ot daffloult,‘“however.. -This is

The 1ntroduct10n of Qﬁgnlflcant electr;caL -no1se*-1mto cthe:.
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'f‘IGURE, &.1: Varlatlon in prée Velocgty w1th depth
' " . " ' -due to jncreased weight .of cable in the-
borehole B
a’

@
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N - M © < ° :
accaomplished in the data reduction prodess over intervals
Voo » .
-of, say, 20Q ‘readings (about 1 minute) by the rélation:
o - . .

B - v

« (6.2) : ' v z’(NP)(FP) ‘ .u
. ) - LT (NR) (At) . . \
where N, = humber of pulley fegplutionsh i ‘
. ’FP = pulley calibration factor (m revj. :
NR = number of resistance readings s
. 0 At =(éample interval (sec) . |, )

See Appendix A for details on the data reduction.

6.2 REFINING THE EQUIPMEN? : P

o . " . If the continuons gradient logging technique is to be
- '\ . . . N N

used routinely for heat flow investigations or other work,

© -

ceftain impr¥vements and refinements are indicated. some of
.9 these are. summarized below.’
(1) since the effectiveness of the method has beén

ndemonstrétedJ the purpose of the prototype equipﬁént has
béen served.” This can now be redesigned and rebuilt, -with
T ° o ) ' . : o ‘
< performance, ruggedness, and portability given greater

emphasis than cost. Because of the wide variance 1in the
4 : N -

réquirements of Ehé’ potential 'qpplications of the ,

)
o

kg

continuous,logqingftebhnique,'such design changes must be
. > i ; ) ,

Ve
“

-, made-with ﬁypérticuﬁar application in mind. 3 - ) .

"(b) The use of a four léad shielded or arﬁated cable is.

-highly recgmméndeaii4providing one can be found with good
v - . © ) * M . B
. noise characteristics. This would allow the four 1lead .
B .. - meaguring. teghﬁfque to be used, as discussed in section

o o4 - . ’ ‘.
g - . - . o

a. .- [ .- Vi . . r
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6.1.
(3) Substitution of a digitél tape recorder (incremental. -

or buffered synChronéhs) for 'the‘ Dtﬁﬂcdnverter a?d FM

recorder"shbuld greatl§ simplify xthe.fdﬁta) ‘reduction
proéess (see Chapter;2 and Appendix A fgr detéils). It is
al'so important,'howéver;'to consider .the ‘rhggedness and
bo?tability .of this tyﬁélofﬁuhit) as reliabilig; in the
field ié more important .Lhan Zconveniegce' in the- daﬁé

reducgion; v
. ' - - ’ C .
(4). Oneiof4thé persistant problems in temperature logging
stems from. the g?eat" length of cable (usvally 1 km or

- a4 ~ .
more) between the measuring instfument~and the sensor. By

>

building a spec;aliZed‘d;E}tal'resisgance meter into the
e

probe,  information can brought »uplxthe :Cabley in

" . . -~ s [ ' ’ N
serialized BCD (binary ;coded decimal) form, .a procedure

‘'which = is relatively  ~ insensitive . to  electrical

&

interference. Another. possible method for accomplishing

this is to ﬁrequency'modulate the resistance reading in-

¢

the probe, and decode this’&MJsidnal at the surface (see
Judgg, 1972Y.“'Thi§,,ﬁoweverL ié essentialiy _an  analog
technigue; and hence may cause the;resblution éo suffe;
(éée Chapt§r~l). . - | A

(5) Precision and resoluﬁion 6f the gradfent logs can be

enhanced in general by making ény‘.of tHe 'foilowing

i

" improvements:
(ay,,Reduction’Bf -electrical noise by »an& -available

means - S e




~

. (b) Reduction of probe veldcity- o

h o (c) . Reduction of probe time conséant e -

(d) Improv1Q? instrument resolutlon (1 e. réading 'tou
say, 9.1 ohm rather/than 1. ﬂ o%m r

: \J; B )

. .o (e) Use a thermlstor probe w1th a greater nomlnal

o
re51stan&e (say, 5@@20 ohms 1ns§9ad of" Sﬁib\ohms) This

-has an. effect sxm1lar ‘to (d).

(f) Mncrease _sample rate . ¢ - - ' ‘ '

€ Ve

¥ o | Of course, elegtrxcal pickup may render several of these

[} . e .

o ;improvements 1mpract1cal ‘under tertain cond1t1ons. For-

- instance, 1ncrea51ng the r351stance ten—iold was found to
)

inCrease the noise by'a similar amount in the f1eld tests.=

* These. tests were Vperformed in especially ., noisy .

.

environments however, and normally electrical interference
: .

.should present no problém. Furthermore, even .th@ugh 10Q
'cgrrent‘ digital multimeters are available with very fast

Hsample rates (up to 106@ Hz iﬁv~ope model) , such an
“instrument will probably not have as good a&éommon—mode

3

" rejection as the slower meters. “If noise 1is a great

time constant generally means using smaller ‘thermistors

which, all else beihg equal, meahs a greater self-heating’

problem. Using a slower probe velocity is " similar to

‘using a probe with a faster timé constant and an incrfased

. 4 - . B A . B
sample rate. Since. the temperature "difference

problem, this should be borné;fn mind.' Reducing’ the p%qbe "

ween

"samplé_‘ points is reduced aleng with reduced probe‘

velocity,,it'is clear that -less. and less beneflt w111
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% accrue from successive reductions in

robe velocity, an

example of the law of diminishing returns.

