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WELL 1OGGING
Part 1

Heaf Conduction

By HUBERT GUYOD
Well Logging Consultemt, Houston

THE first physical property measured
in bore holes is probably temperature.
As early as 1869 Lord Kelvin took tem-
perature readings in a well 350 feet deep
by using a thermocouple. Many other
similar measurements were made during
the following years.

Notwithstanding these early investi-
gations, temperature data have not been
used extensively as yet for the logging
of formations traversed by a well. The
main reason therefor is that in most
instances temperature measurements
cannot compete successfully with the
other methods of investigation. Only in
a limited number of cases, such as the
location of oil and gas reservoirs in
cable tool wells, the location of cement
behind pipes, and a few other minor
problems, are temperature measure-
ments used at present in bore holes. It
is felt, however, that this method could
be more widely applied if its possibili-
ties were better understood.

Earth Temperature

Considerable evidence indicates the
presence of an extremely hot core in
the center of the earth. Whether all the
heat radiated by the earth’s surface is
coming from the core alone or part of
it is produced by radioactivity disinte-
gration has not been established with
certainty. Although this question is of
interest to the geologist, it need not be
discussed here because the general tem-
perature distribution in sediments is
probably not much dependent upon the
nature of the heat generating process.

Heat may be transferred from onc
point to another by the three different
following mechanisms:

conduction
convection
radiation.

Conduction is the transfer of heat
from one part of a medium to another
part of the same medium without ap-
preciable displacement of particles. Only
conduction has usually to be considered
in the study of'the earth’s crust tem-
perature as the other processes have
only a negligible effect.

Fourier's Law

There are many analogies between
the flow of a liquid through a permeable
medium, the flow of electricity through
a conductor and the flow of heat by
conduction through a solid body. In
particular, the mathematical solutions
of the problems involved in these three
branches of physics are identical and
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ticles,
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Figure 1-1, Temperature distribution in herizontal beds.

many formulas obtained for one of them
can be used for the others by simply
translating each symbol into its proper
analogue.

The correspondence between these
three different sciences is of great sig-
nificance because it frequently helps
understanding the mechanism of an un-
familiar system by comparing it with a
different system which is better under-
stood. For instance, everyone ts familiar
with the classical method of explaining
the flow of electricity in a wire by com-
paring it to the flow of water in a pipe.

The fundamental law of heat conduc-
tion is Fourier’s law, which is analo-
gous to D’Arcy’s law in hydrodynamics,
and to Ohm’s law in electricity. The

ELECTROLYT|C scale models
are widely used at present for
investigating the performance of
petroleum reservoirs. The same
method can be used also for in-
vestigating the temperature dis-
tribution in the earth's crust.
How this is done is explained in
this article.

Research for this series was’
sponsored by Halliburton Oil
Well Cementing Company, Dun-
can, Okla.

parallels between these laws are sum-
marized in Table 1.

Fourier’s law states that the instan-
taneous rate of heat flow through a sec-
tion is equal to the product of the three
following factors:

1. The area A of this section (taken
at right angles to the direction of
flow).

2. The temperature gradient dT/dx,
which is the rate of change of
temperature, T, with respect to the
length of path, x.

3. A proportionality factor, K, known
as heat conductivity (or thermal
conductivity) of the medium,

Analytically expressed, Fourier's law

is as follows:

dQ dT

T = KA S 1

dt dx M
where dQ) is the amount of heat flowing
in differential time dt.

In the case of the earth’s crust, the
heat transferred through any section is
independent of time and equation (1)
can therefore be rewritten:

dT _C
x =K 2)

where C is a constant for the section
considered (except at depths less than
100 feet which are the seat of diurnal
and annual variations).

The value of the factor C varies from
one point of the earth to another ac-
cording to the geometry of the forma-
tions. In horizontal sediments, C is
constant over considerable distances
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It is customary
to consider only

vertical gradients,
such as those
which are deter-

mined by taking
temperature meas-
urements in bore

holes. This will be
done also in this

work, unless spec-
ified otherwise,

Horiiontal Beds
It is obvious

from the forego-
ing discussion

that, in an qlter-
nation of horizon-

tal uniform sedi-
ments, the isogeo-
therms — or sur-

faces of equal
temperature— are

parallel horizontal
planes. Further-
more, in any given

\ uniform bed these

\ planes are equi-

distant. Their dis-
tance is propor-
tional to the bed

conductivity.
If the geologic

\ ' section comprises
\ four beds, A, B,
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Figure 1-2. Approximate ground temperature in the Gulf Coast.

