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FIG. 1. Filtrate density less than connate water density. Time zero: Beginning of invasion. (Times shown arc merely illustrative.)

A STUDY

Filtrate Invasion in
Highly Permeable Sands

H.G.DOLL —

lT has often been observed in salt-
water bearing sands of high permeabil-
ity that the depth of invasion by mud
filtrate is quite small near the bottom
boundaries of the beds, whereas the
top parts of the beds are deeply pene-
trated. This feature was brought to
light by the resistivity logs, in which
the shallow investigation curve (short
normal) gives the same very low read-
ings as the deep investigation curves
(long normal and/or lateral) over the
lower part of the beds, and an appre-
ciably higher reading over the upper
part.

Further evidence isprovided by the
micrologs, which show respectively
negative and positive separations op-
posite the lower and the upper portions
of the beds. Examples of this behavior
are exhibited in Figs. 12 and 13.

This observation has suggested the
idea that, in this kind of formation,
after the mud filtrate has been forced
through the mud cake, it does not flow
horizontally into the formation, but
has a tendency to rise..
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Depth of invasion often appears
less in base than in upper por-
tion of highly permeable sands.
Conclusion is that filtrates rise in
sand after passing filter cake
barrier at hole wall.

.

The mud filtrate is most often much
less saline than the interstitial water
originally located in the pores and its
density is therefore appreciably small-
er. As a result of this difference in
densities, the mud filtrate is submitted
to an ascensional force. Its velocity is
the resultant of two components: One
vertical (upward) component, caused
by the ascensional force, and one hori-
zontal (radial) component, due to the
rate of filtration.

Considering a permeable bed,
bounded by impervious formations,
and thick enough that the upward
movement of mud filtrate in the lower
part of the bed is not affected too
much by the presence of the upper im-
pervious boundary, the vertical com-
ponent of filtrate velocity in the lower
part is essentially proportional to the
ascensional force and to the vertical
permeability of the formation. So,
when this latter is great, the vertical
component may be substantially larger
than the horizontal component, which
itself is comparatively small because
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the sealing properties of the mud cake
limit the rate at which filtrate can enter
the formation from the hole. Actually,
as will be shown in more detail in the
Appendix, a value of the order of 2
ft per day seems a reasonable figure
for the vertical component in high per-
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meability formations, with the usual
differences between mud filtrate and
connate water densities, whereas the
horizontal component of filtrate veloc-
ity radially out from the hole wall is
known to be of the order of a few
inches per day at the most.

Consequently, in the lower part of
the formation, the mud filtrate rises
obliquely from the wall of the hole,
and the invasion is shallow; in the
upper part, the mud filtrate accumu-
lates below the upper boundary, and
the invasion is deep. By analogy with
the displacement of the fluids con-
tained in a vessel under the action of
temperature differences, this ascen-
sional movement of mud filtrate will
be called a ‘“convection current.”

The invasion process in a permeable,
homogeneous and salt-water-bearing
bed, bounded by impervious forma-
tions, is shown schematically on Fig. 1.

In tracing the figure, it has been
assumed that there is no transition zone
between the invaded and non-invaded
parts of the bed, which means that the
diffusion from connate water into fil-

FIG. 3.

trate can be taken as negligible. It has
been furthermore assumed that the
drilling speed is so great with respect
to the speed of filtration that invasion
begins substantially at the same time
throughout the whole permeable for-
mation. The time of the beginning of
invasion will be taken as time “zero”
in the following discussion.

Shortly -after time zero, say a few
hours, the surface separating the in-
vaded and the non-invaded zones,
which will be referred to in the follow-
ing as the “invasion front,” is still quite
close to the wall of the hole, and its
shape, as indicated in Fig. 1a by the
line ABCD, includes a central vertical
section BC*., As the invasion front
moves forward the vertical portion
shrinks, as shown for example by the
curve A B,C,D, of Fig. 1b, represent-
ing the conditions existing on the third
day after time zero. Still later, for ex-
ample on the 10th day, all the filtrate
that had penetrated the bed at time

*To simplify the wording, terms like ABCD,
which designate the intersection of a surface of
revolution with the plane of the figure, are used
in this article to denote the surface itself.

zero has had time to reach the top
boundary. At that time the invasion
front no longer contains a vertical sec-
tion, but has assumed the shape quali-
tatively shown by curve A,B,D, in
Fig. lc.

Furthermore, the rate of filtration,
and hence the radial component of
filtrate velocity, decreases progressively
with time as the mud cake becomes
thicker, whereas the vertical compo-
nent should be constant with respect
to time and to space (see Appendix).
The result is that the direction of the
lines of flow have a tendency to come
closer and closer with time to the ver-
tical. The invasion front therefore
moves forward for several days after
time zero until a maximum extension
of invasion is attained, (for example,
until the 10th day, as shown in Fig. Ic),
and then, in the lower part of the bed,
it recedes progressively, whereas in the
upper part it continues to expand be-
low the upper boundary (Fig. 1d —
curve A B.D_: 25th day).

This qualitative description will be
elaborated by the results of laboratorv
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FIGS. 4, 5, and 6. Invasion process in

homogeneous formation of 4500 darcies. *

FIGS. 7, 8, 9, and 10. Invasion process in
permeable formation (4500 darcies) in-
cluding a less permeable section (230
darcies).

(The pointer at bottom indicates depth
of uniform invasion.)
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tests and of mathematical computa-
tions to be explained hereafter.

Laboratory Experiments

Procedure. The invasion process in
highly permeable formations was
studied by means of a laboratory
model, consisting essentially of a cham-
ber that could allew radial invasion.
To this end, the model approximated a
“pie-shaped” sector cut from a cylin-
der, as shown in Fig. 2. To represent
the mud cake use was made of a metal
strip closing the narrow edge of the
“pie-shaped” cavity. This strip was per-
forated with. many evenly distributed
capillary apertures through which
“mud filtrate” could be forced into the
“formation.” The permeable formation
was made of spherical glass beads of
upiform diameter. In order to make
possible free radial invasion the outer
periphery of the model was terminated
by a screen, which served as a uni-
formly distributed sink for the flow of
fluids (Fig. 3). The top and bottom
boundaries of the pie-shaped box rep-
resented impervious beds above and
below the glass bead formation.

The permeabilities of the mud cake
and of the formations were chosen
quite large, at least one thousand times
larger than in usual field conditions.
This was done because it was difficult
to build a simulated “mud cake” with
a low enough permeability. Also, for
lower permeabilities the time required
for the phenomenon to develop in the
laboratory would have been excessive.
In fact, the time in the laboratory
tests was counted in minutes, whereas
in actual conditions it is a matter of
days.

One plane face of the model was
transparent, which enabled the record-
ing of the evolution of the phenomenon
by means of photographs taken at
proper intervals of time. To this end,
and also to facilitate the visual inspec-
tion of the experiment, a special dye
(potassium permanganate) was used
to color the filtrate water.

The pressure needed to cause the
flow of the filtrate into the invasion
chamber was provided by a water col-
umn, the hydrostatic head of which
could be varied at will. It was verified
that the rate of flow of the filtrate into
the chamber was proportional to this
pressure, as measured by a mercury
manometer connected at the lower in-
let of the simulated mud cake.

A dial, the reading of which was
proportional to the pressure on the fil-
trate, is shown in the accompanying
photographs to indicate the “‘relative
rate of flow.”

In all experiments, the specific gravi-
ties of the connate water and of the
filtrate were respectively 1.04 and 1.

Results, Figs. 4, 5, and 6 illustrate
the case of a homogeneous formation,
with a permeability of 4500 darcies.

On each photograph, the pointer at
the bottom of the frame indicates the

depth of uniform invasion, i.e. the,

depth to which invasion would have
extended in the same time, were it not
for the convection currents.

The times after the beginning of
invasion are shown on the clock: Each
minute of time elapsed corresponds to
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FIG. 11, Computation of shape of invasion
front in salt water bearing sand of high
porosity (upper boundary at great dis-
tance).

about 3 days for a formation with a
usual permeability of 1000 md (1
darcy).

In Fig. 4, invasion is. just beginning,
and the invasion front is substantially
vertical between altitudes 10 and 50.
The distance of this vertical front from
the wall of the hole is substantially
equal to the depth of uniform inva-
sion, as shown by the pointer (except
for some diffusion).

Fig. 5 shows the invasion front, six
minutes after the beginning of inva-
sion (18 days for a 1000-md forma-
tion). As the rate of invasion has been
kept constant, an equilibrium position
has been established. In the lower part,
the depth of invasion is much smaller
than would be in case of uniform pene-
tration, as is clearly shown by the posi-
tion of the pointer. Above altitude 37
the filtrate has accumulated, and the
invasion is yuite deep. Between alti-
tudes of about 25 and 35, the photo-
graph shows a portion that looks ap-
proximatelv vertical: this is likely to
be caused by some lack of homo-
geneity in the glass bead formation.

Fig. 6 shows the situation after 9
minutes (equivalent to 27 days for 1000
md). In the meantime, the rate of in-
vasion had been reduced (the relative
flow of rate, shown by the meter, reads
3 instead of 14, as in the previous
views). As could be expected, a reces-
sion of the invasion front, with respect
to its position in Fig. 4, is noticeable.

Further experiments were made to
investigate the effect of variations of
permeability within a bed.

To illustrate the results, Figs. 7, 8.
9, and 10 show the evolution of the
phenomenon in a model containing a
permeable bed, 4500 darcies divided
by a horizontal section with a lower
permeability (230 darcies).

In Fig. 7, just after the beginning
of the invasion, mud filtrate shows a
tendency to accumulate underneath
the boundary between the lower more
permeable portion and the less per-
meable section. The same tendency is
observed also near the top boundary
of the model.

Fig. 8 shows the invasion after 4
minutes (12 days for 1000 rnd). Some
vertical channeling is visible within the
intermediate section.

After 12 minutes (36 days), the
channeled filtrate has extended into the
upper more permeable part of the bed
(Fig. 9).

Finally, as the rate of filtration has
been kept constant, an equilibrium
position is practically reached after 26
minutes (i.e. 78 days), as shown in
Fig. 10. The invasion appears to be
very shallow throughout most of the
lower permeable part of the bed, then
an abrupt increase occurs near and

-~
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FIG. 12, Example showing effect of convection currents in salt water bearing cands of
high permeability: Shallow invasion at bottom and deep invasion at top.

below the lower boundary of the less -

permeable section. From this level the
invasion remains approximately at the
same depth, and then increases again
near the top boundary of the upper
permeable part of the bed.

Of course, in the upper half of the
model, the invasion front is not clearly
defined because of the influence of
channeling. The invaded zone actually
does not contain only mud filtrate, but
a mixture of filtrate and connate water.

The experiment seems to show that
when a high permeability bed includes
a section with a lower permeability, a
regime of convection currents builds
up such that the invasion is shallow
only below the less permeable section.

Computations
The shape of the invaded front can
be computed approximately for the
lower portion of a homogeneous per-

meable bed again supposed to be thick
enough that the presence of the imper-
vious upper boundary has a negligible
influence on the circulation of the fluids
in thé lower part.

Fig. 11 represents the vertical cross-
section of the lower part of such a pér-
meable bed. In this figure, the vertical
distances, z, are measured from the
lower boundary AP, and the horizon-
tal distances, X, are measured from the
axis 0 0’ of the bore hole.

Considering a certain point M of
altitude AH = z on the invasion front,
the computations were made supposing
that all the mud filtrate, which had
crossed the wall between A and H at
time zero, has already ascended above
the level of M. In other words, the
vertical portion of the invasion front
(such as A B, in Fig. 1 b for example),
if any such still exists, has, at the time
being considered, passed above M. On

Fig. 11, such.a vertical position is
shown in BC.

The volume of filtratc flowing across
the horizontal plane through point M
between times t and t - dt, is equal
to 7(x2 — r*) v, ¢ dt, r being the radius
of the hole, ¢ the porosity, and v, the
vertical velocity, which, in a homo-
geneous bed, is constant with respect
to space and to time. The volume of fil-
trate that crosses the wall of the hole
in the section between the bottom of
the bed and the level of point M (sec-
tion AH with AH = z), between the
same times t and t - dt, is equal to
271z v, ¢ dt, where v, is the radial ve-
locity at the wall of the hole (v,, at a
given time, can be taken as being sub-
stantially constant).

If it is assumed further that v, is
constant with time, the portion AMB
of the invasion front is at an equilib-
rium position, and these two volumes
must be equal. It follows:

a(x? —r?) v, ¢ dt = 21z v, ¢ dt

S 0V

Hence:

V.
= q/2r2— 412
X J vt o

Equation (2) shows that the shape
of the invasion front over section AMB
is a paraboloid of revolution around
the axis of the hole.*

In fact, the radial velocity v, is not
constant, but decreases progressively
with time as the mud cake thickness
increases. Accordingly, x decreases
also with time. In other words, at any
given level HM in a bed, the invasion
front recedes toward the hole after the
instant when the filtrate that had pene-
trated at level A at time zero has risen
to level M**. Up to that time, M had
been in a vertical part of the front,
moving out from the hole. The evolu-
tion of the invasion front at any level
in the lower part of a bed is therefore
first a progression, then a recession.
The higher the level, the later the re-
cession starts, and this up to a distance
sufficiently near the top boundary,
where filtrate accumulates and where
" eCurve AMB is a line of flow. and. accord-
ingly. the filtrate velocity at points along AMB

is tangent to this curve. It is thus possible to
write for points along AMB:

oz _ Ve

ax vz

vx being the radial velocity at each point along
AMB, which in turn is related to vr through:

v __ T
ve X
Hence:
9z _ VX
x T vrr

Integrating this. equation leads again to
equation (2). )

**The slope of the tangent to curve AMB at
point A is vz/vr; this shows that, at the bot-
tom of the bed. the tangent to the curve ap-
proaches the vertical with time, or, in other
words, that the invasion front approaches the
wall of the hole.
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the depth of invasion continues to in-
crease without limit.

If filtration stops completely, all the
filtrate eventually will gather along the
upper boundary and the invaded con-
dition will disappear elsewhere in the
bed.

Field Examples

In addition to their possible interest
in drilling and production practice, the
above concepts account for the be-
havior of electrical logs in salt-water-
bearing sands of high permeability.

Fig. 12 shows the conventional ES,
microlog, and section gage recorded
over a sequence of sands, shales, and
thin tight streaks. The sands have a
high permeability and are all salt-
water-bearing. The drilling mud is ap-
preciably fresher than the connate
water.

Section A will be examined in detail
as an example. This section can be di-
vided into two parts, a and b, accord-
ing to the resistivity curves and the
microlog.

In sub-section a, both short and long
normal curves track practically to-
gether, which is indicative of a very
shallow invasion. On the other hand,
the microlog shows a negative separa-
tion. In a permeable bed of low re-
sistivity, this means that R, resistivity

of the formation close to and behind
the wall of the hole, is smaller than
R, the resistivity of the mud cake. If
the depth of invasion were at least
equal to the average radius of investi-
gation of the microlog (i.e. about 3-in.
from the wall), R,, would be approxi-
mately equal to the mud filtrate resis-
tivity multiplied by the formation fac-
tor, i.e. would be greater than R, and
a positive separation would be ob-
served. The fact that R,, is smaller
than R, is due to the presence of the
uncontaminated zone, whose resistivity
is very low (0.4 ohmmeter, according
to the normal curves), within the
radius of investigation of the microlog,
i.e. at very close distance from the
wall. The negative separation observed
on the microlog therefore confirms
that the invasion is very shallow in this
sub-section.

In sub-section b, just below the tight
adjacent bed, the greater values re-
corded on both curves indicate a deep-
er invasion. This is confirmed by the
higher values and the positive separa-
tion observed on the microlog.

The SP curve and the microlog
show that the bed is not homogeneous
and contains variable amounts of shale
(although the variations on the micro-
log curves may correspond partly to
changes in mud cake thickness). It ap-

pears that, despite the presence of in-
terstilial shale, the vertical permeabil-
ity of thc bed is nevertheless yreat
enough for the convection currcnts to
be appreciable.

Similar considerations apply to the
other permeable sections. The feature
is slightly different in bed B. The lower
part, with shallow invasion, is clearly
differentiated from the upper part, with
deep invasion; however, in the lower
part, the short normal curve stays
higher than the long normal, which
shows that the invasion is not sc shal-
low as in the case of bed A, section a,
for example. Correspondingly, the sep-
aration between microlog curves, in-
stead of being negative, is shghtly posi-
tive.

The section gage log indirectly con-
firms the existence of convection cur-
rents. Considering each individual
sand, the log shows that the mud cake
thickness has no tendency to increase
from the bottom to the top. This indi-
cates that the rate of filtration should
be substantially the same at all levels
of the same bed. As the porosity is
known to be constant on the average,
the depth of invasion would be also the
same, if there were no convection cur-
rents.

Fig. 13 is another example of a sim-
ilar sequence of formations. The point



of interest is that the microlog was
recorded twice: ln run I, at the same
time as the conventional log; in run II,
four days later. The comparison of the
amplified short normal curve and of the
microlog run 1 again shows the effect
of the conveéction currents on the be-
havior of the invaded zone. Further-
more, on microlog run lI, the ampli-
tudes of the negative separations and
their vertical extensions are more ac-
centuated than in run I, whereas the
sections with positive separations are
narrower. This shows that the invasion
front receded between run I and run
II, except at a very close distance be-
low the upper boundaries where filtrate
continued to accumulate.

Case of Oil Bearing Formations

The mathematical analysis of the
problem of invasion in case of oil bear-
ing' formations seem to be very in-
volved. The problem, accordingly, was
studied only in the laboratory, and
with simple equipment. The model con-
sisted of two identical burettes filled
with glass beads and water of 1.04 spe-
cific gravity. Oil was poured into the
burettes from above until about one-

‘half the formation was oil invaded.

Then dyed filtrate water of 1.00 spe-
cific gravity was introduced in each
system through a glass tube. In one
burette the tube outlet was in the oil-
bearing portion above the oil-water
interface, in the other burette the tube
‘outlet was in the water portion.

It was found, in the first case, that
the fresh filtrate water sank through
the oil to the oil-water interface and
floated on the top of the salty forma-
tion water without appreciable mixing.
In the second case, the fresh water rose
through the salty water up to the oil-
water interface and concentrated at
this level, with some mixing between
the fresh and salty water.

This experiment suggests the idea
that in a high permeability formation
supposed substantially homogeneous,
which is oil-bearing at the top and
salt-water-bearing at the bottom, the
mud filtrate would tend to flow down-
ward in the oil-bearing part and up-
ward in the water-bearing part. This
process would create a zone of deep
invasion near the oil-water level,
whereas invasion would be shallower
everywhere else.

The conditions of the laboratory ex-
periments, however, were so diferent
from thc actual conditions prevailing
in the formations that the above sug-
gestion should be considered with great
caution. It is certain, in particular, that
the permeability of the formation in
the laboratory model was enormous in
comparison with the highest permeabil-
ities encountered in practice. Although
this circumstance was acceptable for
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at bottom. Porosity: about 30 per cent. Vertical permeability: about 100 md.

the investigation of water-bearing for-
mations, it may give a completely false
representation of the actual phenome-
non in the case of oil-bearing forma-
tions, if only because the effect of
capillary forces was practically negli-
gible in the laboratory model.

On the other hand, it has been dif-
ficult thus far to find definite experi-
mental evidence of the phenomenon
on actual electrical logs. The deep in-
vasion zone, if such really exists at the
oil-water contact, would have a limited
vertical extension and, with the pres-
ent measuring devices, could not be
easily differentiated from the oil-bear-
ing zone. Furthermore, to ascertain
from the electrical logs available at
present whether invasion is shallow or
deep is generally difficuit, and even im-
possible in oil-bearing sections, because
the values of R, and R, are not very
different.

An example is shown, nevertheless,
in Fig. 14, which seems to confirm the
assumption that filtrate accumulates
near the oil-water contact. The log was
run in a thick, fairly homogeneous,
high permeability sand (porosity about

30 per cent and vertical permeability
about 1000 md). The resistivity of the
mud was 0.4 at 89 F, much higher than
that of the connate water, which was
known to be quite salty.

The invasion is extremely shallow
over the interval AB where low read-
ings are observed on the two normal
curves (about 0.5 ohms). The upper
section CD is known as oil-bearing,
and corresponds to high resistivity
values on both curves (10-15 ohms).
In the transition zone BC, intermediate
resistivities are observed, with the short
normal reading higher than the long
normal. 1t does not seem that the transi-
tion is caused by a progressive decrease
of water saturation, corresponding to
a progressive increase of R,, since for
so high a permeability the oil-water
contact should be sharp. The possibil-
ity of lithologic variations is also ex-
cluded, according to what is known
about the formation. As the filtrate is
more resistive than the connate water,
it is therefore likely that the feature
observed in zone BC corresponds to a
progressive increase of the depth of the
invaded zone, as a result of convection



currents, below the oil-water contact.

Whether the invasion is deep or
shallow in the oil-bearing zone is dif-
ficult to decide. from the logs.