~

6.3 CONCLUSIONS

¢

what has been accomplished to date this project to

’desidn- and devglop a high precision’to 1 for the continuous

logging - of borehole temperatgre grgdients " alidws the
“» S ° v * - .

foilowing conclusiona to be. drawn®
(1) The combined operator débe}oped in Chapter ? yield%
'precise and reoeatible results ‘at lo .computing costs,
ewen’ 1n the presence of c0n51derab1e electr1ca1 noise. “1f
nois sp1kes greater than, say., @. 1 S are encountered

-

these 8

ould be removed from the data before processing in
,{[’\y ¥ i ’
order maintain maximum precision. Such ektreme noise

cohditions should not nofmaIlybbe'encountered in routine
field work.

time~-domain operator is a relatively ‘ stralghtforward

3,
\,
\

process, and it should thus be useful ‘to the worker . who
qées not‘have. an“-exten51ve background in _time series

amalysis. AThe pelat1ve lengths of the 1nd1v1dual terms in.

4

the tomblned operator are not crltical. "As ea rulge of
N\

Calculation and application .of this

Y

v

thumb,q theJ smoothdng,3 deconvolut1on,'and grad1ent terms

Al

',should be roughly\of the same length - "The smoothrng term

. sﬁ/uld generally\\'e of the form of a cosine bell or a
. _stretched -cosine bel . «f - ;-"',h

(2) HAicontinuqus ‘gra }ent‘ logging technique has bééa,

developed which ‘offers éxéellent'preciéion (better than

- $0.5°C/km). .and resolptioh (at least 2 m, -and, under

. . \
. |
- N
.
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N L ) .‘ N
~certain eonditiong,' better than.*8.5'm) at rapid logging,
: : Yy ; ’ ) . -
' rates (séy, 18 m/nﬂ‘b. The reliability and utility of the
. T-log for fine- scale work is. enhanced con51derab1y 1f two
; ‘. )
. or more logs are superlmposed;
‘(3f< In order té optain this same detail and ‘resolution |

Msing the 1ncrementa1 logging technlque, hundreds of hours

o

’

1"~of logglng tlme would be required (see flgure 1.1).
(4f ‘A- log may q;vmade both while lowe;ing the probe and
Ayhile rei;ihg.~it. Althougﬁ the results of the up-hole
technlque exﬁ1b;;.cons16erably greeter 'err!t} they can
serve at 1east ag a rough check on the down -hole log.
(5) The problem of the geologlc 1nE/;pzetat10n of T-logs

has been dlscusjzd at-séfne length in Chaptgr 5. Much work
d

’ ' “remalns to be ne, here Tremendous effort ~has. been

s
expended over many years in developing other well logging

| techniques, such as electrical resistivity and SP, as
st;atigmaphfc correlation and s;ructurél mapping tools.
4 | . As a result, these techniques can sometimes be used: today
for intefpreteiione of amazing’éﬁbtlety and detail (see
Pirson,‘f97ﬁ}nfof some ingefesting examples). with some
\~developmemt, Scomtinpous gradient logging may become a

valuable(eddition to the list of high resolution 1logging

s

tools available today.

4 -




APPENDIX A

. -

COMPUTER PROGRAMS

-,/
L4

LY *

-

Some of the more important computer programs used . in

the reduction “of the field data will be presented in this
appendix. Sufficient comment statements are included  to’
; v , 4 . . ‘ ;

allow the -programs “to be understdod by -anyone fnterested

enough to study them In addltlon, a brlef descr1pt10n of

L4

the purpose and use ef each of the routines w111 be 1nc1uded,

»

*

'below A flow chart for the data reductlon process is shown

-

in flgure A.l. : 4

A.l. INTERPRETATION OF THE'DIGITIZED TAPE -
’Prdgram RICTST is a program supplied: by the ‘Univetéity
< /4

g Computer Centre 'cand modlfled sllghtly by the author) for

e

-.the purpose of assembllng the coded' 1nformat10n from the
digitized tape 1nto a str1ng of 1nteger values vatylng from
-1024 (fepreseﬂtlng -2 5V on the analog tape) to +1024
(tepresed!nu; +2. 5V on €he analog tape) The-four'parallel

" channels of 1nfotpat1on from the analog tape are recofded in

serlal form on the d1glt1zed tape. ' .