when the surface of the ground and that
of the basement rock are horizontal
also. Under these conditions the tem-
perature gradient in any given bed is
constant and proportional to the recip-
rocal of the heat conductivity of said
bed, the factor of proportionality being
the same for all beds. ,

In geology, the reciprocal gradient is
frequently used instead of the gradient.
The reciprocal gradient is the vertical
distance between two points having a
temperature difference of one degree.
Evidently, in parallel media the recipro-
cal gradient in a bed is proportional to

C, D, for exam-
\ ple, whose heat
conductivities are
0.010, 0.003, 0.006
and 0.020, respec-
tively, the vertical
) temperature dis-
tribution in the ground is as shown by
‘the graph to the right of Figure 1-1.
If there is, for instance, a temperature
change of one degree over a vertical
distance of 100 feet in bed A, the same
temperature change will be observed
over distances of 30 feet, 60 feet, and
200 feet in beds B, C, and D, respec-
tively.
In any uniform horizontal formation
the temperature T at a given point is
given by the following formula:

T =T, bd (3)
where T, is the mean temperature of the

TABLE 1

Parallels Between Heat Conduction, Hydro-
dynami¢s and Electrodynamics

Heat Cbondn:ﬁon

Hydrodynamics

Electrodynamics

Heat flow per unit
time: .

dQ
(F=—)
dt

Fluid output or in-

put per unit time:

- (Faea)
¢ dt

Current inten-

ity:

.’_“y 4Q

C(l=—)
dt

Heat conductivity
(K)

Permeability (K)

Electrical con-
ductivity (C)

Temperature (T) Pressure (P) Potential (V)
Temperature Pressure Potential
gradient (dT) gradient (dP) gradient (dV)
Fourier's law: D’Arcy's law: Ohm’s law:
F=K——dT F=K—dP ImC——dV
o dx dx dx -

A =Path cross section.  dx==Path length.

ground close to the surface, b the tem-
perature gradient in the formation, and
d the depth of the point of observation.
This formula is valid at any point below
100 feet provided the surface of the
ground and the basement rock are reas-
onably horizontal.

In practice, a formation is never uni-
form. Equation (3) can nevertheless be
used to estimate the temperature at a
given depth provided the average value
of the temperature gradient is used for
b. In the Gulf Coast, for instance, when
the sediments consist of an alternation of
almost horizontal shales and sands the
following formula can be used far from
intrusions: .

d
T=704 —
+&

(T in degrees Fahrenheit and d in
feet). The resulting temperature graph
in tfréns of depths is shown on Fig-
ure 1-2.

Heat Conductivity

It has been seen above that the tem-
perature in the ground is controlled pri-
marily by the heat conductivity of the
formations. To understand how the tem-
perature is distributed it is therefore
advisable to have some knowledge of
the thermal properties of the materials
found in the ground.

The heat conductivity of a material
depends upon the following factors:’

conductivity of the solid particles,

Figure 1-3. Salt dome (left) and its model {right).




geometry of the solid particles,
conductivity of the fluids comprised
between the solid particles.

The heat conductivity of quartz is
greater than that of calcite, while the
latter is greater than that of the usual
silicates.

In heterogeneous substances the heat
conductivity increases with compactness.
For instance, igneous and metamorphic
rocks are usually better conductors than
sediments.

The nature of the fluids present in
the pores is also an important factor. If
the material is dry and very porous the
heat conductivity is considerably less
than if the pores contain water (sedi-
ments). This is due to the fact that air
is a much poorer heat conductor than
water. Oil and natural gas are also poer
conductors; therefore, the heat conduc-
tivity of petroleum-bearing reservoirs
should be smaller than that of the same
reservoirs when they contain only water.
Unfortunately, the difference is rather
small, as will be explained later.

Approximate conductivity of common
substances and sediments is given in
Table 2. The data for sediments are not
always reliable because a few are based
on values obtained from samples not
entirely saturated with water (out-
crops). More accurate conductivity val-
ues can be obtained when temperature
data are available from wells which are
in thermal equilibrium. This procedure
gives excellent relative conductivity val-
ues for sediments which are reasonably
horizontal and far from salt or igneous
intrusions. Approximate absolute values
can be obtained by using the following
formula: .