The use of new methods such as
laterolog and induction log, which have
a better resolving power and which
furthermore should permit the evalua-
tion of the depth of invasion, perhaps
will provide some more accurate data
on this phenomenon in oil-bearing for-
mations.

It is actually easier for water to flow
through a porous diaphragm when this
diaphragm is completely filled with
water than when it is filled with both
oil and water, all other conditions be-
ing the same. In the latter case, the
water has to displace the oil and its
movement is responsive to the effec-
tive permeability of the diaphragm to
oil, which, of course, is smaller than
the single-phase permeability to water,
and to the viscesity of the oil, which
generally is greater than the viscosity
of water.

Accordingly, when mud filtrate pene-
trates into a formation that is oil-
bearing at top and water-bearing at
bottom, it may find a greater resistance
to flow radially across the oil-bearing
pores, than when it descends toward
the water table. This consideration
would support the hypothesis that mud
filtrate tends to flow downw 'rd in the
oil-bearing part of a permeable bed. It
would even seem that this t-ndency
should prevail whatever the permea-
bility of the bed.

All this, of course, is merely specu-
lative and has not been checked by any
experiment or theoretical analysis.

Conclusion
I. The hypothesis has been ad-
vanced that in salt-water-bearing sands
of high permeability, drilled through
with comparatively fresh mud, convec-

tion currents occur due to the differ-
ence in density between mud filtrate
and connate water. The effect of these
convection currents is to drive mud fil-
trate toward the upper boundary of the
bed, so that the invasion is shallow in
the lower part and deep in the upper
part.

2. Corresponding laboratory tests
have been described, and a computa-
tion of the phenomenon discussed. It
has been shown that both studies con-
firm the above hypothesis, and also pro-
vide data on the shape of the invasion
front, and on its evolution with time.

3.1t has been shown that the con-
cept of convection currents accounts
for the behavior of the electrical logs
run in the formations in question.

4. The investigation of the case of
permeable beds containing oil at top
and salt-water at bottom is still very
incomplete. It is, nevertheless, sug-
gested that mud filtrate flows down-
ward in the oil-bearing part and upward
in the water-bearing part, thus accumu-
lating around the oil-water contact.

APPENDIX

Vertical Component of Mud
Filtrate Veiocity
Briefly stated, the theory is that after

‘the filtrate penetrates the mud cake

sheath it acquires a vertical velocity
v, due to the difference between the
specific gravities of the filtrate and for-
mation waters. The vertical velocity
can be evaluated from Darcy’s law:
At a point of altitude z, the volume
of fluid in cubic centimeters flowing in
the vertical direction .across 1 square
centimeter of cross-sectional area per
second is v, ¢, ¢ being the porosity.
Hence:

LIS
e O:

Vg = —

Where:

k, = permeability in the vertical di-
rection in darcies,

w = viscosity of the fluid in centi-
poises, and

p = pressure in atmospheres

Using practical units, the vertical
components will thus be given by the
equation:

(pw — pmD ky
p

This equation shows that the verti-
cal velocity is independent of time, and
is constant everywhere in a homoge-
neous formation. 4

Taking the following numerical
values:

v, (feet-day) = 2.74

Porosity ¢ = 0.25,

pw — pmf = 0.05 (this corresponds
to a salt content in the connate water
exceeding that in the filtrate by about
100,000 ppm, which is a usual case),

Temperature: 200 F, which gives for
> Viscosity of water, a value of about
0.30 centipoises.

The value found for the vertical
component would be about 2 ft per day
if k, = 1000 md.
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15-second summary

It is possible to predict the proba-
bility that commercial reservoirs exist
in a geographical area of investigation
—and even to estimate whether pro-
duction will be gas or oil. Methods
used involve comparing log derived
reservoir data to statistical properties
Lbf hydrocarbon environments.

WIRELINE DATA combined with
knowledge of the origin of petroleum
provide important information used
‘n estimating regional probability of
‘ommercial hydrocarbon deposits and
Physical state of gas-oil systems at
diffcrent depths. o
Many world-wide studies have been
Made of the origin of petroleum
-{Hedbgra, 1969; Dott, 1969; Vassoy-
J™ch, 1969; Andreev, 1968; and
"'\_PtOvskii, 1958). Investigators relate
#distribution of gas and oil to single
8Prameters, or their various combina-
ons, such as depth, geologic time,
®mperature, pressure, clay diagenesis,
- 'Solved gases, sand-shale ratios, etc.
Many of these important factors can
ascertained from wireline data.

1) . L .
*"¢Pth. Depending on thermodynamic
“Onditions, ‘hydrocarbon systems may
0Ccur a5 solids, liquids, gases or mix-

[
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pressures affect drilling

PART 5: Predicting hydrocarbon environments with wireline data

tures. Generally, regional distribution
of hydrocarbons versus depth shows
that gas reserves exceed oil reserves,
with increasing depth, for both normal
and abnormal pressure reservoirs.
Since 1964, all record holders for deep-
est producers are gas wells (Please
see table, WorLp OiL, Feb. 15, 1972,
Page 58).

Gas and oil distribution in the Per-

sian Gulf basin, (Zvereva and Selitskii '

1970) is characteristic of other basins.
About 80% of the oil reserves is con-
centrated on platform basin edges, and
more than 98% of free gas reserves is
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FIG. 20—How to obtdin®true BHT. Well

was drilled in an area with high tempera-
ture gradients. Four trips were made with
logging tools to 6,518 feet. Density log
was on bottom 4 hours after mud circula-
tion stopped and recorded temperature
of 218°F. Microlaterolog, on bottom some
6 hours later, recorded 264°F. Straight
fine extrapolation to infinite time indi-
cates BHT of 281°F. Actual stabilized
temperature was 280°F.

i

How downhole temperatures,

UNIVERSITY OF UTAR
RESEARCH IMSTITUTE
EARTH SCIENGE LAB.

associated with the leading depression

(folded edge of the basin).

Vertically, oil and gas accumula-
tions in the basin are distributed in
three zones:

1. Oil-gas and oil pools in the in-
terval 250-2,500 meters, More than
50% of oil reserves and nearly 100%
of dry gas reserves are concentrated
there.

2. Oil and gas condensate pools
at depths of 2.5 to 4 km, where sub-
stantial gas condensate deposits are
concentrated.

3. Probable z.one of gas condensate
and gas deposits at depths exceeding
4 km. )

Presence of the first two zones has
been confirmed by exploratory drill-
ing, but the third zone has not been
penetrated.

Distribution patterns were governed
mainly by direction and magnitude of
vertical tectonic movements during
geologic evolution of the basin.

Temperatures. Reasonably accurate
formation temperatures can be ob-
tained from well logs. Maximum
recording thermometers should be
used on each logging device. Gener-
ally, maximum recorded temperature

is assurpedsto be bottom hole tempera-
ture/” BHT. JAnd temperature usually
incie%'s‘lf With depth.

not necessarily absolute BHT unless
T T T

ot eI TR T TR -
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FIG. 21—Universal relations of physical state of oil and gas are shown as a function
of depth and thermal gradient (after Landes, 1967). Chart has been checked with
known production versus depth and temperature in several world areas, and generail
agreement is noted except for areas of overpressure.
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FIG. 22—Conventional Short Normal shale plot indicates abnormal pressure below
about 8,000 feet, and super pressures (Timko and Ferti, 1970) below 13,000 feet, as
characterized by a very high shale-sand ratic and 17 + ppg mud weight. Plot of log
derived formation temperature suggests an ‘'elbow"” region which corresponds closely
to the high pressure. .

the well has been static long enough polation technique must be used

e .y

so that borehidle and adjacent forma-
0 T I AR RN T e
tions temperatures stabilize. Unfortu-
P R T IR I A RN ) -
nately, stabilized temperature 1s rarely
réached by the time logs are run.

o, e M e S oty TSNS
Thiérefore, log BHT will be Jess than

actual formation temperature. Differ-

ence depends on several factors, and
TR

) s 2 NI A S S
=] o]
¢an range from 1% F:800F.
To get true temperature, an extra-
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whenever multiple log runs are made
at any particular depth. Besides tem-
perature measurement on each run, it
is necessary to record time, after mud
circulation, that the sonde was last on
bottom. Fig. 20 illustrates this method.

Terrestrial heat field distribution
studies in potential hydrocarbon prov-

inces around the world indicate
fields are generally confined to
temperature zones, while gas fi
occur in higher temperature zone;

Landes (1967) proposed a unjve
relationship of gas and oil distribut
with depth and temperature (
21). This chart agrees fairly .
when compared with known gas
oil production versus depth and t
perature in several places in the we
However, we have reservations at
the author’s general observation -
most temperature gradient curves
come straight lines below 3,000-4,

feet and that rate of temperature

crease with depth, once stabilized,
be extrapolated downward dur
drilling to forecast content of pros
tive Teservoirs.

The chart should be used cautic
in regions of known or suspected ¢
pressure, since recent experiences i
cate steeper than normal tempera
gradients will occur (George, 1
Lewis and Rose, 1970; Jones, ¢
Fert] and Timko, 1970). Fig. 22 st
such a case from offshore Louisia

Klemme (1972) also recently
cussed influence of heat with re:
to size of oil giants, the migration
formation of hydrocarbons and f
of tectonic basins.

Clay diagenesis. Burst (1969)
cently related clay diagenesis to hy
carbon distribution on the U.S.
Coast. He proposed a three-
water escape curve and suggc
“The amount of water in moven
during the second stage, is 10-15!
compacted bulk volume and r
sents a significant fluid displace
capable of redistributing any m
subsurface component. The move:
occurs in a relatively restricted, di
dependent temperature zone in v
average dehydration temperatu
the points measured is 22]1°F.”

Based on empirically derived
curves and a geothermal grad
map, Burst constructed regional
surface dehydration contour map
concluded that hydrocarbon prt
tion depths are distributed in a ¢
tically consistent relation to calcu
clay-dehydration contour sur
Production versus dehydration
also were given as functions of
logic age and field size.

Analysis of production versus
dration data shows that conch

Continved on F

Circle 137 on Reader Semvi



'i'WELFTH INTERSOCIETY ENERGY CONVERSION ENGINEERING CONFERENCE Y

rSHERATQN PARK HOTEL, WASHINGTON, D. C.

THE HELICAL SCREW EXPANDER EVALUATION PROJECT

Richard A. McKRay ;

SuBJ

GPHYS
Log
HSE

AUGUST 28 — SEPTEMBER 2,187 %/
/4
. - —_——— .. . 9

Jet Propulsion Laboratory, Pasadena, California

Abstract

A positive-displacement helical-screw expander of
the Lysholm type has been adapted for geothermal
service by the Hydrothermal Power Co., Ltd. (HPC)
and successfully demonstrated in a 50 kW prototype
power system.
Laboratory (JPL) and HPC are preparing to evaluate
the expander by testing a new model in a 1 MW power

system under wellhead conditions in selected liquid-

dominated geothermal fields. The objectives are to
determine the performance characteristics of the
expander and power system over a broad range of

operating conditions and also to examine the concept
Throttling and fractiona-
tion of the fluids from the test wells is planned to

of wellhead power plants.

simulate a wide range of wellhead pressures and
steam fractions.
the expander exhaust pressure. The investigation
will include expander efficiency, corrosion,
erosion, scale formation and control, and endurance
testing. Interaction studies with the wells and an
electric grid are also proposed.

INTRODUCTION

The prospects of geothermal energy utilization
around the world could be enhanced by an expander
which operates directly on the hot mineralized
water and vapor produced in liquid-dominated
geothermal fields.

A positive-displacement mixed flow expander based
on the design of Lysholm (Sweden) has been adapted
for geothermal service and incorporated into a

50 kW prototype electric power plant module by the
Hydrothermal Power Co., Ltd., shown in.Figure 1.
This prototype system was successfully demonstrated
in three geothermal fields in southwestern United
States and Mexico using brines having mineral con-

tent ranging from 1.7 to 33 weight percent d;ssolved

solids.

However, inherent limitations in size and construc-

tion details of the prototype precluded establish-
ing commercial credibility. The need to test a
larger machine designed and built for geothermal
service was evident.

EXPANDER OPERATION

The principle of operation of the expander can be
described with the aid of Figure 2. The geothermal
fluid at wellhead pressure flows through the

.

. - ’...._....,-- v L e mer

With ERDA support, the Jet Propulsion

Provision is also planned to vary

Geothermal Power System (50 kW Proto-
type) Complete with Helical-Screw Expander, Speed
Reducer, Electric Generator, Forced Lubrication

System, Governor, and Instrument Panel, Operating

Figure 1.

at Well M7, Cerro Prieto, Mexico.
Hydrothermal Power Co., Ltd.)

(Courtesy of

throttle valve T and at bigh velocity enters the
high pressure pocket formed by the meshed rotors,
the rotor case bores, and the case end face. This
pocket, designated by A in the figure, is mostly
hidden by the rotor lobes, but can be seen in the
plan section view. As the rotors turn, the pocket
elongates, splits into a V, and moves away from
the inlet port to form the region designated by B.
With continued rotation, the V lengthens, expand-
ing successively to C, D, and E as the point of
meshing of the rotors appears to retreat from the
expanding fluid. The expanded fluid at low

‘pressure is then discharged into the exhaust port.

Within the machine, vapor is continuously being
produced from the hot liquid phase as it decreases
in pressure during its passage through the
expander. The effect is that of an infinite series
of steam flashers, all within the prime mover. R
Thus, the mass flow of vapor increases continuously
as the pressure drops throughout the expansion
process, and the total energy stream from the well
is carried all the way to the lowest expansion
pressure. i '

During operation of the prototype, the buildup of
scale within the expander was limited by the
sweeping action of the two meshing helical screw
rotors on each other and on all other internal
surfaces. The scale deposit provided corrosion
protection for otherwise exposed surfaces and . .
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FOREWORD

This pamphlet has been prepared for the benefit of the Sales
and Field Engineer.

It describes practical methods for determining water satura-
tion from TDT logs. With special emphasis on TDT-K, it
shows how porosity and nature of hydrocarbon can also be
determined and how confident one can be in the results.

The various methods and observations presented in this pamphlet
have been proposed, used, and analyzed during the last eighteen
months by SDRC, Interpretation Development, and the Field.
They represent our experience in TDT interpretation today.
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DETERMINATION OF WATER SATURATION

Thermal Neutron Decay Time measurements can be used to calculate
water saturation. The Thermal Neutron Decay Time constant of

the formation (1) is related to the Neutron capture cross section
of the formation (z) as follows:

Tusec = 4;50 (1)
cu

- The units of 1 are microseconds 3 2 3
- The units of T are capture units (10 “cm“/cm”)

A typical Dual Spacing TDT log is shown in Fig. 1. This log

differs from those made by previous tools in that the additional
detector provides a ratio curve similar to that of the CNL.

Porosity can be derived from this Ratio. Another feature of the
tool is the recording of the Gate 1 counts per second for near and
far detectors. Under favorable conditions these curves can indicate
gas in the formation.

Fig. 2 is a schematic (representation) of an earth formation. Each
component of the formation has a specific capture cross section.
The log response can be written as follows:

Z1og * (1-@-Vp )z o+ Vo T+ b Sy 2, * (1-5) 8, Zhy (2)
Note that Eq. 2 is linear and independent of formation factor and
saturation exponents. Once the log has been run, we need to
determine as many as six additional parameters in order to solve
Eq. 3 for the formation water saturation.

=(Z1og'2ma) - @, (Zhy -Zma) - Vs (Zsh - Zma) (3)
@

S v

e (Zw - Zhy)

Fig. 3 shows the information required to solve for Sy. The inner
circle applies to clean formations. The outer circle is additional
information required when the formations are shaly. Part of this
report is devoted to determining these parameters.
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CONDITIONS FOR TDT-S,, DETERMINATION
— CONFIDENCE FACTOR

The TDT, as with all logging tools gives better answers with certain
formation parameters than with others. Interpretation is enhanced
with the TDT when:

1) Sigms water is high,
2) Porosity is high,
3) Shale content is low.

If any of the characteristics are not met, the chance of error affect-
ing the calculation becomes larger.

Since the TDT is a radioactivity device, it is affected by statis-
tics. Statistical error can be a problem when the resolution of a
tool is poor. This is the case with the TDT in certain areas.
However, new logging procedures have been developed to reduce these
statistics to a minimal level. This allows reliable answers to be
determined from the TDT even in fresh water or low porosity.

A method of determining the reliability of these answers has been
devised such that we can put a quality rating on each interval of the
log. The reliability is calculated by determining what the statis-
tical error is and calculating how much effect on saturation the error
will have. If the parameters are such that the normal errors
associated with the tool yield a poor quality rating, then new logging
procedures can be used to improve the reliability. By making multiple
passes and computer averaging of the data, statistical variation can
be brought to a minimal level. This improves the resolution of the
tool and allows a greater degree of confidence.

Delta Sy(ASy) is the amount of variance in water saturation seen due
to statistical sensitive data. Sy is calculated by taking the basic
TDT equation (3) and rewriting it for the possible error in each measure-

ment (4).
2 2, 2 2 2, 2 2 (4)
AS =WE LY oD [Z]g— Zpa~Ver (Zer— Zma).-.] OV P (2T
W
2
QE (ZW—Zhy)
where: Azlog = Accuracy of Sigma
AD = Accuracy of Porosity
AV = Accuracy of Volume of Clay

cl



The accuracy of sigma can be determined by an empirical method shown

below:
(]Og . VN+N

Azlog = ( ) (5)
P.T. N —

1 ° Count Rate of Near Detector Gate I
= Count Rate of Gate 3
Logging Time Constant

where:

v 4 = =2
n

=  Number of Passes

If the count rates are not available, N1 and N3 can be related to
total porosity by equation (6).

8700 + 800 (cps)

N,
600 (cps) (6)

Ns

A ASy of ! 10 was taken to give a confidence representing the lower
1imit for quantitative determination and AS, of ! 20 for qualitative
determination. Fig. 4 is a plot of the lower 1limit of confidence for
varying porosity and sigma water with Vg1 = 0. Note the effect of
multiple passes on confidence. Fig. 5 is the same plot with V¢] = .2.
It can be seen from these figures that by multiple passes and computer
application, reliability of TDT answers is increased.
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DETERMINATION OF POROSITY FROM TDT-K (@]

Soft Rock--Clean Formations

The ratio curve is essentially a dual-spaced Neutron. Unlike the
CNL, it responds to gamma rays of capture. Because of this, the
Ratio must be corrected for the salinity of the borehole and
formation fluids. Fortunately, sigma is a measure of the forma-
tion salinity. Crossplotting ratio and sigma yields porosity. To
date, there are six such crossplots for varying borehole sizes

and salinities. These are Figs. 6, 7, 8, 9, 10 and 11. The
charts were derived from lab measurements. The measurements were
gaken for porosities of .18 and .36. The charts are based on

ma ~ 10.

Ratio and Sigma values are entered in the chart that matches the
hole size, casing size, and borehole salinity of the well. Porosity
is read from the chart., Fig. 12 shows @k compared to open-hole

FDC and CNL logs. For situations where the hole conditions differ
from the chart, the porosities determined may be systematically in
error. Experience to date shows that @K may be adjusted to fit

the known porosity in a specific zone, and this correction can then
be applied to the rest of the log. If hole conditions change, @k
must be renormalized.

As well as porosity, the crossplot yields the apparent water
salinity of the formation--WSa. WSa is analagous to Rwg. Water
zones plot such that WSa is relatively high (low Rwa). 01l zones
give relatively low WSa values (fresh water zones too). Because
@Kk is a MNeutron log, gas zones plot as Tow porosity zones with
moderate to high WSa values. Like the CNL, the TDT-K ratio does
not work in gas-filled holes.

Soft Rock--Shaly Formations

The accepted procedure for shale correction is to correct the data
before entering the Sigma vs. Ratio chart. This is done as follows:

Reorr = R]og B Vsh(Rsh']') (7)

Zeorr - Lilog T Vsh(zsh'zma*) (8)

Crossplotting the corrected values gives @k ~ fPe.

This method is used by TCD. LID plots Lcgpr VS uncorrected ratio;
that is, they only correct sigma for shale.

* For this equation, 2z can be taken as 10.




Hard Rock

A11 experience with TDT-K as a porosity device in carbonates or low
porosities comes from the field. No charts based on lab experience
were ever built around ratio conversion to porosity in formations
other than sandstone or lower than 15% (other than 0%).

Since the TDT-K porosity is similar to a CNL in response, it can be
corrected for matrix the same way. Fig. 14 is a chart for converting
CNL or TDT-K sandstone porosity for matrix effects.

Often, it is found necessary to calibrate the ratio to open-hole
porosity. It should be remembered in old wells, especially carbonates,
the apparent porosity may have changed. In limestone, wells are
routinely acidized with the net effect of increasing the porosity
around the well bore. The TDT-K sees this porosity change and any
water saturation calculation must be treated accordingliy. Also as gas
wells pressure depiete, the Neutron porosity is lowered as the hydrogen
index of the fluid lessens. This also must be taken into account as
with any Neutron device.