Subrout1nes RICOPN, RICRED, and ADBX, are . concerned

2 . 1

prlamarlly w1th the Mmechanice_of bit manipn;ation to suit

s

the spe91f1c9 go;mat. requirements ~of. the PDP-11 A-D

'y . (54

121




DIGITIZED
TAPE

- (-1 -

. ASSEMBLY OF CODED INFORMATION -
h ¢ INTO A SEQUENTIAL-.-ARRAY OF | . PLOT -
"l "MEASURED RESISTANCE- READINGS o ) ,

* AND CORRESPONDING DEPTHS ’

1
|
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REMOVAL OF NOISE
SPI1KES- GREATER n
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Y - ‘e - N
FTIGURE A.1: Flow chart for’the data reduction. The noise
- removal steps (inside dashed line) were
necessary ‘in the early field tests, when -
electrical interference was a problem. -
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converter, and the Control Data Cyber~73 éomputer on which

the actual data processing was. done. These subroutlnes are
, . PR

highly, ,specializeci, and of lit,tle. interest here, and ?ﬂée
§ .
T

S x
are not presented..

-
v

Subroutine MESS was' .writtén by the author for the
. . ) - .

purpose of. sorting the string of 1ntegfal coded dlgitized

voltage values (assembled for each of the ¢ channels by

4 {

RICTST) into the actual series oflresistance'readings and_
associated gepth values: which woul® have oeen recorded .
girectly had‘ an’ incremental or boffered sychronous gigiggl )
tape recorder beenlavailable,for the field work. Sobroutine
"MESS is primarily, a controlling subroutine which in tarn”
calls subroutines LIMITT, SETT TRIGGER, REAﬁING and DEEP
for the calculapions and manlpulations required. The
r“routing-througP.;hese'various SUbroutihes is variablev‘and
, o . A
%%newhat complicated,x and . is controlled by the integer
‘parameter'KEY.‘ Essentlally,uthe digitlzed information from
channel 4 (see seotion 3.4) ‘is searched by subroutine
TRIGGER until a data display sigpal ogg.e. indicating tHe
output of a new resistance reading) is foynd and confirmed.
Tne”corresponding integé; coded voltage values from the
other 3 channels “are then 'converted' into a resistance
reading by subxohtineaREADlNGJ and this value is writé%n -in
binary on disk lor tape), along qith the,cdrrent depth®
value. (Concurrently witn .the search ‘for a data ‘display
signal, channel 4 is also monitoted by subroutlne DEEP for

the occurrence of a depth signal from the well head pulley

4
-
o




e [ . I
. . ‘VX : ) o ’
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A ' i ' - : . | ) T
& w microswitch. When one 1is found ‘and confirmed, this

.

| , : ' .
.information is stored until subroutine READING is called, at

which* tim@ it* is written on disk,. as described above.
Subroutine MESS requires that the initial values for’ depth

(D, 1in pulley revolutions) and resistance (KONST, to the .

. ® .-
_next'lOWest thousand ohms) be provjded by the -user Dbeforée
the program is run. Changes of resistance ranée'(from. say,

P 5999 to 6809 ohms) are monitored by READING, . and

compensation  is. made for this in the value of KONST. This

. AL - v ‘
allows us to record on}y the omes, tens, and hundreds place
. & .
in the resistance readings, since the more significant
. thousands and ten thousands places are supplied by READING.
° [} 7 -
k3
- . , // ’
L g
] » -
A e ! ya
. ' i . .
. 5 . < @
’ - e‘
- g o ' -
i .
° ‘e ¢
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C
C
C

C
C.
C

-

C

oy

C

C

&

C

C
10

"C

c

c

c
C
99

‘100
110

.. . .

PROGRAMNRICTST (TAPE1=514,0UTPUT, TAPE2=514)

NOTE -- TARE]l must Be the figst file specified in the
program”card. the buffer is set to 100B to reduce
unused buffer space

DIMENSION CHANEL (4,80)
"INTEGER CHANEL
LOGICAL LFIRST
DIMENSION ARRAY (640)
-INTEGER ARRAY
LFIRST=.TRUE.

IX=0 *

calL‘RICOPN unit,mode)

TAPE is defined 'in request card AS_ TAPEI

mode = 1

CALL RI@OPN(l 1)
skip the header block
CALL RICREDTARRAY, NWORD, IERR) ,RETURNS (99)

ARRAY = array to hold 640 8 bit bytes

NWORD = number of words return from RICRED
shofld be 640 always

IERR = error code returned

start processing data here

.read in one recqQrd from TAPE _

CALL RICRED(ARRAY,NWORD, IERR), RETURNS (99)
convert two bytes of data into an integer
and store them in CHANEL

.CALL ADBX(ARRAY,CHANEL,NWORD) .

user can start process1ng the a-d data here

IF(%X LE.9) GO TO 19
CALL MESS (CHANEL, LFIRST, KBOTTOM)
LFIRST=.FALSE. .

e

GO TO 19 o
tape error (includihg eof or eot) .
refer to RICRED writeup for IERR codes

PRINT 100, IERR

PRINT 110, KBOTTOM

FORMAT (* IERR=*,13)

. FORMAT(1H1,16,* VALUES WRITTEN ON DISK*)

STOP :

END

¢

©
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SUBROUTINE MESS (CHAN,LFIRST, KBOTTOM) ‘. 5

C NOTE: must:put LFIRST loop in main program such that the

C first time the“subroutine is*ycalled, - LFIRST .TRUE.

C but never agalin. (put LFIRST— EALSE.