K=§1 Gs X 10

where K is the heat conductivity (C.G.S.
units), and Ga the reciprocal gradient
(vertical distance, in feet, for a temper-
ature change of one degree Fahrenheit).
This formula gives an average con-
ductivity of 0.004 in nonconsolidated
formations and of 0.006 in older forma-
tions. ’

Sands usually have a significantly
greater heat conductivity than shales,
possibly because of the rather high con-
ductivity of quartz. For instance, in a
well in thermal equilibrium located near
the Dickinson oil field (Galveston
County, Texas), temperature measure-

ments have given a reciprocal gradient

of 92 feet in sands and 42 feet in shales,
corresponding to an approximate heat
conductivity of 4.6 X 10 and 2.1 X 107,
respectively. In a typical West Texas

Figure 1-4. Anticline (Jeft) and its model (right).
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’Figuv‘n 1-5. T.rny for salt-dome investigations.

Figure 1-6. Flat electrodes simulating horizontﬁl ground and horizontal basement rock.

well, the reciprocal gradient in lime was
found to be 130 feet, giving a heat con-
ductivity of about 6.5:%X 107,

. The specific heat of sediments and :
igneous rocks varies chiefly with the

amount of free water contained. The
lowest values—about 0.2—are found in
rocks which do not contain any water

[(granite), while the highest values—
about (0.7—are exhibite_:‘d‘ by sediments
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Figure 1-7.‘ Topographic high. (left) and its model (right).

of high porosity (non
sands).

The temperature distribution in the
carth’s crust is independent of the spe-
cific heat of the formations unless the
latter are not in thermal equilibrium.

consolidated

Complex Cases

It has been seen that the temperature
distribution in parallel media follows
very simple rules. When the basement
rock or the surface of the ground are
not horizontal, or when the sediments
are tilted, the factor C of equation (2)
varies from point to point in a very
irregular manner and it is therefore
impossible to solve this equation for T,
the temperature of the ground. In such
complex cases the temperature can be
determined accurately only by direct

measurements. However, when the na-
ture of the formations and their ap-
proximate shape and dimensions are
known, fairly good temperature deter-
minations are frequently possible by
using either one of the two following
indirect methods:

measurements on an electrolytic

. model,

graphical means,

The temperature distribution in non-
uniform materials, for instance in sedi-
ments lifted by an intrusion, is a func-
tion of the following factors:

heat conductivity of the sediments
and of the intrusion,

geometry of the intrusion,

angle of formation dip,

surface topography.

miscellaneous minor influences.

GENERATOR AMMETER RHEOSTAT
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Figure 1-8. Electrodes and circuit arrangement for electrolytic scale models.

The graphical method is usually not
applicable to such complex cases and
will therefore not be discussed here. On
the other hand the electrolytic model
method is universal and very simple to
apply. Many of the data which will be
discussed in this work were obtained
with electrolytic models.

Electrolytic Models

The applicability of an electrolytic
model to the investigation of heat flow
in three-dimensional media is based on
the three following facts:

1. The flow of heat through solid
bodies is analogous to the flow of
electricity in conductive materials:
it is therefore possible to use an
electric flow through conductors to
simulate a flow of heat through
the earth’s crust.

2. A model may have any size pro-
vided it is geometrically similar to
the object it simulates. In practice,
a model whose dimensions are of
the order of one or two feet may
frequently be used successfully to

TABLE 2
Heat Conductivity of C Subst
(x 102 C.G.S) ‘
Metals.........
I
Minerals.......
Non-Sedimen- | Basalt..................... Sto7
tary Rocks. .. i 5to8
6
Sediments. .. .. 2t03
2t03
05t01
5to8
8to15
Sand, porous lime (water)....] 3tod
Sand, porous lime {oil or gas).| 3~ to 5~
Shale. ................... | 2ted
Fluids. ........ Air........... 0.05
Natural gas. . .. 0.1
Crudeoil...... 0.3
Water.....................0 1.4
Miscellancous. .| Conorste. .................. ttn2




simulate several cubic miles of for-
mations.

3. The electrical conductivity of the
elements of the model may have
any value, but their ratio must
equal the thermal conductivity ra-
tio of the corresponding elements
of the ground.

4. The temperature distribution in the
ground is sxmu]ated by the poten-
tial distribution in the model.

A model designed according to the
foregoing principles gives perfect tem-
perature data if the geometrical and
thermal characteristics of the forma-
tions to be investigated are known.
When a few of these characteristics can
be only approximately determined, one
has to use a model which does not simu-
late perfectly the actual conditions to be
investigated, The data obtained under
this condition are nevertheless useful if
used in a qualitative manner. In par-
ticular, it permits to understand the
basic influence of almost any factor
upon the temperature distribution in the
ground.

A comprehensive study of the tem-
perature in the earth’s crust by the elec-
trolytic model method would require
several man-years but would probably
be of great value. For the present work
only those measurements which were
necessary for a good understanding of
the temperature distribution in sedi-
ments were investigated, in particular
the effect of the following factors:

salt domes,

salt ridges,

intrusions having a low heat con-
ductivity,

formation dip,

superficial relief,

petroleum reservoirs,

ore deposits,

faulting.