DETERMINATION OF SHALE VOLUME [V, or V(|qy

0f all the necessary parameters used to compute Sy from TDT, tne
volume of shale is the most critical. The terms clay and shale are
used interchangeably in most of the literature on TDT and in this
report. Sy calculations made using SARABAND answers show that best
results are obtained using Vclay as the input. This is not
surprising because logically, t%e silt component of the shale should
have a sigma value similar to that of the matrix.

There are no universal relationships that can be applied to an SP
or GR to determine Vsh. Local relationships must be developed to
determine Vsh as accurately as possible. Following are some of the
methods used:

1. SP
The TCD uses the SP almost exclusively to derive Vsh. Fig. 15
shows the relationship between SP reduction (a) and Vsh developed
by TCD. The chart is based on a dispersed clay model and assumes
hydrocarbon-bearing sands, where the SP reduction is larger
than in water-bearing shaly sands. If the zone is really water
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bearing, the value of Vgp is too small; thus, the resulting
Sw is fail-safe. If no other source of Vgp is available, the
analyst's experience and good judgement are the only recourse
for determination of Vsh. It is noteworthy that the maximum
Vop that TCD will use is .2.

Recommended reading for the use of SP to get Vsh is an article
in the Technical Review, Vol. 20, No. 1, p20.

2. GR
As in the case of the SP, local relationships must be developed
to relate GR deflection to Vsh. Fig. 16 shows two relation-
ships. The curve labeled "1" was proposed by C. Clavier. The
curve labeled "2" was derived by J. Stieber of Shell 0il1 for
use in South Louisiana shaly sand formations.

3. Sonic & Density
If open-hole Sonic and Density logs are available, the dispersed
clay model may be used for determining Vclay where

(9)

4. Sigma
The TDT has been run in Surenco as a shale indicator. For the
special case where Ipy T Iy (0il and fresh water), sigma does
not respond to changes in water saturation. In these cases it
responds only to changes in clay content.

z _ s
Vo, = log min (10)
Ze1 - Zmin
where ¥ _. = @ x Zhy+ (1-9) Zma (11)

This set of conditions is not usually met in NAM and the sigma
curve reflects the variation of Sy. However, sigma can indicate
if there is a need to make shale corrections in hydrocarbon zones.

PARAMETER SELECTION

Sigma Hydrocarbon - Zhy

For the case of oil, the GOR and API gravity should be known. These
values are entered in Fig. 17 and_%hy read in the ordinate. If the
GOR and API gravity are unknown, Zpy = 21. is used for oil.

* g has to be corrected for compaction.
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For the case of gas, the reservoir pressure and temperature as
well as the gas gravity must be known. The sigma of methane is

determined from Fig. 18. Sigma hydrocarbon for gas is calculated
as follows:

Ly = Zmethane

x (.23 + 1.4 Yg)* (12)
where Yg is the gravity of the gas at standard conditions
(Yair = 1)

Sigma Shale (Clay) Lsh

This parameter is picked from the log.

If a caliper log is available, choose an interval where the shales
are not excessively caved.

The Ny-Fy count rate curves can also be used to monitor excessively
caved intervals. This will be discussed later.

If the sigma readings in a shale zone are varying over an appreciable
range (X 6 c.u.), pick the higher readings. This presumes that the
variation is due to varying silt content and not to hole conditions.

Note that of all the parameters influencing the Sy calculation Zgh
is the least critical whereas Vsh is the most critical.

Sigma Matrix (Zma) and Sigma Water (Zw)

These parameters will be treated together since the determination
of one often depends on the other. The preferred technique for
determining these parameters is through the use of crossplots. For
shaly zones the accepted procedure is to make shale corrections to
the data (2log and @) before plotting the points.

1. Sigma vs. @ Crossplot

Since sigma varies linearly with porosity, a sigma vs. porosity
crossplot is very useful. This plot will be discussed for two
situations:

- The well has zones of varying porosity. Fig. 19 is a
sigma vs. porosity crossplot for a hypothetical well.
The most northwesterly points on the plot are water
bearing. A line drawn through these points will be the
Sw = 1. line. The line intersects the ordinate (@ = 0.)
at the value of Zpa; in this case Zpa = 10.  This

*  _ Mol. Wt.
g = Mol Wt
28.95
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particular line also intersects the @ = .5 ordinate
at £ = 45. For the condition of @ = .5 and Sy = 1.,
£ = 45, Using Ima = 10 (from the plot), we can solve

for Zy:
o= (1-9) (g,,) + B (35) (13)
45 = .5 (10) + .5 (Zw)
Zw = 80

- The porosity in the zones of interest is essentially
constant. For this situation the water points occur as
a lump with no definable trend to a value of Ipz. For
this case either Ima or Iw must be known in order to
calculate the other. Fig. 20 shows a typical cluster of
water points. In this example, the center of the cluster
is at £ = 30 c.u., and @ = .3. Suppose Iy derived from
water analysis = 71. c.u.

D= (-p)(z )+ 8 (1) (13)
30 = .7 (3 )+ .3 ()
p.o= 12.4

The Sy = 1. line can now be drawn as shown in Fig. 20.

2. Sigma vs. Resistivity Crossplot

This plot is made using the conventional Resistivity vs. Porosity
charts on pages 80 and 81 of the Chart Book. It can be used

to derive Ipa. Fig. 21 shows an example of this plot. It is
used for the cases where the porosities in the water and hydro-
carbon zones are fairly constant. Table | shows the log values
used in Fig. 21. Two zones are shown. The readings were
averaged over several feet. Points 5 and 9 are gas sands having
Lhy = 7. c.u. The other points are water sands. After plotting
the points on the chart a straight line can be drawn between

the water and hydrocarbon sands. Extrapolating the line to zero
conductivity yields a value for sigma (Zg.0). Zp.o represents
the formation comprising only matrix and hydrocarbon. ZIpa can
be solved knowing § and Zhy.

Le.o = (1-9)z, . + @ (Zhy) (14)
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Caution: When determining IZpz in this manner, the sands must
be clean. If the sands are shaly, Ima determined will be too
high. The effect of the shale will be included in Io.o; that

is,

Zo.o = (1--Vgp) Zpo + 0 (2p)) + Vo Igy (15)

After determination of Ima, a Sigma vs. Porosity plot is made
to determine Zy. This is shown by Fig. 22.

METHODS FOR SOLVING THE §,, EQUATION

Nomogram--Chart Sw-12, Fig. 23

1.

Clean Formations

Join Ima with Pivot Point B. This gives a line (a) which
crosses the vertical @ lines.

Extrapolate a line (b) from I1gq through the intersection
of Tine (a) and the appropriate @ to a point on the If
column.

Determine the intersection of Iy and Zhy for the appropriate
conditions.

Extrapolate a line (5) from the point on the If column
through the intersection of Iw and Ihy to the Sy column.

Notes

Construct a new line (a) when Zpa changes.

Obviously, the intersection of 2, and Zpy will vary with
changes in either or both of these parameters. Care must
be taken with this point as Sy is very sensitive to these
parameters. (Also true for shaly formations)

Shaly Formations

Construct line (1) by joining Pivot Point A with %pa of the
clean formation. This gives a line crossing the vertical
Vsh lines.

Extrapolate a line (2) from the Zgh value through the
intersection of the appropriate Vgh value and line (1)

to Column 2. This gives Z¢gpp which is Iypg + the effect
of shale.
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- Line (3) is constructed between Zcorr and ZIpma (for the
clean formation). Line (3) is used in the same manner as
1ine (a) was for clean formations.

- Line (4) is extrapolated from the log reading (for the zone
of interest) through the intersection of line (3) and the
porosity--which has been shale corrected--to column 3.

- Line 5 is made using the same procedure as in the case of
clean formations.

Notes

- Line (1) must be changed if Ima changes.

- Line (2) must be changed if Vsh and/or Ish changes.

- Line (3) changes if line (2) and/or Zma changes.

- The porosity used to locate 1ine (4) must be shale corrected.

For this reason, porosity from a synergetic log is most
desirable. For a single porosity log, use:

9= 01og = Vsn (Pgp) (16)

where glog = porosity log reading

Qsh = apparent porosity of shale as seen
by the tool.
) = volume of shale determined from GR
sh
or SP.

Sigma vs. Porosity Crossplot

The use of this plot to find £y and ZIpa has been covered. The plot
can be scaled to determine the water saturation of hydrocarbon
zones. After locating the Sy = 1. line, the Sy = 0. line is located
using Zypa and Zpy. If Sy = 0., then:

o= (1-9) (2 ) (17)

ma

Z = 9.2 is plotted on the chart at § = .5

The Sy = 0 line is drawn between this point and Iy, (@ = 0.)
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To construct lines for Sy = .1, Sy = .2, etc., simply divide any
vertical line (between the Sy = 0 and Sy = 1. lines) into 10 equal
segments of sigma. Fig. 24 shows a sigma vs. porosity crossplot
scaled in water saturation.

Computer-Derived Water Saturation

Basically, the TDT computer program solves Eq. 3 for Sy. The
advantage of using the computer is that a detailed analysis can be
presented in an appealing and useful format.

Fig. 25 shows the output of the TDT computer program. The TDT was

run to monitor the sand after several years' production. This
particular well is somewhat unique in that there is a veritable

wealth of open-hole information. The logs on the well are shown in
Fig. 26. @k was derived from Ratio and Sigma. The GR, SP, Induction,
and FDC readings, together with @g (actually a Neutron porosity),

were used in the SARABAND program and Vcilay and e were computed.
Then, Vclay and @, together with Sigma were used in the TDT program

to obtain ¥he results in Fig. 25.

The TDT can be a valuable tool when planning a recompletion. Fig. 27
is a computer output made on a carbonate well in Canada. The well
was producing with a high water cut at the time the TDT-K was run.
The open-hole porosity, permeability, and water saturation were
computed from IES and Sonic logs. The cased-hole porosity and water
saturation were derived from the TDT-K.

The well has beén acidized and the effects of the acid are reflected
on the ratio curve and sigma. Currently, we can not compute a
reliable water saturation across the acidized interval.

Analyzing the open-and cased-hole interpretations, it can be seen
that recompleting the well in the upper zones will yield more oil.
Note that the zone from 8926-8934 should not be perforated. The
cased-hole bulk-volume water curve shows that this zone is no longer
at irreducible water saturation and will produce with some water cut.

QUALITATIVE ANALYSIS

Sigma vs. Resistivity Crossplot

Very often the only additional information on an old well is a
resistivity log. The sigma vs. resistivity plot is an effective
tool in this circumstance. If the formations are fairly clean and
have similar porosities this plot can distinguish depleted zones.
Formations whose saturation has not changed during the life of the
well plot on a straight line. This line can be scaled in water
saturation. Fig. 28 is an example of this plot. The points on the
plot are taken from the logs shown in Fig. 26. Although the example
deals with one large sand, the plot works equally as well for a
series of sands if the type of hydrocarbon is the same. Gas zones
plot to the left of 0il zones. Increasing shaliness moves the points
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to the right toward the shale point. Point 3 is a slightly shaly
hydrocarbon interval. Thief zones, oil zones that have developed
secondary gas caps, and water zones that are still invaded with
mud filtrate plot to the left of the line.

Parameter Selection

There are occasions when the expected values for the parameters do
not yield reasonable answers. For these occasions the parameters
have to be determined empirically. Fig. 29 is an example of a

sigma vs. porosity crossplot developed for the Beaver Hill Lake
formation in Canada. This chart was developed from a study of 21
wells in this formation. The wells produce oil. Using conventional
values of Ima = 12., Iy = 100., and Zpy = 21. yields TDT values of
water saturation that are negative.

After plotting the points on the ¥ vs. @ crossplot, the saturation
lines were located from corresponding open-hole saturation data.
The parameters that relate TDT data to open-hole saturations for
this field are Zpa = 10., Zhy = 10., and Iy = 120.

Quick Look Sw Determination

The sigma vs. ratio crossplot can be used to derive water saturation.
This is a reconnaissance technique to pick out zones for detailed
analysis. For o0il zones:

S WSa in the o0il zone (18)
wa WSa 1n a nearby water zone

t?

For gas zones:

S _ Pk in _the gas zone (19)
wa ~ @k in a nearby water zone

Swa in shaly oil and gas zones will be too high.

1. Look for zones with low sigma; check shale indicators so as not
to overlook shaly hydrocarbons where sigma may be high.

2. Look at NjFy to determine if the zone is gas bearing.
3. Determine @K and WSa in cleanest water zones.
4. Determine @k and WSa in zones of interest.

5. For o0il zones use Eq. 18; for gas zones use Eq. 19.
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ANALYSIS OF N;-F; COUNT RATES

During the field test of the TDT-K, it was found that the near
detector and far detector Gate I count rates could be used to
locate gas. TCD has been the leader in developing interpretation
guidelines in the analysis of these curves.

It was determined that if the count rates were displayed such
that the scale of Ny with respect to F1 was in the ratio of 6:1,
then the curves would overlay in water sands. In gas sands the
curves separate. The exact explanation for this phenomenon is
unknown. The most plausible theory is that the N1 and F1 count
rates behave as short- and long-spacing neutrons, respectively.
This behavior has been noted with the CNL count rates as well.

The count rates are sensitive to changes in porosity. Best results
to date have been obtained in high porosity sand/shale sequences.
For lower porosities the ratio of the count rate scales may have to
be Towered. After rescaling the count rates a similar separation

may occur when gas is present. However, the zones must have fairly
constant low porosity.

Fig. 30 shows typical responses of the N1-F1 count rate curves:

- Zone A is the response in water sands and uncaved shales.

- Zone B is an oil zone and shows slight separation--F1 to
the left of Nj.

- Zone C is a gas zone w/large separation. F] can be 1 to 3 Tlarge
divisions to the left of N]. Note the decrease in ratio curve.

The shale above Zone C is typical of a caved shale with so-called
reverse or negative separation between N1 and Fjy.

The amount of gas separation in shaly zones is attenuated due to
the shale content. Fig. 31 shows this.

Fig. 32 shows two zones. Zone A is a gas zone. The response of
Zone B is typical of the response in some zones of low porosity.
Note that sigma and ratio values are about the same for these zones;
however, the N]1-F] signature is quite different. For Zone B, both
count rates decrease whereas Zone A has the gas signature. TCD
postulates that the response of Zone B applies to lTow porosity
sandstones with 1ittle or no calcareous infilling.

Fig. 33 exhibits gas separation in Zones A, D, and C. Zone B is a
water sand. Zone A is limestone. Zones D and C are limestone or
Timy sands. It is impossible to distinguish these zones from gas
zones without other information. GR and SP response may help.
Ideally, open-hole Sonic, Density, or core information is available.
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Zone A of Fig. 34 shows super gas saturation. The Ratio is very
much attenuated, reading close to 1. in the upper part of the
sand. The reservoir is a depletion drive reservoir with gravity
drainage as the production mechanism. The "super separation" of
N1-F1 is indicative of low pressure gas in the depleted sand.
Zone B is a hydrocarbon zone showing a gas/oil contact.

Fig. 35 shows a gas-liquid contact in the casing. Nj and F] both
increase and the Ratio drops to a low value. The TDT-K Ratio can
not be used when there is gas in:-the casing.

Fig. 36 shows the response of N1-F1 curves with gas trapped below
a packer. Again, both count rates increase and the Ratio is
attenuated.

Fig. 37 is another example that appears to show trapped gas. Since
there is no packer, the gas is presumed to be in the casing/borehole
annulus. Sigma indicates that the formation is water bearing.

Fig. 38 shows two zones with gas separation on N1-F1. The upper
zone is gas. The separation in the lower zone is caused by a "hot
spot" on the casing or tubing. These "hot spots" are caused by
deposits of radioactive salts accumulating in or near the well bore
during production. The far Gate 3 count rate (F3) measures the
background counts at the far detector. Subtracting the background
(1/3 F3 cps) from F1 eliminates the separation in these "hot spots."
Ncte that the Ratio curve is unaffected since Ratio is computed
after background subtraction.

Fig. 39 is another example of high background causing false
separation. Two logging runs are presented--one with the well
flowing--the other with the well shut in. The response of count
rate curves indicate that with the well flowing gas is channeling
down the casing formation annulus.

JMH: kb
5-17-74 (Updated by J. T. Watson, 4-1-77)
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INFORMATION NECESSARY TO DETERMINE
WATER SATURATION FROM TDT
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GRAPHICAL DETERMINATION OF S,, FROM
THE TDT LOG (CLEAN FORMATIONS)

POROSITY, %

S. may be determined graphically, in clean formations, by crossploiting ¥... versus ¢». Xu. and S. may be unknown, but are
presumed to be constant over the interval studied. There must be some points for 100% water zones, and these must show a
good variation in porosity. These water points define the S, = 100% line; when extrapolated. this line intersects the zero-
porosity’ axis al Xuw.. The So = 0% line is drawn from 2., at d) =0% 10X =% (Xus + X ) at ¢ = 50%. The vertical distance
from S. = 0% to S. = 100% is divided linearly to find other lines of constant saturation. The erfect of variable lithology is
minimized if porosity is taken from a Neutron Log.
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GRAPHICAL DETERMINATION OF S,y FROM
THE TDT LOG (CLEAN FORMATIONS)
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S« may be determined graphically, in clean formations, by crossplotting X,.. versus @ Xua and X, may be unknown, but are
presumed to be constant over the interval studied. There must be some points for 100% water zones, and these must show a
good variation in porosity. These water points define the S. = 100% line; when extrapolated. this line intersects the zero-
porosity axis al X... The S. = 0% line is drawn from 2. at d) =0% 10X =% (Xm + X4 ) at ¢ = 50%. The vertical distance
from S. = 0% to S. = 100% is divided linearly to find other Jines of constant saturation. The eifect of variable lithology is
minimized if porosity is taken from a Neutron Log. .
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TABLE 1
COND
DEPTH POINT < c.u.  mmhos/m @
(9613 1 31.5 4600 .28
9600 2 30 4000 .28
ZONE | 9581 3 31 4900 .31
A 9517 4 30 4000 .30
9528 5 15 200 31
| 9230 6 29 3400 .31
8700 7 37 5600 .32
ZOBNE 8605 8 36 5000 .30
8375 9 14 100 .29
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GRAPHICAL DETERMINATION OF S,, FROM |
THE TDT LOG (CLEAN FORMATIONS)
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SPECIAL REPORT

When the borehole contains only a gas, specialized log-

ging methods are needed to get quantitative information

on porosity and saturation. Here are some recommended

programs that will give results in . ..

LOGGING EMPTY HOLES

POROSITY AND SATURATION,
reduced to numbers, are what op-
erators are looking for these days.

And more and more wells are
being drilled with air or gas.

Put these two things together, and
you have some new logging prob-
lems to cope with. When a well is
drilled with a liquid, conventional
resistivity-measuring tools can be
used with good results. But with an
empty hole, conditions are different,
and new methods must be used.

The recent development of the
density logging tool (Schlumberger’s
Gamma-Gamma Density Log) made
it possible to prepare logging pro-
grams to suit all conditions involv-
ing wells drilled with air or gas.

Examples that follow are based
on experience with cable-tool wells
around Ohio and West Virginia, but
the empty-hole programs can be
applied to wells drilled with rotary
tools, as long as other conditions
are met.

Basic Logging Tools

The interpretation program for
empty holes uses three basic logging
tools: induction, neutron, and den-
sity logs.

Induction. The induction log is
the only device capable of measur-
ing resistivity in an empty borehole,
and this condition cnhances its
ability to obtain R,.

Neutron. The neutron log has
long been the logging industry’s only
approach to the determination of
porosity in empty boreholes. Under
these conditions, log interpretation
is usually donc by an empirical
scaling method. For the subsequent

Paper presented at second annual mcet-

ing of Society of Professional Well Log
Analysts, Dallas, May 17-19, 1961.

BY C. G. RODERMUND, R. P. ALGER,
AND J. TITTMAN
Schlumberger Well Surveying
Corporatoin

neutron-log study, a logarithmic po-
rosity scale is applied between two
control points. The shale deflection
is used as 35% porosity, and a 2%
porosity point is determined by the
maximum neutron deflection in a
dense carbonate. Gas-bearing car-
bonates may produce even larger de-
flections, but the density log will

ELECTRONIC 1
CARTRIDGE < af;

POWER SECTION J

SUPPORT LINK

DETEGCTOR
HOUSING HEAD

\‘

CHASSIS SEGTION -
CALIPER ARM— | I3

SOURCE AND
DETECTOR HOUSING

BULK DENSITY is meosured with this
Schlumberger Gamma-Gamma sonde.
Fig. 1.

distinguish these from the dense
zones.

Density. The Schlumberger Gam-
ma-Gamma sonde (Fig. 1) is a de-
vice which measures, in situ, the
bulk density of subsurface forma-
tions ‘penetrated by a borehole. The
name indicates the principle of op-
eration: gamma rays are emitted by
a source and, after having diffused
through the formations, they are
counted by a gamma-ray detector.