C. after call to MESS 1n maih program) .

) LOGICAL LFIRST - o ‘ i - O
INTEGER CHAN e A oo
DIMENSION. CHAN(4,88) " RS S ‘ 5

IF(.NOT.LFIRST) GO TO 19 . " - .
C 1n1t1aL12e values whlch are val{d only for flrst call to
MESS o . . & ;
KBOTTOM=0 ° ° , ’
C D is initial, reéﬂlng on gull%} counter . .
C (D=0 indicates probe starts prec1sely at top.of hole)
Dﬂ < "~ ¢
KONST is initidial se51stance reading Eou?\ed down -to
next 10606 ohms . - ‘ © s
KONST=10000 ‘ S o s
KEY controls progress through the var ious suBroutines
KEY=1 S
KOUNT is a’ controlllng 1nd/x fbr subrout1ne TRIGGER R
&OUNT =0 ’
KOUNT2 is a conttolling 1ndex for sugroﬁﬁlne SETT
KOUNT 2=0
KOUNTD  is a;controlllng index for subroutlne DEEP
, KOUNTD=0 . v
19 CONTINUE ’ Tof e °
. make sare all values within range of valldlty of
: calcqlatlons i
° CALL LIMITT(CHAN) )
C 'initialize values fof this call to MESS
KK=1 AL
J=0 - e
“ GO TD(20,30, 40) KEY ‘
C begln looking for non-trigger mode. L
29 *CALL SETT (CHAN,J,D,KEY,KOUNTZ, KOUNTD) b
GO TO(50,30) ,KEY ‘
€ test for trigger mode ' - .
30 CALL TRIGGER(GHAN,J,D, KEY, KOUNT KOUNTD) ’
GO TO(58,50,40) ,KEY °
.calculate total résistance value .of last 3 digits on
on” meter- °
calculations “ : *
and write resistance along ‘with current value of D
8 - CALL READING(CHAN J KK,D,KEY, LFIRST KONST,KBOTTOMY
GOTOZ@ T , _,. . -
50 RETURN . v ° ‘ : ‘

0 o o0 o0 0o

OO0

&= OO0 00

: >

o

END - ’ ’ o : '

ZF s



C

35

40

45

59

55

60

T

SUBROUTINE LIMITT(CHANEL) )

INTEGER CHANEL oo N

DIMENSION CHANEL(4,80) ) . - _—
make sure all values within range of valtdlty of

DO 5:.J=1,80

<D0 5 I=],4

IF(CHANEL(I,J).GT.636) CHANEL(I,J)=636

IF (CHANEL(TI, J) T -636) "CHANEL(I,J)=-636

" RETURN :

END

P
& A
» '

SUBROUTINE SETT (CHAN,J,D,KEY, KOUNT2 "KOUNTD)"
INTEGER CHAN

DIMENSION CHAN(4 80)

JaJd+l

IF(J.LE.88) GOTG 35

GO TO 8¢ . , ~
CONTINUE J ‘
CALL DEEP (CHAN,J,D,KQUNTD) - , S :
CONTINUE i N ——
IF (CHAN(4,J) .GT.-208.AND. CHAN(4 J) .LT o9) Qd\TO 59
IF (CHAN(4, ;) .GT. 380) GO TO 50

J=J+1 °~ °

IF(J.LE.80) GBTO 45

GO TO 89 - >

CONTINUE

CALL DEEP (CHAN, I, DyKOUNTD)
KQUNT2=0 . :
GO TO 49 S

KOUNT2=KOUNT2+1 - .
IF (KOUNT2. EQ 3) GO TO 68
J=3+1

"IF(J.LE.§0) GOTO 55

GO TO 88

CONTINUE .

CALL DEBP(CHAN J,D,KOUNTD)

GO TO 46

CONTINUE

KEY=2

KOUNT2=0

RETURN

END

v

» , PR

-




", 25

-INTEGER CHAN - , .

IF(J.LE.88) GO.TO 5 ¥ * PR

.CONTINUE

JIF(
‘J=J+1 \ . ,
CIF(J. Laaeﬂ) GO -TO 15 P

- KOUNT=KOUNT+1

 CONTINUE co -

- . e S 2e
.0 i . ; v K L\{—
SUBROUTINE TRIGGER(CHAN J D KEY KOUNT, KOUNTD)

DIMENSION - CHAN(4 80)
J=J+1 - N

GO TO .40 7 5 ) . .
CONTINUE 2 : s
CALL DEER(CHAN,J, D KOUNTD) o t

(éHAN(4 ,3)-ILT. 327, AND. CHAN (4,39 . GT:8) GO TO 28
HAN(4,J).LT.-200) GO"TO .20 ~ - SR

- “./_

GO TO 4@ '~
CONTINUE "« L
CALL DEEP (CHAN,J, b, KOUNTD) I T - .
KOURT40 . Co T o \
GO .TO 19 ‘ : - S

IF (KOUNT.EQ.5) GO TO 30 : . . ) o
J=J+1 L v« - I 2
IF(J.LE,80) GO TO 25 e T . : ‘
GO TO 40 . ' .