Actual measurements on more com-
plex cases, in particular on combina-
tions of several of the preceding factors,
werc not carried out because reasonably
correct qualitative data can usually be
obtained by simply altering adequately
the temperature patterns obtained for
the elementary cases.

Many Simplifications Permissible

Theoretically, a model must be geo-
metrically similar to the object it simu-
lates. However, if the object is sym-
metrical about a plane or about an axis,
only an adequate part of the 'model may
be used rather than the complete model.
For instance, many of the formations
listed above, are of revolution about an
axis. Under this condition it will usually
suffice to carry the electrical investiga-
tion on a sector only. For example, the
temperature distribution in and about
the salt dome whose cross-section is
shown on Figure 1-3 can be fully investi-
gated by simply using the model shown
to the right of the figure. This is of
great practical importance because the
preparation of the models is thus con-
siderably facilitated. Furthermore, meas-
urements can be carried out easily in-
side the formation, as will be apparent
from an examination of Figure 1-3. These
inside measurements would be difficult
to make in a simple manner if complete
models were used. The data obtained
for one face of the wedge shown to the
right of Figure 1-3 are applicable to any
other section of the formation passing
through the axis of symmetry.

A similar simplification can be made
for the study of an anticline for ex-
ample. Because such a structure is sym-
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Figure 1-9. Temperature conversion chart,

metrical about two planes at right an-
gles, only a half slice of the formation
need be investigated (Figure 1-4). Of
course, if the object to be investigated
does not possess any symmetry, it is
necessary to use a full model if accurate
results. are desired.

The materials recommended for the
construction of a model are water and
conducting rubber. When this latter
material is not available, a thick paste
of well mixed sand and clay can be

used instead. This paste is easily mod-
eled to the required shape.

The materials are placed in a rec-
tangular container, 24x24 inches for
example. For the investigation of salt
domes and other structures which are
symmetrical about an axis, the container
is tilted (Figure 1-5) in order to obtain
for the water the correct wedge shape
mentioned above,

The heat flow is simulated by an elec-
tric flow obtained by placing a flat
electrode at each of two opposite ends
of the model (see Figure 1-6).

The effect of surface relief can be ap-
proximately investigated by curving one
of the current electrodes (Figure 1-7).
This procedure simulates the case of a
uniform temperature for the ground
surface, which is not an unreasonable
assumption when the topographic
changes are not very large. In the case
of high mountains or very deep depres-
sions the data thus obtained are in
error, and a more accurate procedure is
desirable. This will be discussed in a

“later article.

Alternating current is preferable to
direct current for simulating the heat
flow, but d.c. may be used if so desired.
In this case a relatively high voltage
(more than 50 volts) is necessary be-
cause it permits disregarding the polari-
zation potentials at the pickup elec-
trodes. Almost any conventional tester
or analyzer may be used for d.c. meas-
urements.

To obtain the section of an isogeo-
therm the null-method is recommended
for the potential measurements; one
of the pickup electrodes is held sta-
tionary at a point P while the other
electrode is placed in contact with the
model. Every point registering a zero
reading is situated on the equipotential
surface passing through P. The line
joining these points is a vertical section
of an isogeotherm., By repeating the
preceding procedure after electrode P
1s moved to various stations, for in-
stance at points situated 10 volts apart,
a family of isogeotherms is obtained.

To obtain the temperature values in
a hypothetical vertical bore hole which
is in thermal equilibrium, voltage meas-
urements are made along a straight line,
using one of the current electrodes as a
reference point.

For a complete investigation of the
temperature distribution in a formation,
it is advisable to make both types of
measurements.

The electric circuits used for this
work are represented on Figure 1-8

The experimental procedure described
above, although extremely simple, is
perfectly adapted to the investigation of
the temperature in areas which are in
thermal equilibrium, even if the condi-
tions are extremely complex. On the
other hand, the investigation of un-
steady states necessitates serious modi-
fications.

The unsteady states commonly found
are caused by the following factors:

1. Diurnal and annual temperature
changes in the superficial
layer (about 100 feet thick),

2. Fluid intrusions,

3. Mud circulation in rotary holes

4. Setting of cement behind casing.

Although cases No. 2, 3 and 4 are of
great practical interest as far as the
logging of wells by temperature meas-
urements is concerned, no scale model
experiment could be made for this work
and only empirical data on the subject
will be presented.

earth