The principle is somewhat similar
to that of the neutron sonde, but the
big difference between the two tools
is in the manner in which the
emitted gamma rays and the neu-
trons interact with the formations.
In neutron logging, the important
effects are caused by collisions be-
tween the neutrons and hydrogen
atoms. Gamma rays, on the other
hand, interact with the electrons
which are always present in each
atom of formation. The density log-
ging tool has been so designed that
its response depends upon the
electron density (electrons per cc.)
in the formation, and not upon the
nature of the atoms. This electron
density is almost exactly propor-
tional to the bulk density of the
formation.

Fig. 2 shows how the counting
rate varies with bulk density of the
formation. Note that for the density-
logging tool, the counting rate is
approximately an exponential func-
tion of the bulk density. This means
that the device has a constant den-
sity resolution irrespective of the
value. Thus the fractional change in
counting rate for a density change
of 1 g/cc. is the same, whether the
density is high or low. This property
persists with respect to porosity,
also.
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Associated Services

Gamma Ray. The gamma-ray log
is used as the correlation device in
each of the described methods. It
also provides an indication of the
accuracy of the interpretation since
shaliness is always detrimental to
any analysis. The neutron is quickly
affected as shaliness increases,
whereas the effect of shaliness on
the density log is usually small and
frequently unobservable.

Caliper. The density tool must
make good contact with the wall of
the hole. If, due to hole roughness
or caving, there is gas between the
articulated skid and the formation,
the sonde will average it in and the
apparent density will appear much
too low. Therefore, a caliper log is
essential to avoid errors in inter-
pretation; preferably, it should be

recorded simuitaneously with the
density log.

Knowledge of hole diameter is
also needed for interpreting neutron
and temperature surveys.

Temperature. The temperature
survey is valuable for confirming
low-density anomalies in that it pin-
points zones having sufficient per-
meability to produce gas without
stimulation trcatment. In favorable
cases it can be used to dectermine
the proportional production from
two or more zones.!

Interpretation Techniques
Density-Hydrogen Index Method

Density tool response. The
Schlumberger density tool is pres-
ently calibrated to read directly the
bulk density of the formation. With
the procurement of the bulk density,

pu, the role of the sonde is termin-
ated. The interprctation procedure
for porosity now depends on the
introduction of correct grain and
fluid densities. The bulk density is
an average of the densities of the
solids and the densities of the fluids
contained in the pore spaces.

Consider a unit volume of forma-
tion, where the porosity, ¢, is filled
with fluids having a density of pg.
The remaining volume, 1-¢, repre-
sents the rock matrix whose grain
density is pg. Bulk density is then
given by:

Pn:d)PF‘i‘(l_(l))Pu (n

Solving for ¢, we have:

P — Pn
Pc — Pr

It can be seen that a quantitative
porosity can now be derived with
the knowledge of three parameters.
Values for py are taken directly
from the density log. Usually p.
can be ootained with sufficient ac-
curacy from some prior knowledge
of the type of formation being zna-
lyzed in empty-hole logging. pr can-
not be assumed as readily. Depend-
ing on the gas-to-liquid ratio, gy
will be either the average density of
the liquids in the pore space or
something less. If, for example, we
have 70% liquid saturation with
gas in the remainder of the pore
space, py would be:

Pr = SLPL + S:p_u (3]

(where S, and S, are the liquid
and gas saturations, respectively)

then.
Pr = O7p1 -+ 03[’4.

Density of formation water ranges
from 0.95 g./cc. to 1.10 g./cc. ap-
proximately depending on tempera-
ture, pressure, and salinity. Average
density of oil is slightly lower than
these values and varies over an
cqually wide range. A simple cal-
culation shows that errors duc to
these variations are negligible.
Therefore, for simplicity and prac-
tical reasons. we usc a value of unity
for the term pr. The gas density.
p., for reservoirs producing gas into
an empty hole approaches 0 g./cc.
It follows then that

pr=07X1+03x0=0.7g/cc.
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POROSITY & HYDROGEN CONTENT
DECREASES
eret—

NEUTRON - DERIVED POROSITY ap-
proaches true porosity as liquid satura-
tion approaches 100%. But as liquid
saturation falls off, the hydrogen in-
dex decreases. Fig. 3.

In this special case, where the gas
density is zero and the liquid density
is unity, we always have the same
interesting result:

pr=S; @)

In any case, to determine the gas-
to-liquid ratio it is necessary to have
further information, which either
the neutron or the induction log will
supply.

Neutron response. The neutron
logging device is primarily sensitive
to the hydrogen content of the for-
mation. Since in shale-free rocks
the hydrogen present is generally in
the form of the fluids in the pore
space, it follows that as porosity
varies, the hydrogen content of the
formation will vary. The log is cali-
brated to read true porosity when
the pore space is 100% liquid filled.
Since oil and water have approxi-
mately the same hydrogen content
per unit volume, the water-to-oil
ratio makes no difference in the re-
sponse to the tool. Difficulty arises
when gas is also present. Since the
gas occupies volume, but has both
a very low hydrogen index and a
low density, it alters the usual inter-
pretation of both the density and
neutron logs. As gas saturation in-
creases, hydrogen content necessari-
ly decreases and the hydrogen index,
as given by the neutron log, de-
creases. In Fig. 3, zones A and B,
both with 100% §,, show 15% and
10% porosity, respectively. In these
instances, the hydrogen index is the

true porosity of each zone. Zones
C and D indicate 10% porosity, but
with a reduction in liquid satura-
tion to 50% and then to 10%. It
can be seen that as S; approaches
100%, the hydrogen index (¢y) ap-
proaches the true porosity. This re-
lationship, in equation form, is:

Sp = ¢N/¢

As explained previously, in a zone
having 0.7 = S, the py was also 0.7.
Since we saw that S, = pyp in Equa-
tion 4 and since Sy, = ¢y/P, wecan
make a substitution in Equation 2

With this value of ¢ we can refer
back to Equation 5 to obtain S.
It is now apparent that from data
supplied by the density and neu-
tron logs we can arrive at quantita-
tive porosity and liquid saturation.
This process is solved graphically by
use of the chart shown on Fig. 4.
() By plotting ps against ¢y, using the
appropriate value of pg, ¢ and S,
are read directly from the body of
the chart.
Density, resistivity method. An-
other approach is possible when ap-
propriate reservoir conditions exist;

so that: i.e., when water is the only liquid
Pe — Ps present in the pore space. Instead of
¢ = (6A) Equation 5, a variation of the
pc — (dx/ ) Archie relationship for S, can be

Solving for ¢: used.
P — ps + dx (6B) S« = (1/¢) Y Ru/R; ¢)]

= Pc In this relationship we need R,
Use only If no Use only if no
ishale is present. POROSITY % oil 1s mmq
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DENSITY AND NEUTRON log data can be used with this chart to find
porosity and liquid saturation. Fig. 4.
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EXAMPLE 1—Application of the density-hydrogen index program.

and R, information. R, must be
obtained from some prior knowl-
edge of the area. R, can be obtained
quite accurately and with little cor-
rection from the induction log.
When the only liquid present is
water, we can see from Equation 4
that

PF = Sw (8)

Substituting the value of S, for pg
in Equation 2 we have:

¢ = Po — Po (9A)
pc — (1/¢) VR/R,
Solving for ¢:
; — + VR./R;
b= o P v (9B)

Pc

With this value of ¢ we can refer
back to Equation 7 to obtain Ss.
We should emphasize that Equation
9B is valid only if there is no oil
in the pore space.

In some special cases it may be
possible and advisable for the bore-
hole to be filled with a few hundred
feet of water. A focused resistivity

log may then be used instead of the
induction log. It gives better re-
sistivity definition in thin beds and
in highly resistive zones. Fig. 4 is
also used to solve Equation 9. By
plotting R,/R,, versus py and pg, ¢
and S, data are obtained.

Applications of Above Techniques

Density-hydrogen index method.
The density-hydrogen index method
is used where gas saturation is pri-
marily the information desired. Po-
rosity and gas saturation data can
be obtained regardless of the combi-
nation of the liquids present in the
‘pore space.

This method has limitations where
the neutron log is affected by shali-
ness. Under these circumstances
the derived porosity is too high and
the gas saturation is too low.

Density-resistivity method. In the
density-resistivity method, gas sat-
uration is still of primary interest.
Here, however, it is required that
the pore liquid be formation water.
Since this method requires accurate
resistivity values, use of the induc-
tion log is suitable when R, < 200
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EXAMPLE 2—Application of the density-resistivity program.

ohm-m. If higher resistivities occur,
a focused resistivity log may be used
after spotting water in the hole. The
effects of shaliness are less impor-
tant with this method.

Density-hydrogen index-resistivity
method. If a fractional analysis of
all the fluids present is needed, it is
necessary to provide R, information
from the induction or resistivity
tools. With the true porosity obtain-
able through the density-hydrogen
index plot, the use of R./R. in
Archie’s Equation 7 will then pro-
vide S¢. Since we already have S,
and now S, the S, may be com-
puted (S, = 1 — §; — Sy).

Examples

Density-hydrogen index method.
Example 1 is of a Clinton sandstone
from a well in Ohio. In zone A the
bulk density from the log is 2.44
g./cc. The neutron-derived index is
6% . On the basis of core analysis,
the grain density of this sandstone
has been found to be 2.68 g./cc.

Enter the bottom of the chart
(Fig. 4) with the bulk density (2.44);
proceed diagonally to the appropri-
ate grain density (2.68). Move ver-
tically to plot this point against the
neutron index (6%). This location
is at the intersection of the true po-
rosity (11%) and the gas satura-
tion (0.47) of this zone. Note that
53% of the fluids in the pore space
are unaccounted for. Since this was
primarily a gas field, even though
some oil is produced, knowledge of
oil saturation was not considered
important. In any case, the gas sat-
uration determination is independ-
ent of the amount of oil which may
be present.

A summary of the interpretation
of this formation is shown below:

Zone pu ' P~ @ Sz
A 268 244 6.0% 11.0% 047
B ... 241 60 12.3 0.52
C 240 6.0 12.5 0.53
D 234 45 14.0 0.68

On final completion this well
had an open flow potential of 4
M.M.cfd.

Density - resistivity method. Ex-
ample 2 shows logs from a well in
West Virginia in a region where gas
production is sometimes found in
the base of the Big lime and in the
Injun sandstone immediately below.
The logs available are gamma ray,
density, induction, and temperature.



Thus, the density-resistivity method
may be used.

The grain density used in the
Big lime is 2.75 g./cc. In zone A
the bulk density is 2.36 g./cc. and
R, from the induction log is 125
ohm-m. Ry in this area is known
to be 0.05 ohm-m, so that R¢/R.
.becomes 2,500. The procedure is
to enter the chart with the bulk
density (2.36) then proceed diag-
onally to the proper grain density
(2.75). This locates the abscissa
value to plot against the ordinate
value of R{/R, (2,500). The plotted
point indicates a true porosity of
14.8% and a gas saturation of 0.87.
We again point out that this system
is applicable only if no oil is present
in the pore space.

A summary of the interpretation
of these logs is shown below:
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EXAMPLE 3—Application of the density-hydrogen index-resistivity program.

Qil saturation is then (1.00 — 0.48
— 0.14) or 0.38. Since there is oil
in the pore space, we cannot enter
Fig. 4 with R/R..

A summary of the interpretation

Clinton sand in Ohio. This is a
case of particular interest because
it uses the focused resistivity log
instead of the induction log. In this
instance, a slight amount of water
was being produced from a forma-
tion above the Clinton. At the time

Zone o6 o8 R: Rw Re/Ru ¢ Sk the logs were run, the hole con-
AL 275 2.36 125.0 0.05 2,500 14.8 0g7  tained approximately 1,000 ft. of
B ............ 2.48 120.0 e 2.440 10.4 0.80  salt water. Since gas was being pro-
C ... 2.44 21.0 420 13.0 062 duced to ‘the atmosphere, no in-
D. .......... 2.68 2.36 5.6 112 15.3 0.40 ! ’

vasion had occurred. The gas den-
In this case the induction log ¢ these loms is sh bel sity in the reservoir is still suffi-
. hes W

helps select between two possible of these logs 1s shown belo

interpretations of the density and Zone pc pu éx ¢ Se R, R« Sw So

temperature surveys. For example, A 268 234 8.0 15.5 0.48 68 004 014 038

zone D could be impermeable, gas- B ....... 2.68 2.36 9.0 15.0 0.44 70 0.04 0.14 0.42

filled beds, or high porosity, liquid-
filled formations. The induction log
by virtue of the small R, reading
indicates the latter condition. Ac-
tual production tests yielded large
quantities of water plus a small
amount of gas from zone D. Zones
A, B, and C will become good pro-
ducers.

Density-hydrogen index-resistivity
method. Example 3 shows logs re-
corded through the Clinton sand-
stone. Included are gamma ray, den-
sity, neutron, and induction logs.
These were run to achieve a com-
plete analysis of all the fluids pres-
ent.

In zone A, the bulk density is
2.34 g./cc. and the grain density
is 2.68 g./cc. The neutron index is
8.0%. R, is 68 ohm-m, and Ry is
0.04 ohm-m. Using the density and
neutron data on Fig. 4, we get a
true porosity of 15.5% and a gas
saturation of 0.48. To distinguish
between the two fluids, water and
oil, we will use the derived true
porosity (15.5%) together with the
known R, and the R, from the in-
duction log. Archie’s Equation 7
gives water saturation (S.) of 0.14.

Completion results for these
zones show that 350,000 cu. ft. of
gas per day is being delivered into
the pipeline. The formation (or
rock) pressure is reported as 800
psi. A small amount of oil is also
produced.

Example 4 shows logs of the

ciently low to allow the use of these
techniques. Another point of inter-
est is that most of the sands in
this well have only gas and water
present. This gives us an oppor-
tunity to use both the density-hy-
drogen index and density-resistivity
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EXAMPLE 4-—Program for woter-loaded holes producing gas.



techniques on the same formations.
The data have been tabulated in
chart form so that comparison can
be made. Note that these two meth-
ods give rémarkably similar results
except in the case of zone E. The
logs show the presence of oil in this
zone, which precludes the use of
the density-resistivity method. Use
of the two approaches to saturation
could be said to provide a “satura-
tion balance” technique.

Zone po pn R. R« R«/Rw ox
A 2.68 254 38 0.04 950 3.5
B ... 254 45 1,125 25
C 253 28 ... 700 3.5
D 255 48 ... 1200 25
E 253 120 ... 3,000 3.0
F 253 35 ... 875 35

Zone—
Method— ¢ S ¢

will not properly predict the produc-
tivity. A necessary condition for the
use of Fig. 5 is the existence of ir-
reducible water saturation; this situ-
ation, in fact, occurs in the Clinton
sandstone. Similar charts could be
made for other sandstones, or re-
gions, provided that such gas zones
are at irreducible water saturation.

Conclusions

An empty-hole logging program
for the fractional analysis of reser-
voir fluids lacked a fundamental
porosity tool until the advent of the
density device. Now, by combining
the bulk density of the formation
with the hydrogen index, or with
the true resistivity, the true porosity

—A—  —8B— —C—r —D— —E— —F—

¢ S ¢ S ¢ S ¢ S

Density-hydrogen index.. 6.5 0.45 6.1

Density-resistivity

059 69 049 58 0.56 67 055 69 0.49
6.5 049 63 051

7.0 043 60 050 62 072 69 0.50

Completion attempts yielded a small amount of water with a show of gas.

Use of Quantitative Data

When the appropriate conditions
prevail, the values obtained for po-
rosity and saturation permit compu-
tation of the reservoir fluids in place.
For gas wells, the additional infor-
mation such as temperature and
rock pressure allows an estimation
of producible reserves.

Another important application of
quantitative data concerning poros-
ity and water saturation is the estim-
ation of the reservoir’s ability to
produce. Experience in the Clinton
sandstone, for example, was used to
construct Fig. 5. Here it is clearly
seen that porosity information alone
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Clinton completions. Fig. 5.

and fractional fluid saturations may
be computed.

The accompanying table summa-
rizes the proper conditions for log
selection and the corresponding in-
terpretation methods. Note that the
neutron log and induction log are
somewhat interchangable, particu-
larly when gas is the only hydro-
carbon present. In general, the in-
duction log is preferable, since the
neutron log is bothered by shaliness,
and the hydrogen-index calibration
is sometimes difficult. On the other
hand, the density log is practically
unaffected by shaliness, is readily
calibrated, and works as well in
empty as in mud-filled holes. Tt
has, in fact, shown itself to be the
key to all interpretations in empty-
hole logging.

Symbols

1. Saturation terms, as fractions of
pore space

S.. = water saturation

S, = gas saturation (equals 1 —S,
_'So)

S, = oil saturation (equals 1 — S,
-

S;, = liquid (oil -+ water) (equals

2. Density terms, given in g./cc.

p¢ = grain density of matrix

pr = bulk density; obtained from

Gamma-Gamma Density Log

pr. = liquid density, includes oil and
water

P = gas density

pr = average fluid density, includes
water, oil, and gas

3. Porosity terms

¢ = True porosity of the formation

¢x = Hydrogen Index, as derived
from neutron

4. Resistivity terms

R, = true resistivity of the forma-
tion

R, = resistivity of the formation
water
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SUMMARY OF EMPTY-HOLE LOGGING PROGRAMS

Hole Formation Interpretation
Basic Logs Conditions Fluids Results Remarks
Density plus Empty, smooth Gas + oil ¢, S¢ (by chart) Requires shale-free
Neutron and/or water formations.
Density plus Empty, smooth (1) Gas + ¢. S (by chart) R. must be known.
induction* and R.<200 water ¢, Sw (by Moderate shaliness
2) Oil + Archie) tolerated.
water
Density plus As above Gas + oil . Sk, So. Sw R.w must be known.
neutron plus -+ water (by chart and Requires shale-free
induction* Archie) formation.

Auxiliary Logs:

Gamma ray and caliper are essential; temperature js very helpful.

*Induction log may be replaced by a focused resistivity log if the hole is properly
water-loaded. Water loading implies that a cable-tool hole or an air-drilled hole became
partially filled with water: (a) Due to natural production of formation water, (b) Because
water was spotted to partially control gas flow, (c) Because water was spotted to enable
running a focused resistivity log, which is effective in highly resistive and/or thin beds.
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Short Note

‘A model for bottom-hole temperature stabilization

M. F. Middleton*

Bottom-hole temperature (BHT) stabilization is modeled assuming that the mud temperature in a deep well
is uniform for several meters above its base and that the basal portion of the well was formed rapidly so that it
may be considered to have formed *‘instantaneously’’. Therefore, knowledge of circulation time of the drill-
ing fluids, which is required in many alternative methods of correction for BHT disturbance, is not necessary.
Rectangular coordinates are used to describe the geometrical configuration of the well, which often departs
from an ideal cylindrical shape due to caving of poorly consolidated formations. True formation temperature
can be found by a simple curve-matching technique if several time-sequential BHT measurements are avail-
able. This technique is successfully applied to BHT data from a number of wells in the Moomba and Big Lake

gas Tields of the Cooper Basin, South Australia.

INTRODUCTION

The effect of circulating drilling fluids in deep wells
is to bias measured bottom-hole temperatures (BHTs)

.to values some tens of degrees lower than true forma-

tion temperatures (Pirson, 1963; Kappelmeyer and
Haenel, 1974, p. 183). Jaeger (1961) has shown that
equilibrium temperature is reached within a day for
the slow circulation rates required in diamond drilling,
but he emphasized that it takes considerably longer
to reach for the higher circulation rates required in
rotary drilling.

Parasnis (1971), Dowdle and Cobb (1975), and
Fertl and Winchmann (1977) devised methods of
estimating true formation temperature by the extra-
polation of time-sequential BHTs to infinite time.
Cheremenski (1960} considered the zone of dis-
turbance or ‘‘invaded zone™' around the borehole in
a method of correcting for disturbed thermal con-
ditions; Bullard (1947) propased a model for tem-
perature recovery in deep wells based on the thermal
decay of a line source. Such methods for correcting
unstabilized BHT data incorporate the drilling or cir-

culating time, which essentially accounts for the heat
sink of the circulating fluids. However, the circulat-
ing time is often poorly known, with subsequent un-
certainty in estimated formation temperature.
Jaeger (1961) has suggested that during rotary drill-
ing the temperature of the circulating mud may be
constant throughout large portions of the hole. A
physical model is developed on this basis. The pro-
posed model for thermal recovery assumes that the
temperature of the circulating mud is constant over a
distance of some tens of meters at the base of the well
and that the final portion of the well is formed suffi-
ciently rapidly to be.considered as being formed
instantaneously. Drilling rates in the range 2 to 10
minutes per meter are common for the basal section
of a deep well; these rates indicate that the time of
formation of the final few meters of the well is very
much less than the time taken for thermal stabiliza-
tion. Therefare, true formation temperature may be
estimated without knowledge of the duration of drill-
ing or circulating time. A further condition of the
model is that the temperature probe is sufficiently re-
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Bottom-hole Temperature Stabilization

moved (a few well diameters) from the bottom of the
well so that only radial flow of heat is significant. The
physical model assumed is illustrated schematicaily
in Figure 1.