CALL DEEP(CHAN,J,D, KOUNTD) . S

GO TO 190 o - L .
CONTINUE. .. - ; e o ‘%: S
KEY=3 . A e

KOUNT=p, . : K 2

RETURN & . . S

END 7 . - R,




oy

40

50

60 ‘.
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SUBROUTINE READING(CHAN J KK,D,KEY,LFIR§T,KONST,
1 KBOTTOM) . ‘
. LOGICAL LFIRST

“"INTEGER CHAN - - .

DIMENSION CHAN<«{4,80)
calculate total resistance value of last 3 dlgltS on
meter .

ONE= (CHAN(I,J)+636)/128 : o

TEN=( (CHAN{2,J)+636)/128)*18.

HUN=(.(CHAN«3,J)+636)/128)*1090 N

OHMS=ONE+TEN+HUN N

IF(LFIRST.AND.KK.EQ.1)GO TO 19 )
compensate for change of range on meter

IF (OHMS-OMEGA.GT.568) KONST=KONST-1006"

IF (OHMS-OMEGA. LT-.~500)_ KONST=KONST+1000 e
calculate total resistance readLng

RES=0OHMS+KONST - . ' '
R WRITE(2) D,RES - A -
OMEGA=0HMS . A " ¢
KK=KK+1" . e '
' KBOTTOM=KBOTTOM+1 ~ . -~ 7 - .
KEY=1 R Cae s

> "RETURN _ . X% . = .«

" END, .. -
. %2 ey

SUBROUTINE DEEP(ICHAN J D, KOUNTD) ~ -
‘DIMENSION ICHAN(4,89) -
IF(ICHAN(4,J) .GT:0) GO TO 449 '

» IF (KOUNTD.GE: 4)_96 TO 50 -
GO TO 60 T
KOUNTD=KOUNTD+I . - _ ot
GO TO 78 - a '
D=R+1 g ’ o0 .

_‘KOUNTDvb S
RETURN
END

2 ’ e
.

. = %
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A.2 APPLICATION OF ' THE COMBINED OPERATOR

i

Program LONGFAL takes the.- Serles of reS1stance readlngs

.and a550c1ated pulley rotatlon values written by subroutine

"

READING (see section A 1) and produces the smootheq,

deconvolved tepperatqre"gradient series and associated'
smoothed depth series.:. The 'program writes N pairs'“of

i)

resistance " and ‘' depth values at a time on to disk (or tape)

il

)

:where N can be any.integer value greater than the combined

M -

operator length. By- keeping N relatively smalL»(in the

Y

~ sample program’incluaed "here, N = 200), LONGFAL reouires '

~only moderate core memory, and can work ‘on an indefinitely - -
o - . . . - ’ : . :
~long time serles

\ ~ -

Input parameters to - LéNGFAU‘ include= the thermistor

acallbrat1on constants (see %ppendlx B) , and the dlrectaon of

: traVel ‘E the lqgglng tool (down or . up) Program L0§GFAL

4

. calls subrout1ne FILOP whlch computes the smoothing;

deconvolutlon, "and qrad1ent térms, - and combines them into a

o -

single operator u51ng FOLD, a convolution subroutlne whlch
a, : ’

°

may'heofoundllh-kdbinson (lBQfai. The arguments in the call ‘

to> FILOP incluée the numb&r of | poxnts in the gradlent
~operator (and‘henCe the deconuolutipn operator) and thei
.‘numher "of poi;ts in eacb of the sides ahd- the flat top of

the stretoﬁ/u cosine bell smoothlng operator (see °f1gure

2.8). ¢ Other 1nput'arguments are the thermlstor probe\tlme

constant (seconds) and the 1nit1al.descend1ng rate (m/min)

'r FILOP returns the comblned operator ‘and the number bf polnts

1n that oper!tor., The descend1ng rate ls recalculated
. \ _ Je
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E the. pulley depth 'signals*aﬁa the known sémple rate of the‘

‘digﬁtal multimeter, and F;LOP-rqulleé after each N data

o

-values are .written on disk, Thus, LONGFAL aﬁtdmaticqlly

- éokbeqsabes.for vériations in probe Velocity. (seé lChapter
. ‘ . _6). = ‘ ’ oot
' Subroutine DEPTHOP prov?déé LbNGE%L with a linear deast
~squares smgothing ope;atdr whjgh, when convolved wiFh the
stepwisgf séries. of ‘pulléx;vréggpién values, produces. a

corresponding smqptﬁg; series of depth values in meters..
This -operator is short (say, 11 points) and’,sét?has enough

‘zeros added tJ each end to make it the same length as the
‘ combined operator, fér‘cénvgnience in*writing LONGFAL..

. The' output from LONGFAL is a binary disk (or tape) file.
& - s . e ’. .
- - containing ' pairs ' of _ temperature

- -

-

gradiént ,baiues « and
o associated depth values, éuitgble,for plotting in theﬁfform
NP of the T-log. ’ ’ ‘ . .

R . . - . .

r ‘l v .
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PROGGRAM LONGFAL(INPUT OUTPUT TAPE1l,TAPE2,TAPE6= OUlPUT)
C TAPEl is generally wsutput disc
C " TAPE2. i§ generally 1nput dlSC
“C A is 'output time series
C TS is input time series
C B is output.depth series
C DS is input depth series -
DIMENSION A(400) ,TS(408) ,DECOP(208) - .
DIMENSION B(408) ,DS(400) ,DEEPOP(2400) ' >
LOGICAL DOWN o : {
C AA,BB,CC are thermistor parameters
"AA=~6.9514774 - I
- BB=5143.8333 i
€C=-156609.91 :
C: stretch cortection parameters S AAA*Z**BBB :

AAA=.00044 . : .
. BBB=4./3. " . - .
C N is number processed at a go
C this program writes N values each trap through e .
'C N must be greater than nfpts oo -
N=200 ) o ) PR
KOUNT=N - : =~ : - o
C LIMIT is no of pts to be pProcessed total
C (i.e. (no. pts in profile - bad pts at ends) rounded- down
C to next lowest even N : »
LIMIT=4080 v ST
C if lowering probé (DOWN .T.), if‘raiéing probe {(DOWN=.F.)
DOWN=. TRUE. '
\¢ DR is 1n1t1a1 descending rate (m/min)s
DR=8.5 :

WRITE (6,100)
" C PULFAC is pulley factpr (revolutions/meter)
PULFAC=3.955 .
-C _NFPTS is no of pts in filtér qperators
C DECOP and DEEPOP are filter operators I
CALL FILOP(17,9,17, DR 12.,NFPTS,DECOP) .
CALL DEPTHQGP(1l,PULFAC,NFPTS,DEEPOP) -
C next loop .is t¢ skip unwanted data at the C '
NSKIP=188 . -
DO 1 I=1,NSKIP

1~ READ(2) X,XX )
N1=KOUNT+NFPTS-1
NA=NFPTS-1 .
C read in first ‘data strlng :

= . DO 2 I=1,N] - . L ’
N READ(2) DS(I),TS(I) ‘ : :
C calculate tenmperature -
ARG= (BB*BB+4. *CC*ALOG(TS(I))—4 *AA*CC)
ROOT=ARG**.5
DENOM=2, *(ALOG(TS(I))—AA) o '
TS(I)=((BB+RO0T)/DENOM) 273.15 c .

2 .. CONTINUE ‘ ‘ o

5 . €ONTINUE | C :

C perform convolutlon ) : .
DO 10 J=1,N . . o S

| P

el L e




\‘\;_,;/J B
.

10

15

20 -

- - ROOT=ARG**,5.

25

30

10¢

200

_correct sign of grad;ent if ralslnq probe ) _ SN

. read in a newgdata.string - - R
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A(J)=0. . T T

B(J)=0. ~ . ‘

Ji=Jg-1 - =~ " _ ;// : .
DO .1@ K=1,NFPTS o * . S

RK=K+J1 - : P
KKKK=NFPTS+1~K » -fr

A(J) =A (J)+DECOP (KKKK) *T5 (KK}

‘BAJ) = B(J)+DEEPOP(KKKK)*DS(KK)
Do 15 I=1,N

IF(.NOT.DOWN) A(I)==1.*A(I) . T e
correct for cable stretch R o :
S=AAA* (B(I)**BBB)

- B(I)=B(I)+S

" WRITE(1) B(I) A(I)
- WRITE (6,200) DR
DO 28 I=1,NA
DS{1)=DS (I+N) L .
TS (I)=TS(I+N), ‘ . , o
IF (KOUNT.EQ:LIMIT) GO TO 30 ‘

DO 25 I=NHPTS,N1 - ° . L

READ(Z) D&(I),TS(I) - ' ooy
calculate temperatuge - ° ‘ b

ARG= (BB*BB+4. *CC*ALOG(TS(I))—4 *AA*CC)

DENOM=2. *(ALOG(TS(I))“AA) - .
" TS(I)=¢(BB+ROOT) /DENOM) - 273 15 . .,
- CONTINUE '

.RATE= (DS (N1) - DS(NFPTS))/FLOAf(Nl—NEPTS)

. DR=47.25*RATE .

CALL FILOP«{17,9,17,DR, lZ&,NFPTS DECOP)

" KOUNT=KOUNT#+N S v _ o

" GO-TO 5 . S ' ‘
CONTINUE" . , :
'FORMAT (* PROBE VELOCITIES USED N : I

1 CALCULATIONS (M/MIN)*/)
- FORMAT (F19.2) :
stop
"END

o

L]
€«

.




SUBROUTINE FILOP(LDERIV,LSIDE,LFLAT,DR,TC,
1 LSUPER,FSUPER) ‘
DIMENSION FDERIV(290),FDECON(2@@),FSUPER(?@E),F2(4Q@),
DIMENSIQN FAVG(509)
LDERIV is length of derivative operator (odd)
LSIDE is length of side of cos bell (multlple of 9)
LFLAT is length of flat of cos beli (oddy -
DR is descent rate in m/min’ .
TC is time const of probe in_sec
DIGINT is digitization ,interval in km .
. DIGINT=DR*(.3/608000.) . s
SPACON i's space equivalent of time constant in km

SPACON=TC*DR/60008.
calculate derivative operator

= (LDERIV-1)/2

TERMA=0. ‘

DQ 10 I=1,NA I
AI=FLOAT (1)

TERMA=TERMA+2.*AI*AI.