The effect of the vertical geothermal gradient is
neglected in the proposed scheme because the flow of
heat during thermal ‘recovery is essentially radial;
the temperature difference across the 5-m vertical
depth interval that may have an influence on the BHT
is typically 0.15°C, whereas the temperature differ-
ence between the formation and the circulating fluids
is of the order of tens of degrees.

THEORY

Treatment of the problem of conductive heat trans-
fer into a vertical, approximately cylindrical region
of small diameter in rectangular coordinates leads to
an expression for temperature -which is very much
simpler than the corresponding expression in cylindri-
cal coordinates. Following the procedure of Carslaw
and Jaeger (1959, p. 54-55), the temperature dis-
tribution T(x, y, f) about a vertical cylinder of infinite
length, which is initially zero temperature, can be
expressed for time 1> 0 as

- +
T(x, ,t)=—l AT erfca x+erfca 1)
Y 4 T T

- +
: (erfc a7y, erfc a y), (1)
T T

where
T = (dkr)V2,

AT is the difference between the temperature of the
infinite region outside the cylinder and the tempera-
ture of the interior of the cylinder, a is the radius of
the cylinder, k is the thermal diffusivity, x, y are the
Cartesian coordinates in the horizontal plane, and the
infinite cylinder is defined by |x| < a, |y| < a. If mea-

surement is made at the center of the hole (x =0, -

y = 0), the temperature becomes a function of time
only:

a\?

T = AT(erfc—) . 2)

r :

In physical terms, AT is the difference between true

formation temperature 7, and the temperature of the

mud T, circulating near the base. of the well (Figure

1). Thus, the BHT, measured as a function of time

alter drilling of the well has been completed and
circulation has ceased, may be written -as .

1459
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FiG. 1. Schematic diagram of the assumed physical
model of the basal section of a borehole.

60

FI1G. 2. Set of thermal stabilization curves, based on
equation (3), which can be used for rapid determina-
tion of formation temperature by superposition on
BHT-time data plotted at the same scale. Borehole
radius and thermal diffusivity are assumed to be 10 cm
and 0.01 cm?/sec, respectively.
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BHT(1) = T,, + AT(erfcﬁ)z, 3)
. T

where AT =T, ~ T, andg‘_,,,isr__t‘hgt_emgrature of

" the mud at the base of the Hiole when_circulation_has

stopped. An implicit assumption of this model is that
— .

there are no sources or sinks of heat near the bottom

of the well for t > 0.
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FiG. 3. BHT from wells in the Moomba field versus
time after circulation ceases, with model curves.

A set of curves, based on equation (3), which can
be used for rapid estimation of formation temperature
by superposition on observed BHT-time (after end of
circulation) data plotted at the same scale, is pre-
sented in Figure 2. Borehole radius a and thermal
diffusivity k are assumed to be 10 cm and 0.01 cm?/
sec, respectively. The field data plot, which is BHT
versus time, is placed over Figure 2 with the vertical
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Table 1. Depths of BHT measurements and values of T,, and T, for model curves in Figures 3 and 4.

Well TA(°C) T,(°C) Depth (km)
Moomba (2 100 150- 2.544
Moomba 20 100 - 150° 2.486
Moomba 20 104 * 154+ 2.486
Moomba 21 106 146 2.476
Moomba 22 102 152 2.478
Big Lake 1 154 204 3.068
Big Lake 2 10 160 2.498
Big Lake 13 109 149 2.639
Big Lake 15 7 157 2.517

*—dashed curve in Figurey.

axes superimposed. The curve best fitting the data
gives AT, and T, is the ordinate value on the field
plot that cormresponds to the origin in Figure 2
(BHT — T,,.= 0, time = 0). Then 7T, is given by

T;=Tn,+AT.

This method is used to obtain T,, and T in Table 1
as well as the curves in Figures 3 and 4 in the following
section.

RESULTS

The BHT stabilization model expressed as equa-
tion (3) is consistent with thermal recovery data from
wells in the Moomba and Big Lake gas fields in the
Cooper Basin in South Australia. More than 40 wells

have been drilled in these two fields by rotary rigs to
depths often exceeding 2.5 km; wells, in general,
were spudded with a diameter of 44.5 cm, decreased
to 31.1 cm in the central portion of the hole (typically
between depths of 150 to 2000 m), and drilled to total
depth with a diameter of 21.6 cm. The economic
singificance of these fields has been discussed by
Greer (1965), Kapel (1966), Martin (1967), and
Thornton (1973). Data from four wells in the Moomba
field are shown in Figure 3; mode! curves from
Figure 2 are superimposed on the observed data. Com-
parable data for the Big Lake field are shown in
Figure 4. Values of T, and T, for each model curve
are tabulated in Table I. Thermal diffusivity k is
taken as 0.01 cm?/sec, which is typical for most

10
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FiG. 5. Asymptotic behavior of the thermal stabilization model for various well radii a from equation (3).




. E e -

RS

v e e Ay — e

1462 Middleton

sediments (Kappelmeyer and Haenel, 1974, p. 211;
Carslaw and Jaeger, 1959, p. 497) and a radius of
10 cm is appropriate for all wells.

The data from Moomba 20 suggest that temperature
stabilization did not commence until several hours
afier cessation of whole-well circulation. The dashed
curve matched to these data (Figure 3) is based on the
assumption that circulation at the base of the well did
not cease until four hours after cessation of whole-
well circulation; continued convection cells deep in
the well can account for such an effect (Gretener,
1967). Although the dashed curve fits the data better
than the solid curve, the quantity and accuracy of the
data are not sufficient to permit distinction between

models. The difference in T, between both models

is only 4°C, or 2.6 percent.

The asympiotic behavior of equation (3) is illu-
strated in Figure 5 for various well radii a. Clearly,
after 72 hours the BHT has recovered to within 5
percent, and after 1000 hours (approximately 42
days) the BHT is within 1 percent of the true forma-
tion temperature, if T, is assumed to be 150°C and
T, to be 100°C. These numbers_are_generally_i

a e.CmenkwjthhQse\qu_cn\eclﬂ]Kappelmcyer and

aenel (1974, p. 186).

CONCLUSIONS

The consistency of the temperature correction
scheme represented by equation (3) with the data
from the Moomba and Big Lake gas fields attests to
the adequacy of the model for thermal recovery in
deep wells. The qualifying conditions are essentially
that (1) circulation of mud at the base of the hole
stops almost immediately after drilling has ceased,
(2) circulating groundwater does not disturb the
thermal conditions after drilling has stopped, (3)
measurement of BHT is made sufficiently far above
the base of the hole (a few meters) that radial flow of
heat only effectively occurs, and (4) the temperature
of the mud in the bottom of the well (and preferably
over several tens of meters) is approximately con-

stant. These conditions are often physically realized
in deep wells and enable reliable estimates of mud
and true formation temperature to be obtained simply
from a small number of time-sequential temperature
measurements.
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SUMMARY
Mineral logging equipment is
described as it pertains to

borehole deviation logging and the
significance of deviation of a borehole
from the perpendicular 1is discussed.
The difficulty of obtaining deviation
logs prior to the development of the

modern micro processor controlled |

Deviation Survey tool is mentioned and
the modern tool is described. Finally »
comparison between minerals and
petroleum logging is presented and
instrument adaptations are suggested
which would provide advantages to the
petroleum logging industry.

INTRODUCTION

"As we are all aware, the micro
processor has touched nearly every
aspect of our lives. Since its advent
in the early 1970's, the micro processor

has .appeared in such diverse products as.

the traffic signal and -the microwave
oven; the home computer and the
automobile. Many of .us have grown
accustomed to the presence of micro
processors , but too often they are
regarded as devices most suitable for
laboratory environments or home
hobbyists. We sometimes suspect that
the micro processors wused in traffic
signals or microwave ovens only behave
because they are specially designed by
super engineers.

Micro processors are _ rumored
to be unreasonably sensitive to
static electricity; we are told that
chips mysteriously ‘'blow' and signal
nuclear invasions; and that the last
place in the world to find a successful
application would be in a Wyoming dust
storm. '

* In this paper 1 will describe
a successful application of a
general purpose micro processor to
control an instrument that is intended
to be wused in a nearly uncontrolled
field environment. It is wused with
locally generated power in mobile data
acquisition vehicles in all kinds of
weather. It survives hundreds of miles
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of driving over dirt tracks and when it
arrives at the job site it can easily be
operated by non~scientific personnet.
And best of all, many of these
instruments have survived the static
charges of countless Wyoming dust
storms. '

First 1 will quickly describe
a typical logging truck. Since
Deviation Logging is of principal
interest in this paper, we will discuss
the problems presented by a borehole's
deviation from the vertical. For the
most part, we will emphasize the problem
from the point of view of non petroleum
borehole drilling applications,
especially in the area of minerals
exploration,

In passing, we will briefly
examine earlier attempts to cope
with measuring borehole deviation. We
will then describe and discuss a modern
Borehole Deviation Survey instrument
which features a micro processor which
performs real time computations and
presents data to the operator.

Finally we will discuss some
of the salient differences between
minerals and petroleum logging and
suggest some instrument modifications
which would fulfill the petroleum
logging needs.

THE LOGGING TRUCK

In many mineral exploration
programs, boreholes are drilled and
data is taken from them either by
collecting core (or cuttings) or by
logging the holes with electronic
instruments. In the case of cuttings or
core, a borehole is evaluated by visual
inspection of the samples and by
laboratory analysis of ore percentage,
etc. In the case of 1logging, a probe
(or sonde) containing transducers is
lowered into the borehole at the end of
a cable which is paid out by a winch.

The cable contains one or more
electrical conductors so that the probe
can communicate with uphole

instrumentation which con?itions the
signal for presentation to the operator.



Most
States,

United
truck
the

in the
outfitted

commonly
specially
or van is wused for logging.
mineral ~exploration industry, this
vehicle is typically a four wheel drive
‘'van or light truck. It is equipped with
an AC generator for powering the
instrument systems and a winch system
which accomodates 2500 to 6000 feet of
armored cable with 1 to 4 electrical
conductors. In the instrument bay, the
logging vehicle ordinarily provides an
analog strip chart recorder and a
digital strip printer for recording
logged data. Most of these vehicles are
equipped to run a basic suite of logs
embodying electrical and radioactivity
measurements which are made 1in the
borehole.

a
In

THE BOREHOLE DEVIATION PROBLEM

Borehole deviation from the
vertical, if not deliberate, is
caused principally by formation effects
or driller technique. Whatever the
cause, the bottom of a deviated hole is
usually not beneath the origin or
collar. In the extreme case, the bottom
may not even be beneath our prospect,
but our neighbor's!

1f our well is to be a
producing water well, for example,
we should evaluate whether the hole is
straight enough that we can expect good
pump shaft life.

Perhaps the most important
reason of all to know the deviation
of a hole in mineral exploration is to
determine the real position of the ore
intercept. This becomes most especially
important during ore reserve evaluation
and mine design programs.

Now

_ let us amplify a bit on
the ore

reserve and mine design
concept. For simplicity, we will use a
relatively stylized approach. Let us
assume that an exploratory borehole is
known to have intercepted an ore body
through the wuse of some coring or
logging technique.

let us assume that
has decided to evaluate
the extent of the ore body for purposes
of reserves estimation. Additional
holes are drilled in the area and
logged. These ‘'development' holes are
ordinarily spaced on some uniform grid
which allows mapping and reserves
calculation.

Now
management

that - the ore body is
of high quality and extensive enough,
then the mine design proceeds. From
knowledge of the overburden formations,
the required angle of the sides and
hence the surface extent of the mine can
be determined such that the entire
economical ore body can be removed
without removing excessive overburden
(See Figure 1).

Assuming

SURFACE

Figure 1. ~ Ideal mine

boreholes are deviated
then both the

the depth of the ore body
Since the
ore body on a
overestimated.

If the
significantly,
location and
can be miscalculated.
borehole penetrates the
slant, the thickness Iis
Since the entire borehole slants, the
true vertical depth to the ore body is
overestimated. Worst of all, since the
borehole isn't vertical, the ore isn't
beneath the borehole pattern anyway.

been
upon
are
of

have actually
designed and constructed based
the assumption that boreholes
straight (Figure 2). The chagrin

Mines

those involved is difficult to imagine.
when  laterals are constructed
in an underground mine to intercept

the assumed location of the ore body, it
is especially important to take borehole
deviation into account in the
development stage. Potential error is
aggravated by the greater depths
encountered in underground mine
construction. For sake of completeness,
it should be mentioned that 1lateral
boreholes are often drilled and logged
prior to extension of laterals. This

helps to prevent disaster by permitting
corrections to the mine design as the
mine is being constructed.
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ASSUMED ORE BODY

Figure 2. Non-ideal mine

OLD CAMERA AND FILM TOOL

— —— — — ——

only a
minerals

Until a few years
percentage of
logged footage was also
deviation. Only when
drilling 1in known or suspected problem
conditions would the logging contractor
be required to provide a deviation log.
In order to provide such a 1log, the
contractor would rent a version of a
petroleum logging tool based upon camera
and film,

ago,
small
exploration
logged for

In its ‘'multi shot' form, the
camera - and film tool records a
photo of a hemispherical compass at
known time intervals. The hemisphere is
scribed with longitudinal lines of
direction and 1latitudinal lines of

The long axis of the tool
thus
same
The

inclination.
is defined by a set of cross hairs,
the inclination and direction of
can be determined for each photo.
tool must be motionless just before and
during the exposure time, and the
operator must keep a careful written
record of .the depth associated with each
picture.

To be wuseful, a deviation
derived from a camera and film
requires careful operator technique.
produce the deviation log, film
developing facilities, a film reader,
and hand (or calculator) computation of
the individual points is required. This
type tool's most important shortcoming
for the mineral exploration industry is
that there is no way for the operator to
determine whether useable data have been

log
tool
To

obtained until after the film is
developed. After several hours to a
day, few mineral exploration boreholes

can be reentered for logging again.

23/4

Modern Microprocessor Tool

. Our company
need for a direct
tool in the mineral
approximately ten years ago. In 1late
1975, we judged that available
transducers could be married with micro
processor technology to produce such a
tool. In 1977 we delivered the first
prototypes and by now we have delivered
tools throughout the western United
States, and even have units working as
far away as northwestern Africa and
southeastern Asia.

recognized the
reading deviation
logging industry

Deviation
common place in

surveys have become

the mineral 1logging
industry within the past several years
due to the availability of direct
reading digital tools. We're firmly
convinced that micro processor
technology offers a rugged solution to
many field instrumentation problems.
The modern micro processor controlled
tool is highly reliable in relatively
unskilled hands and offers an extremely
valuable additional 1log at a low
incremental cost per hole.

e it

OWL Model 1275

Figure 3.

Let us now examine
Micro Processor Controlled
Deviation Survey Tool (See

The heart of the system, of
course, is the uphole electronics
chassis which houses the micro
processor, display, printer, and control
switches. The micro processor receives

our Model
1275

Borehole
Figure 3).

variable data from the probe and winch
systems, computes results, and sends
data to the display. Data is also sent

to the printer, either on command of the
operator or automatically at selected
depth intervals. Upon operator command,
the processor also can compute the net
directional bearing, the offset (or



~

and the true vertical
and send these data
the micro

closure) distance,
depth of the probe,
to the printer. Optionally,
processor also prepares the data in
report format and sends it to the
customer's page printer or recording
device,

probe contains
three transducers: X- and Y- axis
inclinometers and a magnetic compass
(See Figure 4). The probe also
contains power and signal conditioning
circuitry. An important feature of this

The downhole

probe is that data and power share a
single electrical conductor. This
feature makes it feasible to include

other measurement parameters in the same

probe string which use other available
conductors.
METERING WHEEL
DISPLAY
UPHOLE
ELECTRONICS
I PRINTER
MICRO
COMPUTER
P sorenoLe
AUX OUTPUT

Figure 4. Model 1275 block diagram

The
systems

customers' logging winch
each include a sheave or
wheel of known circumference over which
the cable passes enroute to or from the
winch drum. Rotation of this 'metering
wheel' signals the movement of cable by
sending two pulse trains to the
processor. The phase relationship
between these pulse trains is used to
determine whether the cable, thus the
probe, 1is moving upward or downward in
the borehole.

Visual LED displays are driven
in a multiplex fashion by the
processor system. The displays give the
operator a continual visual presentation

of the probe inclination and of the
direction in which the probe is
inclined.

Printed log information is
recorded on an integral thermal
strip printer. At depth intervals

preselected by the operator, the
processor sSystem sends _ «cable depth,
probe inclination, and direction of
inclination to the printer. The
operator can also manually print at any
time to record an ore intercept or the

bottom of the hole, either of which may
not come at a preselected interval.

An option frequently supplied
with the tool is the capability of
the processor to compute and print the
probe position at any time. This is
recorded on the printer as the
directional bearing from the top of the
hole to the probe, the offset distance
to the probe, and the true vertical
depth from the surface to the probe.

output port
This port

processor
suitable for
printer. The

An optional serial
can be furnished.
provides data from the
formatted into a report
printing on an 80 column
report-format data include a tabular
presentation of cable depth, probe
inclination and direction, true vertical
depth, cumulative feet east or west and
north or south, net closure distance and
net bearing; along with suitable
headings.

the above discussion it
seen that the processor
performs a number of tasks, several of
which may contend for the processor's
attention at any point in time. The
micro processor monitors completely
asynchronous data from two sources, the
downhole probe and the customer's cable
length measuring system. It continually
updates the display with the latest
available probe inclination and
direction and prints these data at
selected cable length intervals.

From
can be

maintains a
computation
position relative

The
running
of the present probe
to the top of the borehole. Upon
command it will print the directional
bearing to the probe, the offset
distance, and the true vertical depth
from the top of the borehole to the
probe's position.

processor also
triangulation

MINERALS VERSUS PETROLEUM LOGGING

A few words are in order to
compare minerals logging practices
with those of petroleum logging,

especially as the comparisons pertain to

deviation logging.
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Budget

Many mineral
a rather small
in comparison

deposits
‘target’', especially

with hydrocarbon
reservoirs. Accordingly, many boreholes
must be drilled and logged in order to
adequately define the deposit prior to
mining. Indeed, thousands of holes are
sometimes drilled during the development
phase. Furthermore, the holes are
drilled only for logging purposes.
These considerations and others lead to
a proportionately very small budget per
hole. The effects of this low budget
ripple throughout the mineral 1logging
technology.

present

contrast, most petroleum
are drilled with the

they will become producing
wells. They represent long term
investments and accordingly boast
higher budget per hole.

In
boreholes
intent that

Hole Size and Life

minerals
intended

As suggested above,
boreholes are generally
only for obtaining ‘logging and sample
information. A de facto U. S. standard
hole size of 4 3/4 inches in diameter
has developed, especially for the
uranium and coal industry. This limits
the maximum practical probe diameter to
two inches. Further, since the holes
have only a single purpose, namely to
obtain data, generally 1little care is
taken during drilling and the holes
often collapse within a few hours.

Petroleum boreholes most often
represent a long-term investment.
An oil well might be expected to produce
for 30 years. Therefore, the greatest
of care is taken to design the drilling
program to yield a permanent hole. It
is of significantly larger diameter than

a minerals borehole and usually much
deeper.
When Surveyed

In minerals exploration, the
borehole is usually drilled to

completion and the drilling equipment is
often removed prior to logging. Thus
the entire deviation log must be
obtained in one 1logging pass. It is
often desirable to log other parameters
during the same pass as well. Since the
borehole probably won't exist a few
hours from now, one must be able to
immediately evaluate the log for

23/4
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‘shock

reasonableness if he is to have the
opportunity to relog the hole. For the
same reasons, it is frequently desirable
to log several parameters during the
same logging pass.

are often
periodically

Petroleum boreholes
surveyed for deviation
during drilling. There may be no
urgency about developing the log
promptly, as the opportunity for further
logging will usually present itself.
Further, a 'single shot' configuration
of the deviation tool may be adequate,
since a knowledge of present deviation
is often used to control future drilling
of the same hole. Nevertheless, -the
potential for quickly surveying the
entire drilled portion of the hole and
obtaining a direct readout of the 1log
shows potential for significant time
savings.

Temperature and Pressure

The
exploration

in mineral
holes is almost always
between 10 and 50 degrees centigrade,
thus temperature stability and
compensation are rarely a problem.
Hydrostatic pressure on a probe rarely
exceeds 200 atmospheres. Such pressures
can be accomodated with pressure vessels
of wall thickness. These temperature
and pressure considerations favor
relatively slim and inexpensive probe
construction.

temperature

extremely deep holes are

in petroleum drilling
programs, very high temperatures and
pressures are also encountered.
Designing logging equipment to cope with
these conditions 1inevitably increases
the diameter and cost significantly, but
represents a routine practice in the
petroleum logging industry.