TERMA=TERMA*DIGINT .
FDERIV(l)-FLOAT(NA)/TERMA

‘ DO 28 I=2,LDERIV

20 FDERIV(I)=FDERIV(I-1)-{1:./TERMA)

C calculate deconvolution operator
DO 38 I=1,LDERIV

30 FDECON(I)-FDERIV(I)*SPACON

FDECON(NA+1)=1.

C calculate smoothing operator (stretched cosxne belly}

‘AXE=8.

. KON1=LSIDE+1 L g
KON2=L,SIDE+LFLAT-1

KON3=LSIDE+LFLAT
KON4=2*LSIDE+LFLAT-2

_KON4A=KON4+1 :

DO 40 1=1,LSIDE

AI=FLOAT ((I*184/LSIDE)-90)
FAVG(I)=1.+5IN(AI*3. 14159/180 )
AXE=AXE+FAVG(I)% =

DO 50 I=KON1, KON2 -

FAVG4I)=FAVG(I 1)

AXE=AXE+FAVG (1)

DO 668 I=KON3,KON4

FAVG (1) =FAVG (KON4A-I) .
AXE=AXE+FAVG (1)

DO .70 1I=1,KON4

FAVG(1)=FAVG(I)/AXE
KONS5=KON4+LDERIV~1.~

. CALL POLD(KON4,FAVG, LDERIV, FDERIV xons F2)

KON6=KON5+LDERIV~-1 : ,
LSUPER=KON6

_CALL FOLD (LDERIV, FDECON KON5,F2 KON6, FSUPER)
RETURN )
END.
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29

SUBROUTINE DEPTHOP(LSMOO PULFAC, LTOTAL DEPO) .
" DIMENSION DEPO (LTOTAL)

N1l= (LTOTAL+1)/2

N2=LSMOO/ .
N3=N1-R2 A -
N4=NI1+N2 ° Co
DO 18 I=1,LTOTAL
DEPO(I)=0.. *

DO 28 I=N3,Nd .- ...

DEPO (1) =12 /(PULFAC*LSMOO)
RETURN

END

{

P
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THERMISTOR FALIBRATION AND TIME CONSTANT DETERMINATION

3

¢
’

Two thermistor ‘probe assemblies were used in the field
testing of the cbntinlous logging methed. The first, C-10,
was uséd for the first three successful runs in the UWO

This assembly

borehole. consists of 10 Fenwal glass bead

thermistors (n&minal resistance. xpﬂkﬂ each)’ wired: 1in

parallel and embedded °in: epoxy resin 1inside a slightly

. flattened brass tube (see figure 3.1). The second probe;

° C-28, which was used in-the remaining field tests, contains

2B thermistors of the: above type wired 1in parallel and

°

embedded 1in epoxy resin inside a round brass tube. The

* techniques used for calibrating there probes and .determining

their respective time constants 'areé described in this

appendix.

"t

B.1 THERMLﬁTOR CALIBRATION 4
v : ;

The 'two probes
$5187 SA platinﬁm'
with the probes)_in

~ ‘ {nside‘ a Hotpack

The resistance readings of

were éalibrated agéinst a Tinsley” model
regisféﬁce -thermometer, immersed (along
an aluminum block ‘submenged in water
modéf $334 iefrigerated bath;éi:culator;
fresistance

the platinum

L]

~thepmometer were made using a Honeywell-Rubicon Muellef

s

136
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bridge. The resistance readings of the thermistor probes
were made with th% digital multimeter used ih the field
tests, so that sélf—heating effects should be essentially

the same under field and“laboratory.conditions.

—

"A curve of the form

. ) B C
B.Y R =exp(d + =+ =)
(8.1 < ' o 6%

v
<

where R is probe resistance (ohms)

© is temperature (K) . ‘

‘4

, A, B, C are experiméntally determined tonstants

is fitted. to the calibration data fo# each probe. The

parameters A, B, and C are then used in solving for in the

cémputer data reduction using the following expression:

”~

2 _ b
(B.2) 0 = B + (B~iﬁ}ClnR AAC) _ 27815

21lnR - A .

r

°. B , ;
\] , . e .
Figure B.1l shows .the calibration curve of probe C-18 as an

where © is now in

example.

.. - - ‘ - .
B.2 TIME CONSTANT DETERMINATION

-

The thermistor probe tdime constant is required for the

“

deconvolution of “the measured temperatur'e data. This time

o

constant is the time required’ for the.prébe to reach 1-1/e

0 . '
.

of the final temperature when exposed to a sfep tempergture

change. This step change is @accomplished in practice by
alléwing the® probe to

[}

come to equilibrium temperature in

3

- “ L i )
) . . -
. . -
- . P », . .
. . . : .
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,Example of’'a thermistor calibration curve,

for probe C-10.

’.

.

1

-
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"and then plunging it intQ the Hotpack constant

air,
& temperature bath, which is maintained-a degree or so higher,
or }ower than room temperature. The BCD output of the Data, L

: ’ :
Precision multimeter is recorded &s for the field tests (see o
. -

Chapter 3), and the results are pldtfed. as mormalized

[} ¥ ~

temperature agaﬁnst'time. Figures -B.Z and B.3-§how.smoothed

. o [ 4

step response plots for the 'two thermistor proﬁés used in -
the field tests. Also shown in each cése‘is the theoretical

unlg step resggnse of the form

.- . ’
- \

) N N

“. (B.3) | o(t) =,1 - exp(-t/T) R

, . ' 0 ) . 4
having the same-1l-1/e - time constant as the experimental

o

dats. The apparent time constant for probe C-10 is seen to
£’ " - be aBopt 2.7 seconds, while the apparent time constant for
probe C-26 .is about 18 seconds.. For maximum precision in

deconvolution, the procedure outlined in section 2.8 should "

be followed. In this case the “actual ﬁime congtant to be

used in deconvolution (Tac)~i§ equal to the apparent time

At

Y

. . . constant (Tap) less the initial 1lag, D. In the case of -
: probe C-18, éé an example, this'works out to: ' " Lt
¥ ‘ ’ A ~ . hd . N ’ ) M * . :—
T . ; N T ST - D . ’
' I = 2.7 - 8.7 !
. ’ . N . “

“ - S .= 2 sec )

The data are deconvolved ﬁsing the actual time constant .

‘ ' (2 seconds), and are'plotted shifted in space by-and amount
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T ,  DEPTH CORRECTIONS

~ For "‘most Aapplications of the contlnuous radient

'logging system it 15 de51rable to achleve max1mum prec131on
{ L.
in the depth scale of the ‘output fplot .For thls to be

~

atcomplished it is necessary that the wellihead puLley be

- .accurately call&rated in terms of revolutlons per meter of

3 o cable pa551ng Aver it. . This is done simply by mark1ng the
. cable at known 1nﬁ$;vals (say, 50 m), and by d1v1d1ng the
number of pulley revolutions by the length of cable known to

’ ' ) have passed over it. For the prototype egu1pment used in

£ Y

these tésts, the pulley factor was establ1shed by this

_method to be approxlmately 3.96 rev/m.
Another factor ‘which must be considered ' ig cable
Y ) . o

-stretchq ra general term which “can be dimided into

~recoverable {elastic) and permanent ’(plastic) components. K

e

In theory- the“ elastlc stretch for a glven short lenqth of‘
-cable”oocurs immedlately after leauang‘the reel- andﬁ before
; ‘ : ' . it passes- over 'the‘ depjh” monttor' pulleyi % Thus, this
F component of stretch is automatlcaﬁly 1ncluded rn the depth B
e indicated by ‘the puLley c0pnber, and may be 1ghoredkl“*r) .
; " " Plastic stretch (ingluoimg untwisting of the cable) is, a /_‘.

x i ) . . '_ /
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- ’ ) . . - . ‘
’i%«the case of elastic stretch. The depth counter  reading
.,.1s noted as each.of'fhe’cable marks passes over the pulley

o

——.~ints the hole, an\again as the cable is wound out of the

' e . ". . ‘ . ° . - .'
c- function of time and hence,.compensation 1s-not automatic as

hole. " The difference- betweén = depth readings- at’

corresponding marks on ‘the cable is an indication of . cable

? - o i .
stretch. 9This assumes that the cable-has not slipped on' the !

. pulley, a problem which may occur if the leley bearings,are'

: J " :

stiff.

Cable stretch is plotted against:debth, and a chVef of

‘the form T , . ‘

v

‘where S is cable stretch (m) ¥

7 is depth (m)

-~ -

. A and B are experimentally determined parameters.
° 4 - ’ ., . .

may be fitted to the data to allow "a ctontinuous ‘stretch

correction to be applied in the codpute; daté red%iiibn
(Abpendix Ay. - Figure C.1 sﬁqws such a plot for -one of he

early field‘tests of the continuous logging system.-

Both the stretch borreétion‘:ahd “the depth ‘pulley

~calibration gontéin .unavoidable. sources of error. As| an
example; the cable ig marked. at “known intervals th&;»’{aid
out on‘theigrOUhd,_in an unstressed condition. Fihe'plastic

-~

- . . . . " . . . A4 ! .

stretch cOr:ectlon,~hqwevet, makes use of -the marks while
. - > . . . . . ‘4- .

the cable. is ~in' a stressed condition, and hence, after

.
-

N

-

~
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* FIGURE C.1: Plot of cable stretch with depth for one
. of the early “field tests. - ‘
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elasticﬁ stretch has oécurréd. These iare: second order
effecfé‘ and consequently should not be of great 1mportance.
In any event, for the preseﬁt it must be sald that no better

‘ amethod~fqr'accompllshlng the depth correctlon or callbratlon :
is avaiiable. a direct neasumement is of course 1mp0551ble,.
and a theoxetlcal txeatment ‘is prohlbltlvely complex, uq.;o

the lack of suff1c1ent1y precise dapa on the mechanical

characteristics of the cable under all conditions.’ »

-
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