When
encountered

CONCLUSIONS
In the opening
mentioned that I would
successful -application
processor as a controller.
of concluding, let me
perception of success. We have found
the micro processor to be extremely
reliable and hardy. Our instrument |is
routinely exposed to the vibration and
of a motor vehicle moving on
terrible roads. is stored in the
vehicle on sub-zero winter nights and
locked wup inside on the hottest of
summer days.

remarks, I
describe a
of a micro
By the way
indicate my

It



We roldtinely burn in each néw
instrument for 100 to 200 hours,
This period dccasidnally vyields a few
infant mortalities among all the
integrated circuits. After the burn in
period we've had only a scant handful of
processor system failures, But for a
‘couple of PROM's that dropped
instructions, 1 think the only processor

system fajilures have the very few
peripheral chips -that have mysteriously
failead. .

We have a three Year track
record of instrument ‘performance,
and we'vye had a mecdest share of
transducer failures and mistreated
equipment. From time. to time we're
embarrassed by quality control

oversights. But we're not plagued with
microprocéssor probleéms.’

logging has
mineral

deviation
place in the

Borehole
become common

logging -in oil

exploration industry since the advent of

direct reading digital deviation survey
instruments. I submit that such
instruménts would hot be possible

without micro processor technology.

customers.
deviation

At least one of our
is routinely offering
and gas wells. He has
taken pressure precautions and operates
in non thermal wells in the depth range
of 10,000 feet.. I've offered a
comparison hetween Some aspects of the
mineral and petroleum industry for vyour
consideration. ’

leave the reader with a
challenge as a parting thought:
We've only begun to think of micre
processor applications in our mineral

Let me

and  petroleum logging industries.
Properly applied, the micro processor
offers sdélutions ‘to problems that have

plagued the industries for decades.
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Accurate porosity determination is necessary for effective well evaluation.
Several logging services are available for the computation of this necessary rock param-
eter; however, the interpretation of each is subject to inaccuracies caused by improper
knowledge of the matrix or fluid characteristics. Since the various porosity devices,
such as sonic, formation density, and neutron, are affected differently by matrix varia~
tions, combinations of logs from these tools frequently supply the data necessary for
matrix identification.

When the matrix is composed of a single, but unknown, mineral, the mineral
may be identified by a comparison of data from two appropriate porosity devices. In
horizons containing a mixture of two known matrix minerals, this comparison may be
used to determine the percentage of each. Once the rock matrix is identified, a
reliable value of porosity can be computed.

Although the matrix may usually be identified through the use of any two
porosity tools, better resolution is obtained with a proper selection. For example, in
the sand and shale sequences of the Gulf Coast, the sonic and formation density logs
are most appropriate. In predominantly carbonate areas, the neutron and formation
density logs are generally recommended. Field examples show the relative efficiencies
of the various combinations for different rock sequences.

INTRODUCTION

Formation porosity determinations have been improved and greatly simplified
by the introduction and application of sonic, density, and neutron logging devices.
The conditions under which each of these tools may be efficiently operated are well
documented. A number of publications explain the various methods of using the logs
to determine porosity. It is not the purpose of this paper to again treat these basic
techniques; rather, it will be shown that the individual logs complement each other--
that unknown or mixed matrix conditions may be solved by comparison of one porosity
log with another.

While each of these three devices is responsive to porosity variations, each is
also affected by matrix and fluid parameters. To accurately employ the individual logs
for porosity determinations, it is necessary to assume values for these variable param-
eters. In many cases the formation characteristics are sufficiently well known to permit
effective computations. On wells in which there is little knowledge of formation
characteristics, errors in interpretation can result.
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Although each device is affected by, for example, the mineral nature of the
matrix, the effects on the devices are different. Through cross-plots of data from two
porosity logs, the different effects can be resolved, and both porosity and matrix
characteristics defined. Thus, for those wells in which formation characteristics are
not well known, a judicious selection of two of the porosity-sensitive devices will
enable more accurate computations=-and greater confidence in the interpretation. The
best combination of logs is the one in which the greatest resolution is possible--the one
that most sharply differentiates between the lithologies that are more apt to be encoun-
tered. The following discussions illustrate the applicability of the various possible log
combinations under a variety of field conditions.

DENSITY VS SONIC

The chart in Fig. 1 was prepared to facilitate the comparison of data from
density and sonic logs. Characteristic responses of some of the more common matrix
minerals are shown on a cross-plot of bulk density versus sonic transit time. These
responses are indicated for various porosity values for each mineral. To construct the
chart the density of the fluid in the zone investigated has been taken equal to 1.00 gm
per cc. The grain densities and matrix velocities used for the various minerals are
listed in Table |. To relate sonic transit time to porosity, the time-average formula
was used, taking the fluid velocity as 5300 ft per sec.

TABLE |
Mineral Grain Density Matrix Velocity
gm/cc ft/sec
Sandstone 2.65 18,000
Limestone 2.71 22,000
Dolomite 2.87 24,000
Anhydrite 2.98 20,000
Gypsum 2.3 19,000
Salt 2.03 15,000

A glance at Fig. 1 is sufficient to indicate that anhydrite, gypsum, and salt:
are readily distinguished one from another, and also from the more common reservoir
rocks. While sandstone, limestone, and dolomite can be easily distinguished from the
evaporite minerals, the resolution between these common reservoir rocks is less pro-
nounced. As noted later, use of the sonic time-average relationship in carbonates
often calls for fictitiously high fluid velocities, probably a result of the effect of
vugular-type porosity.

Shale, because of wide variations in characteristics, is not plotted on this
chart. In general, it may be stated that shales will usually exhibit density and sonic
properties that will lead to a plot to the right of the line shown for dolomite.

Shaly Formations

The sandstone line in Fig. 1 will yield good values of porosity from either
density or sonic data in clean and compacted sand formations. It is assumed, of course,
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that the fluid and matrix characteristics used in the construction of the chart are
appropriate. However, if the sand contains shale it is probable that corrections will
have to be applied to the apparent values of porosity derived from either device. The
density log, in most cases, indicates an apparent porosity in shaly sands that is close
to the effective porosity of the zone. If the density of the shale is 2.65 gm/cc, the
porosity indicated by the density log will be the effective porosity; for other shale
densities errors will result.

'The subject of shaly sand treatment through comparisons of density and sonic
data was extensively covered in a recent poper.(‘? In that paper, techniques were
offered both for the solution of an interlaminated sand and shale model and for the
solution of a sand with dispersed clay. For a more thorough treatment of this subject
than will be presented here, it is recommended that the referenced paper be consulted.

Interlaminated sand and shale: One technique that has been effective in sand,
shaly sand, and shale zones is a cross-plot of density and sonic data. Such a tech-
nique assumes interlaminated sand and shale beds, with the included shale having the -
same characteristics as the shale chosen for the control point. These comparisons are
particularly helpful in wells drilled with oil-base muds, where the SP is not available.
Even in wells drilled with water-base muds, however, the comparison of density vs
sonic data offords a more accurate evaluation of porosity and shale content.

Since the density and sonic character of shale varies it is necessary to con-
struct a cross-plot for each individual well and, possibly, for different geological
horizons in a single well. The point for zero-porosity sand is plotted at the sand-
grain density of 2.65 gm per cc and sand matrix transit time of 55.5 micro-seconds per
foot. With this as an anchor point, a line is drawn through other porosity values as
computed with the customary formulas. Then, from the sonic and density logs, an
appropriate value of transit time and one of bulk density are chosen for the shales near
the zone under study. These values are plotted to indicate a shale point. With these
control points plotted, the data for zones under study are read from the logs and
plotted. Applying a proportionality principie, the relative shale content and the
effective porosity of each zone may then be graphically determined.

Portions of logs recorded in a Gulf Coast well are shown in Fig. 2. The well
was drilled with a water-base, oil-emulsion mud. In addition to the Induction-
Electrical Survey, both sonic and density logs were recorded. Density and transit-time
values were read for twenty levels in the illustrated log sections. Fig. 3 is the cross-
plot of data on the selected levels. The shale control point was located using a density
value of 2.22 gm/cc and a transit-time value of 127 micro-sec/ft. Since the illustrated
section is not sufficiently compacted for direct application of the time-average equa~-
tion, the porosity scale fsg sonic measurements was corrected in the customary manner,
ysing a cAtsh correction(?) of 120 micro-sec/ft. With the aid of the proportionality
grid, the indicated values of effective porosity and per cent of shale content may be
read for each plotted level.

Sands with dispersed clay: The paper by Alger, et al. offers a different
approach for the treatment of sands with dispersed clay. As in the case of the




interlaminated sand and shale model, it is necessary to make several simplifying assump-
tions. First, it is assumed that the density of the clay is equal to the grain density for
sand. On the basis of this assumption, the density log directly affords a value of effec-
tive porosity. The second assumption is that the clay and formation fluids occur as a
slurry and, as such, exhibit a sonic velocity equal to that of the fluid alone. Thus, the
sonic reading affords a value of total porosity that includes both the clay- and fluid-
filled fractions of bulk volume. With both density- and sonic-derived values of porosity
it is then possible to compute q, the fraction of intergranular space occupied by clay.

bz - ¢

q:_—

¢z

where ¢z = "total porosity," including volumes
occupied by both clay and water.
Value computed from sonic readings.

¢ = effective porosity as determined
from density log.

While the above assumptions are obviously oversimplifications, the technique
has been found effective in dispersed-clay sands that are not extremely dirty. Experi-
ence indicates that a dispersed-clay sand exhibiting a value for q greater than 50 per
cent will have too low a permeability for production.

Fig. 4 illustrates the graphical expression of the assumptions made in the
dispersed-clay method. The plotted points are taken from the logs in Fig. 2 and are
plotted with the same coordinates as on Fig. 3. The lines of effective porosity, which
are based upon density-derived values, are horizontal. The lines corresponding to the
various values of q converge at the sand matrix point.

The results of the plots are shown in Table Il. For comparison, data are also
shown -on the analysis of cores (diamond core bit) and on the apparent porosities indi-
cated individually by the density and sonic logs. At the cleaner levels all techniques
are in close agreement. However, in the shalier zones the value of effective porosity
obtained from the cross-plot in Fig. 3 is in much better agreement with core porosities
than either of the values obtained directly from the individual logs. For example, at
level 9 the sonic log indicates an apparent porosity of 38 per cent and the density log
one of 32.5 per cent. This cross-plot indicates this zone to be shaly with an effective
porosity of 25 per cent. This agrees more closely with the 23 per cent obtained from
core analysis. It thus appears that this zone is more appropriately treated with the
interlaminated method.

On the cross-plots, level 13 falls to the left of the clean sand line. This
apparent discrepancy is caused by the limy nature of the interval. The interval corre-

sponding to level 8 is also known to be limy.

Clean shale intervals are not always available for the definition of the shale
point. The Gallup formation of the San Juan Basin is a silty shale with occasional
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sand or lime streaks. The logs from a well in this section are shown in Fig. 5. In this
case there was no attempt made to arbitrarily select a shale point. Instead, a number
of levels were selected and the dota were plotted. Following the plotting, it was
apparent that a clean shale could be expected to have a density less than 2.50 gm/cc
and a transit time greater than 94 micro-sec/ft. In the absence of more positive data,
these values were used for the construction of the grid. The plot of the data is shown
in Fig. 6.

While the exact position of the shale control point is somewhat dubious, there
is no doubt that the bulk of levels are very shaly and have little or no effective porosity.
Only the interval at level 9 is indicated to be relatively clean; this level exhibits an
effective porosity slightly less than 10 percent. This value was confirmed by core anal-
ysis, and the well was completed at this level for 132 BOPD. The dispersed-clay tech-
nique also indicates that only level 9 might be productive.

Level 11, which plots below the line of zero effective porosity, is a shaly
lime streak. The cross-plotting technique will work equally well for shaly carbonate
sections. In such applications it is necessary to use matrix values appropriate for the
carbonate. Such steps have been successfully employed in the study of shaly chalk
sections.

Carbonates and Evaporites

The density vs sonic cross-plot is also useful in the definition of evaporites
in sand or carbonate intervals. Sections of logs through such formations are shown
in Fig. 7. The well in which these logs were recorded is located in Canada. The for-
mations are predominately limestone and dolomite, with both salt and anhydrite
intervals.

Data from the logs in Fig. 7 were used in the cross-plot of density vs sonic
shown in Fig. 8. The plot clearly defines levels 22 and 24 as salt and levels 1, 2, 6,
16, 18, 19, 20, 21, and 23 as anhydrite. The remaining levels are readily indicated
as carbonate beds; however, the distinction between limestone and dolomite is not
pronounced. The lines corresponding to these matrix minerals are quite close to each
other; small errors in correlating and reading the logs, and slight variations in matrix
or fluid parameters, can materially offect the interpretation. A better distinction
between limestone and dolomite is usually achieved with a comparison of density and
neutron data.

DENSITY VS NEUTRON

A chart for comparison of density and neutron data is shown in Fig, 9. The
chart is similar in construction and purpose to the chart comparing density and sonic
data in Fig. 1. The same density values for matrix and fluid parameters were used.

In this case, however, a neutron index, ¢, is plotted versus the density data
This neutron index is the apparent porosity determined from neutron log departure



curves for a limestone matrix. By plotting the porosity index, such variables as source
type, source-to-detector spacing, borehole size, and fluid type are already normalized.
The relationships between limestone, sandstone, and dolomite have been determined
experimentally in the laboratory. Special test formations containing blocks of known
lithology and accurately measured porosity were employed.

A comparison of Fig. 9 with Fig. 1 shows that a much better distinction
between limestone and dolomite exists on the density-neutron chart. The distinction
between limestone and sandstone is also more pronounced. Salt zones are still readily
identifiable on the density-neutron plot. While the distinction between dolomite and
anhydrite is less pronounced, it is sufficient to identify the anhydrite beds.

Carbonates and Evaporites

Fig. 10 is a cross-plot of density and neutron data as taken from the logs in
Fig. 7. The neutron index scale is computed for a 9-in. diameter borehole. The
evaporite beds are again readily distinguished. The accuracy of resolution in the
carbonate levels is shown in Table Il by a comparison of results from the cross-plot with
a description of cores. Also shown is the interpretation of lithology based on the density-
sonic comparison in Fig. 8. While there are several discrepancies, the agreement is
quite good between the core description and either of the log comparisons; the agree-
ment is a little better with the density-neutron interpretation.

Limestone and Dolomite

The zone shown in the logs of Fig. 11 is nommally referred to as a limestone.
The comparison of density and neutron data in Fig. 12, however, indicates that the
section is predominantly dolomite. The analysis of cores from portions of this section
confirm the interpretation. While the extensive chemical analysis necessary for exact
determination of degree of dolomitization was not performed, the grain densities of the
cores were obtained. Since limestone grain density is 2.71 gm/cc and that for dolomite
is approximately 2.87 gm/cc, the measured values of grain density provide a basis for
mineral identification.

Table 1V presents a comparison of interpretations from log and core data. From
the plot in Fig. 12 the porosity and lithology for each level are indicated. Correspond-
ing core data of porosity and grain density are tabulated. A lithological description
based upon the value of grain density is also shown. Agreement between the two tech-
niques is excellent.

If only one of the porosity logs were interpreted, and the sections were erro-
neously presumed to be limestone, considerable errors in porosity would result. The
density interpretation would indicate very low values of porosity, whereas the neutron
would result in values that are too high. For example, level 5 would appear to have a
limestone porosity of only 7 per cent from the density measurements; it would appear to
have a porosity greater than 16 per cent by the neutron. The comparison of density and
neutron data is very efficient in carbonate zones.
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In this example, the plot of density vs sonic data (not shown) was not efficient
in the definition of lithology. It did show the need for unusually high apparent fluid
velocity for the application of the time-average relationship between porosity and
transit time. Present evidence suggests that abnormally high fluid velocities are related
to the existence of vugular-type porosity. This problem, often encountered incarbonate
formations is discussed in the previously referenced paper by Alger, Raymer, Hoyle,
and Tixier. However, the sonic log has proved to be a most effective adjunct to resis-
tivity logging for saturation determinations. In addition, since the sonic log affords a
less clear-cut distinction between limestone and dolomite, it provides good average
values of porosity in carbonate zones. It is also not so subject to deleterious effects
resulting from irregular hole size, thick mud cake, and variation in type of borehole
fluid as are the other porosity devices.

Carbonates, Shale, and Glauconite

Another example of lithological definition is taken from a well in Chio. The
logs shown in Fig.13 are from a section previously thought to be composed of carbonates
and shales. Zones with high gamma-ray deflection were assumed to be shales. A cross-
plot of density and neutron data, shown in Fig. 14, indicates that only level 6 is
actually a shale; the other higher-radioactivity intervals are glauconite. The shales of
this locale normally indicate higher densities and larger values of neutron index than
are observed in the glauconite zones, which characteristically exhibit a density of
2.3 gm/cc and o neutron index of approximately 20 per cent. The porosities and lithol-
ogies of the carbonate levels are again defined by the cross-plot of density and neutron
data.

Potash Exploration

An interesting application of the discussed techniques is the location and iden-
tification of evaporites in potash exploration. Fig. 15 shows portions of the logs recorded
in a well drilled for such a purpose. The potash minerals are characterized by relatively
high radioactivities and are normally found in close association with beds of salt and
anhydrite. The five fairly common potassium minerals are sylvite, carnallite, polyhalite,
langbeinite, and kainite.

Fig. 16 is a cross-plot of density and neutron data as taken from the logs in
Fig. 15. The characteristic points for each of the pure evaporites are indicated on the
plot. Since the potash minerals are rarely found in the pure state--they are normally
found mixed with salt (halite)--it is to be expected that the mixtures will plot at some
point between that for the pure mineral and the point for salt. From the plots onFig.16
it is apparent that at least two potash minerals, sylvite and carnallite, are present and
that a third, langbeinite, might be present. Since level 16, the possible langbeinite
zone, is one of low radioactivity on the gamma ray, it is obviously not a zone of
langbeinite. Although the stringer is toothin to be positively identified, it is probably
anhydrite. This interpretation is confirmed by core analysis.

The mineralogical interpretatiors of the density vs neutron data are compared
with the core analysis data in Table V. The percentages of potash minerals were



estimated on the basis of the proportional displacements of the plots from the point for
halite. The comparison is again excellent.

SONIC VS NEUTRON

The third possible combination of porosity logs is that of sonic and neutron.(3)
While this combination can afford excellent results, it is somewhat less reliable than
the other combinations. A primary source of error is the fact that shale affects both the
sonic and neutron responses in a similar manner. In each case the occurrence of shale
appears as an increase in porosity; there is no resolution such as that afforded by the
density log.

The characteristic relationships between the sonic and neutron data for various
lithologies and porosities are shown in Fig. 17. The matrix and fluid conditions assumed
in this case are the same as used in the other basic relationship charts (Figs. 1 and 9).
From the chart, it is apparent that clean sandstones should be readily distinguished from
carbonates. The evaporite minerals are not so well defined as in the other combinations.
In particular, anhydrite leads to a plot confusingly close to the line for limestone.

Fig. 18 shows the portions of gamma ray, neutron, and sonic logs recorded in
the Devonian section of a well in the Four Corners area. This section is known to con-
tain sandstone, limestone, dolomite, and various mixtures of the three. Using the
gamma ray recording to eliminate shale zones, the sonic and neutron data for 21 levels
have been read and plotted on Fig. 19. All of the levels fall between the customary
lines for sandstone and dolomite.

In such a case as this, with three matrix minerals and only two porosity logs
for control, interpretation is less reliable than if only two minerals are involved. A
mixture of sandstone and dolomite could very well plot on the characteristic line for
limestone. If the matrix is composed of a single (but unknown) mineral, identification
can be made; or, if the level contains two known matrix minerals (and only two) the
comparison of log data enables the determination of the relative percentage of each.
In any event, whether one, two, or three of the matrix minerals are involved, the
porosity determined with the cross-plot is considerably more reliable than one based on
asingle log. For example, level 8 plots close to the limestone line, at a value of
6 per cent porosity; this porosity value is also appropriate for a mixture of sandstone and
dolomite.

A comparison of the lithologies indicated by the cross-plot with those obtained
from examination of cores is given in Table VI. In the description of the cores, the
preponderant mineral is listed. For the cross-plot, the lithology is determined on the
basis of proximity to the various identification lines. Matrix velocities used in the
chart construction were 18,000 ft/sec for sandstone and 24,000 ft/sec for dolomite.
However, matrix velocities for sandstone and dolomite of 19,000 and 23,000 ft/sec,
respectively, would agree more closely with the points that plot farthest away from
the limestone line. Such values are within the ranges that have been observed in
field application of the sonic logs. The agreement between lithologies from the two
methods of analysis is very good.



CONCLUSIONS

When the matrix of a formation is comprised of an unknown mineral, or a mix~
ture of two known minerals, comparison of data from two suitable porosity logs will
define the lithology and afford good values of porosity.

Three combinations of porosity logs are presently available for such studies.
The selection of logs for the comparison should be based on the lithologies that are
most likely to occur. For sand-shale or limestone-shale sequences the density vssonic
comparison is most effective. For limestone-dolomite sequences the density vs neutron
cross-plot is best. The neutron with either density or sonic data is effective in sand-
stone-dolomite sequences. Common evaporites may be effectively identified by either
the density vs sonic or the density vs neutron techniques.

The techniques discussed in this paper are exclusively directed toward the
identification of the matrix and the determination of porosity. Since these are only
part of the information required for formation evaluation, the various two-porosity-log
combinations should not be considered complete logging programs. However, from the
examples and methods given, it can be seen that a second porosity log materially
increases the effectiveness of log interpretation and promotes greater confidence in the
results thereby obtained.
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Dispersed-Clay Method Lominated Method

TABLE 1l
Fig. 2 Example

Effective
Apparent  Porosity
Sonic from q Effective p Lithology Core
Level Porosity  Density Porosity Description  Porosity

1 45.0 27.0 40 3.0 95 Sh

2 37.5 30.0 17 18.5 40 Shy-5d

3 44.5 26.5 40 2.0 95 Sh

4 45.5 29.0 3% 7.0 85 Sh

5 43.0 26.0 40 .0 25 Sh

6 50.0 32.5 35 10.0 90 Sh

7 41.0 2.0 23 13.0 60 V. Shy-Sd

8 2.5 19.5 8 16.0 15 Lmy-Shy-Sd  17.0

9 38.0 32.5 11 25.0 30 Shy-Sd 23.0
10 34.0 30.5 9 25.0 20 Shy-5d 28.5
n 40.0 35.0 10 28.0 30 Shy-Sd 29.3
12 39.0 32.5 12 25.0 30 Shy-Sd 24.3
13 15.0 17.5 - 20.0 - Lmy-5d 18.5
14 34.0 32.0 4 31.5 10 Shy-Sd 32.0
15 27.0 27.0 0 27.5 0 Sd 27.5
16 33.0 35.0 0 35.0 0 Sd
17 34.0 34.0 0 34.0 0 Sd
18 35.0 35.0 0 34.0 0 Sd
19 34.0 34.0 2 34.0 0 Sd
20 34.5 35.0 0 35.0 0 Sd

Level

OV @ N O V» AR W -

Sonic-Density
Anhy
Anhy

Ls
Lmy Dol
Ls
Anhy
Ls
Ls
Lmy Dol
Lmy Dol
Lmy Dol

Dol

Dol

Dol
Anhy

Anhy
Anhy
Anhy
Salt

Salt

TABLE 11
Fig. 7 Example

LITHOLOGY

Core Description
Anhy
Anhy
Ls
Dol
Ls
Anhy
Dol Ls
Ls
Lmy Dol

Lmy Dol
Ls

Dol
Ls
Ls
Ls

Anhy
Ls
Anhy
Anhy
Anhy

Salt
Anhy
Salt

Density-Neutron
Arnhy
Anhy

Ls
Ls Dol
Ls
Anhy
Ls
Ls
Dol Ls
Dol Us

Dol Ls
Dol Ls

Anhy

Anhy
Anhy
Anhy
Anhy
Salt

Anhy
Salt
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Level

VO W N O AW N

TABLE IV

Fig. 11 Example

Density-Neutron Plot

Porosity
2.0
1.5

12.5
9.0
13.5
10.0
18.5
17.5
8.5
18.0
9.5
13.5
7.5
15.0
8.0
7.0
25.5
3.0
27.0
7.0
12.0
5.5

Lithology
Anhy
Anhy
Dol
Dol
Dol
Lmy Dol
Dol
Dol
Dol
Dol
Dol
Dol
Dol
Dol
Lmy Dol
Anhy
Lmy Dol
Anhy
Dol
Lmy Dol
tmy Dol
Lmy Dol

Core Analysis
Parosity Grain Density Lithology
10.1 2,86 Dol
13.4 2.86 Dol
12.3 2.83 Lmy Dol
7.6 2.76 Dol Ls
16.5 2.88 Dol
8.6 2.84 Lmy Dol
16.8 2.89 Dol
9.5 2.87 Dol
13.4 2.87 Dol
4.0 2.95 Anhy
24.5 2.83 Lmy Dol
2.8 2.94 Anhy
26.0 2.90 Dol
6.9 2.86 Dol
14.0 2.87 Dol
4.9 2.83 Lmy Do!

Level

NN O AW~

—_ = -
w N~ O

TABLE V
Fig. 15 Example

LITHOLOGY

Density-Neutron Plot

Halite
Halite - 40% Sylvite
Halite - 40% Sylvite
Halite - 50% Sylvite
Halite
Halite - 35% Sylvite
Halite
Halite - 35% Sylvite
Halite - 70% Sylvite
Halite
Halite - 20% Sylvite
Halite
Halite - 60% Sylvite
Halite - 10% Carnallite
Holite - 20% Carnallite
Anhydrite
Halite - 5% Carnallite
Halite
Halite
Halite

Core Descrieﬁon

Halite
Halite -~ 30-45% Sylvite
Halite - 20-80% Sylvite
Halite - 20-80% Sylvite
‘Halite
Hatite - 20-35% Sylvite
Halite
Halite - 20-65% Sylvite
Halite - 65% Sylvite
Halite
Halite - 50% Sylvite
Hatite
Halite - 10-30% Sylvite
Halite - 2-15% Carnallite
Halite - 2-15% Carnallite
Anhydrite
Halite - 0-10% Carnallite
Halite
Halite - 2% Carnallite
Halite
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TABLE VI
Fig. 18 Example

LITHOLOGY

Sonic-Neutron Plot

Dol
Ls
Dol
Ls
Dol
Dol
Ls
Ls
Dol
Dol Ls

LA L A

I

Ss Ls
Ss Ls
Ss
Ss
Ss

Dol
Ls
Dol
Ls
Dol
Dol
Dol
Ls
Dol

Dol
Ss
Ss
Ss
Ss
Ss
Ss
Ss

Ss
Ss
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Mud Displacement with Cement Siurries

Charles R. Clark, SPE-AIME, Exxon Company, US.A.
L. Greg Carter, SPE:AIME, Halliburton Services

Introductipn

One prerequisite for successful primary cementing is
the complete displacement of drilling mud from the
annular space. Much has been published'* regarding
proper techniques for maximum mud displacement
efficiency. Yet, even after these techniques are prop-
erly applicd, mud displacement efficiency often
remains low. The objective of this study was to
re-examine, under conditions closely simulating the
down-hole environment, the relative importance of

the driving forces available to displace drilling mud

from the annulus. Fig. 1 illustrates the driving and

resisting forces involved in the displacement of drill-

g mud with a cement slurry.

Test Equipment

The test facility (Fig. 2) consisted of a pneumatic
trailer for storing bulk cement and a pncumatic
handling system for delivering cement to a 4-bbl re-
circulating mixer. The. cement slurry was mixed and
pumped into a-25-bbl slurry heating and storage tank
where retarders and friction reducers were added
when needed. to alter slurry properties.

Cement was circulated with three positive-displace-
ment pumps. Two were connected to a variable speed
motor that allowed pump rates to vary from 0.5 to
100 gal/min. The third pump was driven through
two gear-reduction boxes on a two-specd motor that
permitted rates up to 160 gal/min at pressures up
to 200 psi. Mud was displaced with one positive-
displaccment pump.

- EARTH CCiEMEE &

Cement slurry, drilling mud, and test cell curing
chamber were heated with stcam coils located in the
slurry tank, the mud-treating barrel, and the test cell
curing chamber, respectively.

. The simulated formation cores were made by com-
pacting and heating a mixture of epoxy resin and sand

-inside 5%%-in. casing. A 2.74-in. diameter hole was

cast in the center of the 10-ft-long specimen to rep-
resent the wellbore. The center 7 ft of the external
5V4-in. casing was removed to allow full exposure of
the core permeability. The average water permeabil-
ity of the cores was 400 md. .

The test model consisted of a 1-in. OD pipe inside
the 2.74-in. simulated formation wellbore. This con-
figuration is scaled to model a 2% -in. tubingless com-
pletion in a 7%-in. hole (Fig. 3). The 10-ft sandstone
corc was placed in the apparatus depicted on Fig. 4.
The 33-in. extension joint on the bottom contained
straightening vanes to eliminate possible end effects.

" The core section and extension joint were cncased

within an annular filtration jacket to allow measure-
ment of filtration through the core. On some tests,
pressure taps were installed through the sandstone
core to allow medsurement of annular pressure drop
across the middle 5 ft of the sandstone core.

Mud or cement was pumped down through the
vertical standpipe into the extension joint, up
through the sandstone core section, and out at the
top of the ccll. The exit line contained a plug valve
to regulate pressure inside the core at 150 to 200 psi.

Mud displacement efficiency was studied under conditions simulating the borehole
environment at 8.000 feet. Major findings were that the buoyant driving force resulting
from the density difference between cement and mud has less effect on mud displacement
than expected under such conditions and that pipe motion with scratchers substantially
J:v:proves mud displacement, especially in areas of hole enlargement.
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This created a differential from inside the wellbore
out into the annular jacket. To maintain a high-
tempcrature cnvironment the entirc test apparatus
was submerged in a curing chamber.

The 1-in.-OD pipe simulating the casing string had
weights attached to its lower end for stability and
straightness. The top of the pipe was attached to a
combination rotating and rcciprocaling head. It was
possible to posmon the 1-in. pipe conccntncally or
eccentrically in the borehole.

Scale modcl slim-hole rotating or rccxprocatmg
scratchers were mounted on the center of the 1-in.
pipe when tests called for pipc movement with
scratchers.

Test Procedures

‘The following procedure was usced in conducting all
tests:

1. The curing hole and the annular filtration jacket
were filled with water and heated to 125°F before the
test began.

2. The driiling mud was heated to 125°F and cir-
culated through the test cell for 1 hour at a differential
pressure of 150 to 200 psi to build a filter cake.

3. The apparatus was shut in for 1 hour and 20
minutes under 150 to 200 psi differential pressure to
simulate pulling of drillpipe and running of casing.
The curing chamber temperature was maintained at
125°F during this phase.

4. Mud circulation was started and continued for

10 minutes under a differential pressurc of 150 to
200 psi to simulate mud conditioning before cement-
ing. (If pipe movement was employed in the test, it
was started at this time.) .
. 3. The drilling mud was displaced by the selected
volume of cement slurry, which had been preheated
to 125°F. (Pipe movemcnt, when employed, was
stopped when cement displacement was finished.)

6. The sample was closed in"under pressure and
gradually increased to a temperature of 200°F. This
temperature was maintained throughout the waiting-
on-cement period. The cement was allowed to remain
in the curing chamber for 21 to 24 hours.

7. The core was removed from the test fixture and
sawed into seven sections as shown on Fig. 5. In
Sections 2 through 4, measurements were made of
the minimum scparation of pipe from the wall, and

RESISTING . DRIVING

DRAG IF CASING IS
/ MOVING

N PRESSURE TO MOVE
CEMENT ALSO ACTS
ON MUD

5y~ DRAG IF CEMENT IS
MOVING FASTER THAN
MUD

=] > BUOYANCY IF CEMENT
IS HEAVIER THAN
MUD -

= \
Fig. 1—Forces on mud channel.
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BULK
CEWEHT

EATER—>
RECIRCULAT NG
HIXER——>

CEMENRT
HIXIRG
Pyue

CENERT PUNP
CEMENT PUNP

WATER BATH (CURING CHANBER)
Fig. 2—Test facilities, mud displacement study.

U steanen

SCALING

‘MODEL-WELL-RATIO

CASING -0.D.- 1" 2.875"2875:1
BOREHOLE-1.D-2.74" 7.875"2.875:1

120"

SANDSTONE

Fig. 3—Test core, mud displacement study.
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’ | e these -seclions were planimetered to determine the: g ..j:
] iF FEREMTIAL BACK . J"“""‘,fgfg’m"“ arca of eement, pipe, and borehole.
FREA%%%?I%ER ﬁﬁ?URE ‘Ninc displacement ests were perlormied with cores
: " i ' containing simulatcd washed out scctions. (Sce, Fig. i
) . &J%g— 6.) The cores with simulated washouts were sectioned o
‘ -_ as shown in the following table:
, P iy
'c'?ﬁm_@’fﬁ : 4y Corcs with Washed-Qut-Sections A
Eﬁ g ‘ Dipth from Hole. T
-/ Section Top Size i S
2 Number (in.) (in.) i
] 1| 1 - 0'to 36 2.74 ey
7 ; 2 36.t0:47 2.74 .
7 e R 3A 47 to 54 3.25 %
7 S, FILTRATION 3B 5410.58 3.75
: /// 4-/1\ e ic  58to 61 3.75 ‘
/) it . SANDSTORE iD 61 to 65 325
! o - CORE .
? A ], -f”igl”' 35 65 ta 74 2.74
7 ? X 3F T T4t082 2.74
EHEISQHTEHING {: “ ‘ %‘\ 4 821091 . 2.74
:| BN : 513" N 5 91 to 120 2.74
R N '
j (N
d CURING ‘ ; H— \Q
ey CHARBER % X
1 & NEIGHTS S -
7 N FIELD WELL
Fig. 4—Test apparatus, mud displacement study. ' BOREHOLE
s, SIZE
IPE '

7.875"

9.344"

b ——— o am —— ——

o — ] [ — s —

[0.781"

THESE SECTIONS WERE 9.344'

ANALYZED FOR MUD

F DISPLACEMENT :

VEFFICIENCY AND - 7.875"
PIPE STANDOFF "

FIg.,SI——Mgd displacement study-—cores with

Fig, 5-—Tést evaluation, mud displacement study., simtilated washouts,
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Test Evaluation Method
Displacement efficiency was determined for each test

from the planimetered measurements of welibore;

pipe,.and cement, The pcrccntd:sp!accmcnrcﬂac:cncy
was then caleulated as iflustrated in Fig. 7. The per-

cent displacement cfficiency for the uniform borehote

tests was takeh 4s the average of the values obtained
on Sections 2, 3A, 3B, 3C, and 4. In the tests with
washed outsections, the averagé value was taken on
Scctmns 2 and 3E for the gauge borchole, from Sec-
tions 3A and 3D for the intermediate-size washout,

and from Sections.3B and 3C-for the largest hole size.

" The fractional pipe standoff, defined @s the mini-
murm separation of the pipe and boréhole wall {w,)
divided by the distance from the pipe to the botehole
‘wall if the pipe were perfectly centered {7; —
also detérmined in each fest.

- Criteria for Slurry Flow Regime
The mud -displacement efficiency of thick cement

slurries flowing in the laminar regime was compared

with that of thin slurries flowing at a rate sufficient-

for turbulence to occur in at’least some portion of
an eceentric annulus, To establish slurry flow regime,

a flow rate-pressure drop test was performed ina test

cell with both thick and thin, 13.3 !b/gal 8§ percent
gel cement slurries typical of those uded .in the mud
displacement tests, (Test results are shown on. Fig.
8.) As the.slurries were pumped through the test.ceil
at stabilized rates,” annular frictional pressure drop
was measured across the middle 5 ft of the sand-
stone core with a variable reluctance differential
pressure transducer. For illustration purposes, the

pressure-drop obseived across the 5-ft interval was:

converted to psi per 1,000 fr.

Also shown on Fig. 8 are-data from three pressure-
drop prediction mcthods -shear. stress-shear rate,
Power Law, and Reed slide rule equations. The
specific equations. used are shown below:

Shear Sfress-Shear Rate
p = 1 (1000) __96v
8P = 300 (dy — dy LAl Ay
Power Law ) _
. iy Gy a=n)
Cap=0¥Me . o LBEVEp

& —d, * — 7 %
. K (d}. - dp,)
N < 2,100; f = 16/Nx.

“Nie> 2,100;f = 000454 ~+ 0.645 (Nw)~7
= 332108 (-9—)
\ 9,
Bs
GI”
Reed Stide Rule
Ap = 0.0765 ()" 5 (p)" 52 (g)1-¥2
(dh —_ ";):t(dh + dﬂ)l.ﬁ‘_‘_

Use of the shear stress=shear rate equation simply:
requires plotting Model 35 Faan V-G meter dial

XK'=

778

Ip), 'Was

readings wvs. reciprocal seconds on log-log paper for
“the slurry involved, détermining. from. the graph the
shear stress, at the ﬂow rate {sec') of interest, and
solving: the equation:for frictional pressure. No fluid
model is involved, The Powér Law Model equation
is discussed in .many technical articles.?* The. fa-
miliar ‘Reed slide-rule cquation s also discussed in
the literature.'* Since- dll the equations assume con-
centric pipe, the theoretical frictional pressure. should
be h(ghcr than ‘that observed in the flow tests with
the pipe positioned. eccentncally

Slurry 1 of Fig. 8 is. a typical thick, h;gh~y|el:i-

point slurry used. in displacemént tests. Slurry rhe-

ology was determined with a Fann Mddel 35 rota-
tional viscometer’® The observed data are best
matched by the shear stresssshear rate laminar. flow
equation and the Power Law equation: The Reed
slide-rule equation, which assumes turbulent flow,

gives a predicted pressure drop that is too low. The

high-yield-point slurries, with one exception, were
pumped at 25 gal/mm in the displacement tests.
Thus, (
laminar flow at:this rate. ‘
Sturry 2 Is a thin, low-yield-point cement. At the
lower flow rates, lhe observed pressure drop is best
matched by’ the shesr stress-shear rate and Power
Law equations; and at the higher rates it is best
maiched by the Reed slide-rule turbulent flow equa-
tion and the Power Law ‘cquation. With the excep-
tion of one test, the thin slurrics were pumped at a

-rate of 60 gal/min or higher in the displacement tests.

The transition from laminar to turbulent flow for

'-concentric Pipe occurs at approximately 44 gal/min,

the rate at which the Reed slide rule predicts 2 highe?
pressure. drop than the shear stress-shear rate equa-

- tion, Therefore, with the pipé positicned eccentrically

for theflow fate-préssure drop test and all subse-
quent displacement tests, tiirbulence occurred in the
wide side of the annulus at rates less than 44 gal/min.
McLean et al.} in dcscnbmg the transition from
lammar to lurbu]ent flow in an eccesntric annulus
state that it occurs over an-cxtendéd range of flow
rates, With. turbulence first occurring on thé wide side
and slow}y spreadmg to the narrow side. Thesg

-anthorsfeport -no rapid, distinct change in slope. on

the plot of préssure drop vs flow rate:

Throughout the remainder-of the paper, slurry flow’
regime will be indicateéd. The mcthod used to select
flow regime ‘was to calculate frictional pressure drop
with the laminar- flow shear stress-shear rite equation
and the Reed slide-rule,; turbulent flow equation. 1f
the. shear -stress-shear rate-equation gave the. highest
pressure drop picdiction, the slurry was said to be
in laminar flow. If the Reed slide-tule equation gave
the highest prediction;, the sturry was considered to
be in: tu_rbu]ent flow, at ledst on the wide side of the
eccentric annulus, G

A few displacement ‘tests weré run with 13,5-1b/

gal slurrics, In these cases, the slutries without addi-
tives were more viscous than the comparable 13.3-

tb/gal thick slurrics. Therefore; -they ‘also should be
in kaminar flow at 25-gal/min s"isplicement rates.

Friction reducer was used to obtain a 13.5-b/gal

sturry with.Fann dial readings comparable with the

JOURNAL OF PETROLEUM-TECHNOLOGY:
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13.3-1b/gal thin slurry shown on Fig. 8. The turbu-

lent flow criteria previously described should apply to |

this slurry also.

Effect of Annular Pressure Drop and Drag
Stréss at the Cement/Mud Interface

To cxamineg the effect of the driving forces, frictional

pressure: drop, and dra;;, Streds at tilc cement:/ mud

- interface during displacement, 15 ‘tests werg per-

formed with cement, and mud densities equal, and

with no pipe motion. With the exception of thice. -

tests, 975 gal of sturry was uscd to displace, the fud,
This volume of slurry provides the same contact time
.as would be experienced by the casing shoe of ihe
simutatéd field well if 600 sacks of §-percent-gel
cement were used: Theseffect of contact time on mud
displacement is’ discussed latér in the paper. Addis
tional data pertinent to the mud displacement fests
are shown in Table 1.for the 15 tests deseribed, as
well as: § tests:that will be discussed later and duting
which no pipe movement ‘was used,

Fig. 9 illustrates the -effect of annular préssuré
drop on mud displacement efficiency. These results
indicate that for slurries flowing in the laminar regime,
displacement efficiency was increased with increasing
annular pressure-drop as indicated by the line {hrough
Tests 1 through 7. Test 1 gave=44 percent efficiency
with 8 psr/l 000 ft-annular pressure drop and Test,

7 resulted in 77 peicent displacement efficiency with

1?4 psi/ 1,000 ft frictional pressure.
Tests 8 and 9, which had turbulent fiow on the

wide side of the annulus, resulted in. displacement

efficiencies of 65 and 78 percent, respectively. Test
2, which had a frictiona] pressure roughly equal to
that of Test 8, gave. only 55 percent displacement

efficiency; and Test 5, which had approximately -the

same pressure. ¢rop as Test 9, gave only 60 percent

displacement efficiericy. Tests 2, 8, and 9 were per- -

formed with cement :slurries that had similar rhe-
ology. The increasing ‘pressure drop for these three
tests was caused by increasing the flow rate from 60
to 90 fo 120 gal/min. Had turbulence riot developed:
in Tests 8 and 9, dlsplacemcnt cfficiency should have
increased along a trend of the line drawn through
Tests 1 through 7.

Tests 10 through 12 indicate. that higher mud dis-
placement efficicncy was possible at frictional. pres-
sure drops roughly equivalent to-those of Tests 2, &;
arid 9. Examination of the sixsspeed Fann theology
data shown on Table 2 reveals that the slurries used

- in Tests 10 through 12 were thinner than those used

in Tests 2, &, and 9. This mdlcates that-a -greater
degree of turbulence was. achlcved in Tests 10: through
12, thus ‘greater - drag stréss was imposed at the
cement/mud interface than expericnced with the
thicker slurrics ‘of Tests 2, 8, and 9. In fact, if mud
and ccment rheolopy, g,eomeiric confiduration, and
other test conditions could have been precisely dupli-
cated, a single charac,temuc line. shoukd-describe dis-
p]accmcn[ cfﬁcmncy with increasing flow rate for a
particular cement shirry rheology. ,

"ost 13, also a_very-thin sturry; exhibits high dis-
piacemcm efficiency because of 31-percent pipe

- standoff (see Table, | for pipe standoff-in each test).

JULY, 15973

— BOREHOLE
Syed- MUD

" [F7- cement

S _CEMENT AREA (553
DISPLACEMENT EFFICIENCY, % & —— 2 (100}
‘ BOREHOLE, AREA -PIPE AREA

. L _ OEMENT AREA
.. DISELACEMENT EFFICIENCY,% = ————————{100)
ANNULLS AREA
Fig. 7—Displacement efficiency—
p!anlmeter measurement,

. CLASS H +8% gef
SLURRY DENSITY  FAHN READINGS — #lluurrf ol AODITIVES
R0 TYPE.- PPC 600 300-200-100- & - 3 - cp. -wyioorre A00IT!

— et —— e, ST EUM _._..___—-___.

L OTRER (33~ 49 42 40 % 28 1% 7 3% HORE
2 THN 1337 B I8 5 & |0 3 BETARDER

o SHE&R RATE- SKEAR STRESS EQUATICN [ASSUNING
&—a POWER LAW EQUATION CONCEHTRIC
o—0 REED SLICE RULE EQUATIGH FIPE
o—0 (BSERVED EXPERIMEATALLY i ECBEHTRiC ig

i -
-
(: 0‘??
- 50F o
b = a L)
O i
S L
~
I 5
o,
-
o
a. IO‘L
;3 -
€ SF
3 ° ’
S .
E _
E - Sluery | Slurry 2
{ 1 I N | i I B ) rjal
10 50 100/10 50 100

FLOW RATE, gpm

Frg B8—~Calculated vs observed frictional preSsure -drop.

PRESSURE,DROP No Pipe. Movement

FLOW
' REGIME- . CALCUL ATION METHOD

® Lominor  Shear Stress-Shear Rate
& Turbulent Reed Slide Rufe

100

Cément-Mud Density Equal

8o}

> 80

a0

DISPLACEMENT ' -
EFFICIENCY,. %

20

00 20 .14 "60 BD |00 I20 140 160 ISO 200
GhLCULATED ANNULAR PRESSURE DROP, psi/ 1000

Fig. 9=-Effect'of annular pressure drop on
disptacement efficiency.

779




»

LUEER 2T e

o

gt

This re- cmphd‘wcq the importance. of . centralizing

the pipe for mud removal.

Three important points should be, recognized from
Fig. 9:

1. At equal annual pressures drops, a sturry with
turbulence oceurring in.some portion of the annilus
will gwe greater mud displacement cﬁlt:lency than a
slurry in faminar- flow:

2. The slope of the. lines describing displacement
efficiency as a fun(_:uon of pressure drop for slurries
i turbulent flow is steeper than that shown for slur-

‘ries in laminar floi, Thus, for a given lncrcaf;c in
annular prcssurc drop, a slurry in turbulcnt flow will
give a greater incredse in displacement efficiency, .

3. Annular. pressure. drop is-not the 6nly driving
force.becurring:in Tests 1 through 13, If it were,
only onc line would appear.on Fig: 9. The other
driving-force involved is cither drag stress or erosion
at the cement/mud_ interface.

To.evaluate further the relative 1mportance of the

. driving forces, frictional pressure; and drag stress at
the cement/mud interface; two speciaily désigned
tests weére peiformed. Fig; 10 illustrates the geometric
configuration for thesé two tésts. A metal plate was

-attached to thc middle 6 ft of the.lin¢ pipe. The plate

was_open at both cnds 56 that mud could Alow through
the narrow side of: the annulus. Subt;cqucntly, when
a cement slurry was pumped through the test ccll,

«cement could displace mud on the narrow side of thic

annulus only by virtuc of the pressure drop across
the 60-t" length. Drag stress by the faster- moving
cement in the wide side of thic-annulus could not act
on tht mud bécause of the presence. of the metal

- sheath.

Fig. 11 camparcs a conventional d]qplqcemcnt test
(ch[ 12) with-the two tests run with the.metal sheath
in place. A thin slurry was pumped at 120 gal/min
in alf three tests. Pipe motion was not used,

In Test 12, 96 percent of a thick drilling mud

- (pIastlc viscosity = 52 ¢p, yield peint = 18 1b/100

sq ft) was displaced by the flowing cement. In Test
14 with ‘the metal plate in place, cement prefer-
entially flowed 6n the wide side of the-annulus, The
103 psi/1,000 . §t pressure gradient éxerted by the
flowing slurry was insufficient to. move the: thick mud
behind the fin, It is recognized that the ddditional
surface. area introduced by the presence of the metal
plate made it more diflicult to displace mud from

'i'ABLE 1-—MUD DISF.?,LACEMENT STUDY, EFFECT OF ANNULAR PRESSURE DROP -
(No Pipe- Movement)

Flow Phrdap;:ties of. Flow Pc;c::eg;ttigs of . Average ' Calciilated
[ ... AN Density Cement  Annular  Slory Cantact Frictional Bisplacement
Test g andoff et . e Difference*® Rate Velocity  Vélume Time Pressugt Efficiency
Ha. h(_c_p_)' (lhlli}ﬂ 59 i) (percent) {ep)  (Ib/100sq i) ) {ibfgal) {gei/miny (H/min} {gal} {rrinutas) ipsif 10004 {percent)
| 41 -36 1 10 0 o 25 95 975 k}:] . &-Tam, M
2 % 47 4 5 2 [ 60 275 975, 16 55 - lam. 55
3 58 24 2 8 3 0 25 95 15 .0.60 67 -'lam. 50
4 58 40 4 7 0 5 95 975 39 74 - lam, - 60 ;
5 42 26 it 8 [4] 0 5 0 195 39 %4 - lam. .60 -
& 57 23' g 9 57 0 & 95 b 0.23 103 - lam. 62
7 7 87 10 1o 97 o 25 95 975 39 174 - lam. 7 :
G 34 1 6 P 0 90 340 975 1 57 - turh. 85
9 &5 27 4 4 2 o 120 455 975 8 93 - turb, 78 s
10 56 21 [ 8 1 0 50 225 15 0.25 32 - tur, 4] j
11 25 40 z % & 0. 9.0 340 975 1 61+ furb. 8 T
2. 52 18 17 10 —1 0 120 455 975 . 8 405 - turd, 95 1
13 43 17 3L 10 —3 0 80 305 te75 12 52 turb: . an .
i E R 30 . 3. n - o ° 120 455 975 8 103 - tur, —1 £
15 25 5 13 9 1 0 120 455, 975 8 307 - tuib. -3 i
16 43 k2 | 13 10 125 3 5 20 1§5 3y - 137 tam. 70 4
17 4 21 8 13 77 3 28 95 875 39 140 - lam. 73 1
w47 2 7 B —1 3 120 455 L7 107 “twb. 95
19 4% 22 T 11 -1 3 60 225 975 ., 16 31 - turb. 78
26 58 24- 3 3 2 0 60 225 6 01 28 - turb, 56
21 - 4 21 -2l 12 1 0 (1] 225 2,340 39 31 - tueh, 80
2 .3 20 -26 11 1 0 0 Me. 3510 33 63 furb. 95
3 a2 . o 12 2 0 120 455 480 ) 108 - turb. 95
* “Waler snd 8. percent gel wlth barite added for 13.3 density. 10.5 Ih!gal mud usod in’ ‘Tosts 16 through 19, Ton' minutes gel.
strengthe generally were 40 to 70 1b/100 sq .
®*Cément density minus mud density.
tlarger value of shear stress.shear rate {laminar) or Reed siide rule {turbulent) predictions,
:Spacial tosts—see text on aifogt of drog.stress at .the dement mud interage,
p
TABLE 2—MUD DISPLACEMENT TESTS, EFFECT QF CEMENT S‘LURR-Y RHEOLOGY 3
U oL . Displacement E
Test 4 ASlurry Fann Readings (tb/100 sq ft) Rate Flow Efficiency :
Nao. 600 “300 200 100 6 3 (zal/min) Regime- {percent)
2 . 36 31 30 27 17 12. 60 laminar " B5 1
8 36 30 29 2b ‘15 10 90 turbutent 62 . ¥
9 31 27 26 23 13 9 120 turbulent 78 |
T+ SRR b g 7 5 3 2 60 turbulent 66 3
11 21 12 10 7 0\ 4 A 90 turbulent 81 o
12 19 g 7 o4 3 2 120 turbulént ’ 96
. . . I,
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the narrow side of the annulus. Howevér, the result
sugpests that the 96-percent displacement efficiency
achieved in Test 12 was rclated to the drag stress
that the cement:exerts on the mud in the.narrow side
aof the annulus. )
Test 15 was a repeat of Test 14 except ‘that thin
drilling mud was. used. {plastic viscosity = 25 cp,
vicld point = 5 1b/1007sq ft). Note that the annular
'prcssurc drop of the flowing cement was sdﬂ‘lcicrn_t":
i make the mud flow in thé narrow annulus ‘and be
replaced by cement. This interates the importance of
maintaining a thin, well conditionéd-mud for success-
ful-primary“cementing. Note also that in Test 15-the
faster- flowing slurry on the wide-side removed more
med filter cake, on the wide side of the annulus than
the low-velocity cement removed on the narrow side.

_Effect of Cement-Mud Density Difference

Fig. 12 duplicates Fig. 9, except that 4 additional
tests have been plotted: Tests 16 through 19. In
these tests, the. density -of the: cement was 3 1b/gal
heavier than. the density of the mud béing displaced.
If buoyancy weré fully efféctive; thése tests would
have 156 psi/1,000:ft additional driving fotce avail-
.able for mud removal (52 psi/ 1,000 it pér pound per
gallon density difference). However, Fig. 12 illustrates
that'mud displacement efficiency for these, fests, with
the exception of Test 19, was :essentially the same
as for the comparable tests without density difference.
It Test 19 were plotted at- 187 psi/1,000 ft pressure
gradient (31 + 156), mud removal in excess of 95
percent would be expected instead of the 78-percent
efficiency observed. Therefore, it appears that the
buoyant driving force has a greatly reduced effect
uader conditions simulating wellbore conditions, -
Previous investigators™* %% perfornied laboratory
experiments ‘that indicated cement-mud density dif-
ference was a significant driving force. However, to
our knowledge, these experiments were: performed at
ambient temperature with models that used imperme-
able pipe to simulate the wellbore. A ‘permeable
mediim at elevated temperature was used to repre-
sent the wellbore in the tests described here. Thus,

mud trapped in the narrow portion of the eccentric *

annulus lost water from its structure by filtration and
was Jess mobile than mud containing all of its original
water. The mud had alse undergone géllation due. to.
high temperature, For buoyancy to be fully effective
the mud must be mobile: Jones and Berdine,® using
a laboratory model with alternating impermeable -and
permeable intetvals, reported excellent mud removal
in the impermeable sections ‘and thick mud cake in
the: permeable intervals when .cement-mud dénsity
differences of 5 4o 6 lb/gal were used. They drew
no conclusions regarding the driving.force of cement-
mud density difference. We believe, that cement
should be heavier than the mud being displaced but
not necessarily that the-density difference should be
the'maximum possible, More mud removal is achicved
al a reduced cement-mud density differenée by dis-
Placing the ccinent at a higheér rate. This approach
permits maximunn realization of the two principal
tiriying-forces: frictional pressurc'drop dnd drag Stress
at the cement/mud interface. '
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Fig- 10—Test cell configuration for evaluating drag
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Effect of Contact Time

From the limited data developed, it appears that,

contact time has an effect on displacement cffiCiency
with slurrics in turbulent fiow. (Contact time is de-
fincd as the period of time required for the coment
slurty to move through the test cell) Brice and
Holmes* reported improved piimary cementing suc-
cess in field applications when contact times were
greater than 10" minutes for slurrizs in turbulent Now.
Fig. 13, a duplicate of Fig. 9 with plots of four addi-
tional tests (Tests 20 through 23), illustrates the
effect of contact time on d:ap}acemen[ gfficiency.
Tests 20, 10, and 21, thin slurrics in turbulent flow,
with approximately 30 psi/ 1, 000 ft frictional pres-
sure drnp, show increased cfficiency with contact
time increasing from 0.1 t© 39 minutes, Test 22

shows a 15 percent tmprovement in displacement

efficiency over Test 11, with 28 minutes of additional
exposure. However, it should be recognized that Tests
21 and 22 had grcatc‘r pipe standoff than the com-
parative tests, Test 23 with 4 mirnutes’ contact time
exhibited the same efficiency as Test 12, which had
8 minutes’ contact time. Apparently, only 4 minutes’
contact-time was needéd with the high frictional pres-

.sure drop (105 psi/l, 000 ft) for effective mud

removal.

Contact time seems to have little effect on dis-.

placenient efficiency for thick slurries in laminar flow.
Tests 3 through 6 reveal that increasing contact tifne
from.0:2 to 39 minutes had little -effect on dlsplacc-
ment efficiency in this flow regime.

Effect of Pipe Movement and Scratchers

Tests were conducted using gauge. and washed-cut
sections to evaluate displacement efficiency as a func-

tion of flow regime and pipe movement, with and

without scraichers. Thesde data are prESented in
Table-3. -

Gaugé Hole

Investlgatmn disclosed that the best displacement
cﬁicnency in both flow regimes was achieved when
the pipe was placed-in motion, This is exhibited in
Tests 24 through 27 for pipe movement vs Test 3
and. 10 for no pipc movement, Pipe movement em-

ploying rotation may. be bétter ‘than ‘movement em:

'PRESSURE DRQP

ELOV Ne Pipe M e
REGME .CALCULATION METHOD  Noioes oveme

Humbers Correspom! to Tobla |

e Lamingr  ShearSiress-Shear, Rote  Cement-Wud Densify Equal
A Turbutent Ree.é Shds Rule { ¥=Contacy T\me In:Minutes
- - ’ |H
100 ) ? "
181

u uu )

80

-
.
Y sof
v
EJE 40
iy
SW a0l
o P U RS A
020 40 60 B0 10D 120 140 160 T80 200

. CALCULATED ANNULAR PRESSURE DROP, nsu"lOUD

Fig. 13—Effect of contact time in
displacement efficiency.

ploying reciprocation (sée Tesis 24 through: 27), but
il is. well to rccognize that this difference in dispidm_-
ment CmClCJICy is only 4 to 7 percent. At this poin
it should be notcd that in all tests, utilizing reciproca-
lion, pipe reciprocation was limited to axial motion
only and there was no lateral translation as would
probably be cxperienced in.a field well.

Washed-Out Hole:

The two sizes of washéd out sections are shown in
Fig. 6. Because of the; méthed ‘used to fabricate the

cores with washed out sections: and to give added
strength to the sindstone, the gxternal casing was left
in place in the area surrounding-the washout. Mud
filter cake could be deposited in this arca only by

water, filtration through vertical permeability. Therce-
fore, this should reéasonably duplicate hole enlarge-
ment in a low-permeability shale formation. All pre-
vidus displacement tésts were made with cores that
would permit direct deposition of mud filter cake in
the middle 7 ft of the 10-ft specinien.

As shown in Table 3 for Tests 28 through 36, dlS-
p[acemcnt efficiency decreased with increasing- hole
size. Pipe movément (Tcsts 30, through 33), as would
be expected, resulted in greater displacement effi-
ciencies ‘than, no pipe movement (Tests 28 through

29). Contrary to obsefvations madg in tests run with
) ‘gaugc-hole cores, dlsphccment efﬁmency in the large

wiishout was better when pipé was reciprocated [han
when it was rotated. However, this improved cffi-
ciency. — Tests 32.and 33 vs Tcsts 30 and 31 — was
only 5 to 6 percent. The important observation is
that pipe Movement, either rotation or reciprocation,
improved mud displacement.

The hlghest displacement efficiency was attained
in Tests 34 through 36, which included pipe move-
ment and-the use of scratchers. The rotating scratch-
ers were 18 in. long with % -in.-long cable spikes and
weie placed in the. washed out section. only. The
reciprocating. scratcher. was ‘moved only in the

washed out area. Significant observations made in

the scratchér tests were that ‘tement penetrated the
narrow' side of the amulus as expected, and that
there was. an improvement in mud removal on the
wide side, éven though the end-of thé seratcher arms
fell short of the borchole wall by more than 1 in.
The improved displacement is attributed to breaking
of the gelled mud and flow strenm disturbances by
the scratcher arms,
Conclusions
The following conclusions are drawn from this lab-
oratory:: mveshganon

1. P:pe movemeént, either rotation or reciproca-
tion, is a- major driving force for mud. removal.

2. A well conditioned mud greatly increases mud
displacement efficicacy.
" 3. Pipe -centralization Significantly aids mud dis-
placement,
" 4. The buoyant driving ‘force resulting from
cement=mud density diffcrence has less-cffect on mud
dmpl.lcmlcnt than expected under conditions simu-
lating the down-hole environment,
( 5. Drag stress at the cement/mud interface’ can
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TﬁtBLE 3—MUD DISPLACEMENT STUDY, EEFECT ‘OF PIPE MOVEMENT AND SCRATCHERS
{Cement densnty = mud density = 13.3 ib/gal; slurry voiume = 15 gal.)

Flow Propertias of ’ Pipe Flew Propertics of | Displacement E!fa’ciency
Mud Standofl® ' Cemenl Cement _ {pereenty
Test  ppr @ __{percent) Rate. Flow Pipe,.  274.n. 3:25-in. 3.76.n.
No. (ep} (ID/IGO sefty & 1 L (cp) (fh/lUG sqft) gal/min  Regime Mavement®®  Borehale Borehale Borehole
3 58 24 2 — — 3 EL ] -.25 Tam, None 6D | — e
10 56, 21 6 — — 8 1 60 turd. None 66 — —
24 54 20 % - - 5 48 25 lam, rot. - 16 B4. — —
»x . 4 20, 2l — - 8 2 60 turh, rot, - 16 83 — —
% 3 24 % — — 5§ 25 25 lam rep.- 15 7 ~ —
21 48 27 B — - 1 9 60 turh. rep.- 15 79 - —
78 40 26 9 18 40 8 33 25 fam. None 63 47 37
29 40 a0 ‘10 30 .42, 8 & €0 tarb, None 69 63 55
30 40 26 9 14 39 & 39 25 lam. L ot 16 79 19 62
3l 39 26 11 27 3% 11 5 60° turb, " rot.-16 75 7 62
3z 43 . 26 6 21 32 6 37 25 lam. rep: - 15 78 76 63
3 42 - 25 14 41 54 9 6 60 turb. rcp.-1.5 87 85 67
34 63 24 25 44, 57 & 83 25 lam. rat. - 16t 53 8¢ 29
-« 35 63 22 45 63 61 10 0 60 turb. rot. - 16t 92 89 28
36 61 24 5 26 38 11 0 60 turh. rep. - 1.5t 30 87 80
3 = 2.74n, hole; | = 3. 25.i m hole; L =-3.75:in. hale.
**rot. = ratation in rpm
rep. = réciprocation ia ft/sec
tScratchers vsed.
be a significant driving force for-mud-removal when  References

the cement slurry is in torbulent flow in some. part
of the annulus.

6. Pipc motion with scratchers substanhally im-
proves mud displacement, especially in areas of hole
enlargement.

Nomenclature
dy = hole diamegter, in.
d, = pipe.diameter, in.
f = Fanning friction factor dimensionless
K’ = fluid consistency index; Ib-sec’/5 ft .
' = fiuid-flow behavior index, dimensionless
Nx. = Reynolds-umber, dimensionless
Ap = annual fncuonal pressure drop,
psi/1, 000
g = bulk ﬂow rate; gal/min
v = bulk velocity, ft/sec
y = shear-rate, sec™* _
9; ="Fanh dial réading at 300 rpm, 1b/sq {t
fls = Fann dial redding at 600 rpm, ib/sq ft
e = plastic viscosity,cp
= density, Ib/gal .
+ = shear stress, 1b/100 sq ft
= yield point, ib/100 sq- ft.
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